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U.S. Nuclear Regulatory Commission
11555 Rockuville Pike

Rockville, MD 20852-2738

Attention: Document Control Desk

Subject: Docket No. 71-9235

Request for Amendment of the NAC-STC Certificate of Compliance (No. 9235)
to Incorporate the Connecticut Yankee (Haddam Neck) Nuclear Power Plant
Spent Fuel and GTCC Waste as Approved Contents

References: 1. Request for Amendment of the Certificate of Compliance for the NAC
International, Inc., Multi-Purpose Canister (MPC) System (Certificate No.
1025) to Incorporate the Connecticut Yankee (Haddam Neck) Nuclear Power
Plant Spent Fuel as Approved Contents, NAC International, May 19, 2000

2. Certificate of Compliance No. 9235 for the Model No. NAC-STC, Revision 2,
United States Nuclear Regulatory Commission, March 25, 1999

3. Letter, “NAC-STC Amendment Request,” USNRC, October 20, 2000

4. Letter, “Planned NAC-STC Amendment Request to Incorporate Connecticut
Yankee fuel and GTCC Waste,” NAC International, October 30, 2000

5. Conference Call, USNRC and NAC International, October 30, 2000

NAC International (NAC) herewith requests that Reference 2 (Certificate of Compliance No.
9235 for the NAC-STC) be amended to incorporate Connecticut Yankee (CY) spent fuel and
GTCC waste as approved contents. The CY-MPC canistered configuration is currently under
review at the NRC per Reference 1. This proposed amendment for the CY-STC has been
discussed with the Spent Fuel Project Office staff in References 3, 4 and 5.

This amendment request is in the form of a complete NAC-STC Safety Analysis Report (SAR)
modified to incorporate the Revision STC-00A revised licensing drawings and changed pages for
Connecticut Yankee. Revision bars on the pages indicate where changes have been incorporated.
Pages with text flow changes are only indicated by the Revision STC-00A in the page header.
Ten copies of the modified SAR are provided.

This submittal includes NAC Proprietary Information in the form of two calculation packages.
Three copies of the NAC Proprietary Information are provided in appropriately marked separate
packaging. The executed Proprietary Information Affidavit is enclosed. The NAC Proprietary
Information included in this submittal is: NAC Calculation Packages No. 12414-2103, Revision
0, “CY-MPC/STC Balsa Impact Limiter Analysis,” and EA790-2233, Revision 0, “Reduction of
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the Redwood & Balsa Test Data.” These calculation packages are the bases for the impact limiter
design documented in the SAR for the NAC-STC.

As described in Reference 4 and discussed in Reference 5, this amendment request is complete

for the NRC to begin the technical review in accordance with the NRC’s handling of other recent -

similar transport cask certification requests. Benchmarked validation of the cask drop
evaluations will be provided in a separate submittal.

Implementation of the CY-MPC and CY-STC systems for spent fuel storage and transport is a
critical path item for successful completion of the decommissioning of the Connecticut Yankee
site. Therefore, NAC requests that the NRC complete the technical review and approval of this
amendment request on a schedule that will support the CY decommissioning project.

If you have any comments or questions, please contact me at 678-328-1321.

Sincerely,

S

Thomas C. Thompson
Director, Licensing
Engineering & Design Services

Enclosures:  Proprietary Information Affidavit
Three copies of two NAC Proprietary Calculation Packages
Ten copies of the NAC-STC SAR Amendment for Connecticut Yankee —
Volumes 1 and 2

cc: T. Troutman, Bechtel
E. Glasbergen, Bechtel
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AFFIDAVIT

IN SUPPORT OF PROPRIETARY INFORMATION CONTAINED IN THE REQUEST
FOR AN AMENDMENT OF THE NAC-STC CERTIFICATE OF COMPLIANCE TO
INCORPORATE CONNECTICUT YANKEE FUEL AND GTCC WASTE
AS APPROVED CONTENTS

State of Georgia, County of Gwinnett

James M. Viebrock (Affiant), Group Senior Vice President, Manufacturing & Projects, of NAC
International, hereinafter referred to as NAC, at 655 Engineering Drive, Norcross, Georgia 30092,
being duly sworn, deposes and says that:

1. Affiant is personally familiar with the trade secrets and privileged information contained in the
NAC-STC Amendment Request being submitted to incorporate Connecticut Yankee fuel and
GTCC waste as approved contents. Affiant requests that the Nuclear Regulatory Commission,
pursuant to Chapter 10 of the Code of Federal Regulations, Part 2.790 (10 CFR 2.790) “Public
Inspections, Exemptions, Request for Withholding,” withhold the information contained within
the calculations submitted as part of the subject amendment request, hereafter referred to as the
Proprietary Material, from public disclosure.

2. This information has been and is held in confidence by NAC International Inc.

3. The information contained within the proprietary material is the result of design calculations
including component design details and critical dimensions that were developed by NAC. This
type of information is held in confidence based on the significant commercial investment of
time and money expended in its development.

4. The Proprietary material being transmitted to the Nuclear Regulatory Commission in confidence
includes NAC Calculations No. 12414-2103, “CY-MPC/STC Balsa Impact Limiter Analysis”
and EA790-2233, “Reduction of the Redwood & Balsa Test Data.”

5. The information that is being claimed as trade secrets and privileged information has not been

and is not available in public sources.

l of2
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~ 6. NAC has invested a considerable amount of time, engineering labor, and money in the
development of the calculations. Public disclosure of this information would cause substantial
harm to the competitive position of NAC. Others seeking to develop similar analysis would
have to make similar investments to develop the information on their own as long as the
information is not disclosed to the public.

James M. Viebrock

Group Senior Vice President
Manufacturing & Projects
NAC International

Subscribed and sworn to before me this 8th day of November 2000.

Notary Public in and for the
County of __( QU.}Q

~ State of Georgia

My commission expires the L[ - day of ’V?OV QM/'JCC QOOQ

%mmw&ﬁn
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3.0 THERMAL EVALUATION
3.1 Discussion

The NAC-STC is designed to safely transport directly loaded or canistered spent nuclear fuel or
canistered Greater Than Class C (GTCC) waste. The cask accommodates up to 26 directly
loaded design basis PWR fuel assemblies. In the canistered fuel or waste configurations, the
NAC-STC transports the Multi-Purpose Canister (MPC) of the NAC-MPC system, which is
designed for the long-term storage and transport of spent fuel. The NAC-MPC is provided in
several configurations to provide efficient storage and transport of both spent fuel and GTCC
waste. The NAC-MPC canister system designed for Yankee Class fuel is designated the Yankee-
MPC and holds up to 36 Yankee Class fuel assemblies. Using a modified internal basket, the
same size canister also holds up to 24 containers of Yankee GTCC waste. The NAC-MPC
canister system designed for Connecticut Yankee is designated the CY-MPC and holds up to 26
Connecticut Yankee fuel assemblies or, using a modified internal basket, up to 24 containers of
Connecticut Yankee GTCC waste. The Yankee-MPC and CY-MPC canisters have the same
external diameter, but have different overall lengths.

This chapter demonstrates that the NAC-STC with the design basis payloads meets the thermal
performance requirements of 10 CFR 71, Sections 71.71 and 71.73, and the requirements of
IAEA Safety Series No. 6.

During normal transport and hypothetical accident conditions, the cask must reject the fuel decay
heat to the environment without exceeding the operational temperature ranges of the cask seals or
other components important to safety. In addition, fuel rod integrity must be maintained for
normal transport conditions. This is accomplished by maintaining the fuel in an inert atmosphere
and at a sufficiently low temperature that thermally induced fuel rod cladding deterioration is
precluded. For directly loaded fuel, transport temperatures below 380°C are sufficient to deter
this type of cladding degradation (PNL-4835/UC-85). The maximum directly loaded fuel rod
cladding temperature remains below 380°C under normal transport conditions. For hypothetical
accident conditions, temperatures below 570°C are sufficient to prevent Zircaloy cladding
degradation (PNL-4835). The directly loaded maximum fuel rod cladding temperature remains
below 570°C (1058°F) during the hypothetical accident. For canistered Yankee Class and
Connecticut Yankee fuel, the maximum fuel rod cladding temperature under normal transport
conditions remains below 340°C for both stainless steel and Zircaloy-clad fuel. This temperature
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is low enough to preclude cladding degradation for Zircaloy-clad fuel (PNL-4835) and stainless
steel-clad fuel (EPRI-TR-106440). For hypothetical accident conditions, cladding temperatures
below 430°C are sufficient to preclude stainless steel cladding degradation (EPRI-TR-106440).
This limit is also conservatively applied to Zircaloy-clad fuel. The canistered Yankee Class and
Connecticut Yankee fuel maximum fuel rod cladding temperature remains below 430°C during
hypothetical accidents. Finally, the thermally induced stresses, in combination with pressure and

mechanical load stresses, must be maintained below allowable stress levels.

Heat is transferred from the NAC-STC to the environment by passive means only. No forced
cooling is used. Heat is transferred from the fuel assemblies to the fuel basket tubes and through
the tubes to the fuel basket support disks and thermal heat transfer disks by conduction,
convection, and radiation. Heat is transferred through the fuel basket support disks and thermal
heat transfer disks by conduction. Radiation, convection, and conduction are the means by which
heat is transferred from the support disks and heat transfer disks to the cask cavity inner wall, or
the canister wall. For the canistered fuel configuration, radiation, convection, and conduction
transfer heat from the canister wall to the cavity wall. From the cask cavity inner wall, heat is
conducted, first through the lead gamma shield and, then through the cask outer shell. The outer
shell is surrounded by a neutron shield, which conducts the heat to the neutron shield surface,
primarily through the copper/stainless steel fins located within the radial neutron shield. At the
top of the cask, heat is conducted through the inner lid, which contains solid neutron shield
material, and through the outer lid. There is a very small gap between the lids where the means of
heat transfer are conduction, convection, and radiation. The bottom forging and neutron shield
conduct the heat to the bottom of the cask. The radial neutron shield stainless steel shell is
exposed to the environmental ambient temperature. Heat is removed from the cask radial surface
by convection and radiation. Because of the impact limiters, essentially no heat is removed
through the ends of the cask. The bounding thermal conditions for the analysis required by 10
CFR 71 and IAEA Safety Series No. 6 under normal transport conditions for the NAC-STC are
presented in Table 3.1-1. The combinations of these thermal conditions are described in Section
3.4.

3.1.1 Directly Loaded (Uncanistered) Fuel

The directly loaded design basis fuel assembly has a burnup of 40,000 MWD/MTU and a cool
time of 6.5 years. This results in a heat load for 26 assemblies of 22.1 kilowatts, or an individual
assembly decay heat limit of 0.85 kilowatts. The thermal analysis for the directly loaded fuel uses
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four separate finite element models. For normal transport conditions, the cask body and basket
are analyzed with two separate finite element models using the ANSYS program.

Since the fuel assembly arrangement is symmetric about two axes, a quarter circumferential
section of the entire cask is detailed in a three-dimensional model that is evaluated under steady
state normal transport conditions. For this model, the centerline of the basket is coincident with
the centerline of the cask body. The gap between the basket and the inner shell does not change
with respect to the circumference of the basket. This model is analyzed to determine the
maximum temperature condition for the structural components associated with the ends of the
cask body (i.e., lids, top and bottom forging, seals, and the XM-19 transition). Two sets of
analyses are performed with this model; one analysis using helium as the cavity gas and a second
analysis using air as the cavity gas. While the NAC-STC is evacuated and backfilled with
helium, a thermal evaluation has also been performed, conservatively assuming that the helium is

replaced with air by some unspecified means.

A second three-dimensional model is employed to evaluate the cask in a horizontal position with
the basket in contact with the inner shell. This simulates no gap on one side of the basket and a
maximum gap condition at the opposite side of the basket as depicted in Figure 3.1-1. In this
model, only circumferential half symmetry can be used. The model is comprised of a typical
cross section of the cask, which contains an aluminum heat transfer disk and a steel support disk.
The volumetric heat generation rate of the fuel is factored by 1.10 (peaking factor to reflect the
power density levels within the fuel). This model also neglects all axial heat transfer from the
center of the basket to the ends. This model is analyzed to determine the maximum temperatures
for the basket, shells, radial shielding and surface conditions. Two sets of analyses are performed
with this model; one analysis using helium as the cavity gas and a second analysis using air as the

cavity gas.

To simulate the steady state heat transfer process within the fuel assembly, the fuel region of the
model is treated as a homogeneous material. The property for the conductivity of the fuel is
determined by a third model, which is a detailed two-dimensional thermal model of the fuel
assembly. The model included the fuel, cladding and cavity gas. Modes of heat transfer modeled
include conduction and radiation between individual fuel rods for the steady state condition.
Since both three-dimensional models of the cask employed helium or air in separate analyses, the
effective conductivity of the fuel is also determined for each cavity gas. The fuel assembly model
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is also used to determine the peak cladding temperature, once the maximum fuel tube

temperature has been determined.

A fourth model is used to calculate temperatures during the hypothetical fire transient. A two-
dimensional ANSYS model of the cask is used to calculate maximum component temperatures
during and after the 30-minute fire. A detailed explanation of the model is given in Section
3.5.1.

3.1.2 Canistered Yankee Class Fuel

The design basis fuel assembly for the canistered Yankee Class fuel thermal evaluation is the
Combustion Engineering Type A, having a burnup of 36,000 MWD/MTU, a cool time of & years
and an assembly decay heat of 347 watts. This design basis fuel was selected based on a
comparison of assembly decay heat and cooling time of other Yankee Class fuels. This analysis
uses a heat load for 36 assemblies of 12.5 kilowatts, or an individual assembly decay heat limit of
0.347 kilowatts. The thermal analysis for the fuel in the Yankee-MPC uses three finite element
models evaluated using the ANSYS program.

A three-dimensional model is employed to evaluate the cask in a horizontal position with the
canister basket in contact with the canister that is, in turn, in contact with the inner shell. This
simulates no gap on one side of the basket and canister, and a maximum gap condition at the
opposite side of the basket and canister as depicted in Figure 3.1-2. Note that the actual
diametral gap between the support disk and the canister shell is 0.24 inch (radial gap = 0.12
inch). The actual diametral gap between the heat transfer disk and the canister shell is 0.52 inch
(radial gap = 0.26 inch). Larger diametral gaps of 0.41 inch (radial gap = 0.205 inch) and 0.69
inch (radial gap = 0.345 inch) are used in the mode! for the support disk and heat transfer disk,
respectively. This is conservative since use of a larger gap increases the thermal resistance in the’
model, which results in higher calculated temperatures for the fuel and basket. In this model,
circumferential half-symmetry is used. The model is comprised of the fuel assemblies, fuel
tubes, stainless steel support disks, aluminum heat transfer disks, the canister shell, lids and
bottom plate, the aluminum honeycomb spacers at the top and bottom of the canister, the
NAC-STC inner shell, lead, outer shell, neutron shield and neutron shield shell. The volumetric
heat generation rate of the fuel is factored by 1.15 (peaking factor to reflect the power density
levels within the fuel). Gas inside the canister, and inside the NAC-STC, is modeled as helium.

Gaps within the model are adjusted to account for differential expansion based on thermal and
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defined physical contact conditions. Solar insolation and ambient temperature conditions are
applied to the neutron shield shell when appropriate. The model is analyzed to determine the
maximum temperatures for the fuel clad, basket, canister, cask shells, radial shielding and surface

locations.

In the canistered fuel configuration, the NAC-STC is used as a transport cask, while storage of
the canister is in a vertical concrete cask. Therefore, the maximum heat generation will occur
immediately after loading for direct transport, at which time the canister and cask interior can

reasonably be assured to contain helium.

A second model determines the effective conductivity of the fuel, which is a detailed two-
dimensional thermal model of the fuel assembly. The model includes the fuel pellets, cladding
and gas (considered to be helium) between fuel rods and gas occupying the gap between the fuel
pellets and cladding. Modes of heat transfer modeled include conduction and radiation between
individual fuel rods for the steady state condition.

In the three-dimensional model, the fuel tube, including the BORAL sheet and its cladding, is
also modeled using effective conductivity. The effective conductivity is determined by a
two-dimensional thermal model. The model includes the fuel tube, the BORAL sheet, helium
gaps on both sides of the BORAL sheet and a helium gap between the stainless steel cladding for
BORAL and the support disk or heat transfer disk.

Classical analysis is used to calculate temperatures during the hypothetical accident condition fire
transient for the various components of the fuel, canister basket, canister, and cask. The

methodology is described in Section 3.5.1.1.

The Yankee-MPC canister may contain one or more Reconfigured Fuel Assemblies. A
two-dimensional finite element model is generated using the ANSYS program to determine the
temperature distribution of the Reconfigured Fuel Assembly. The model comprises the fuel rods,
fuel tubes, the shell casing (the square tube with the same external dimensions as an intact fuel
assembly) and the gas (helium) occupying the gap between fuel rod and tube, the space between
fuel tubes and the gap between shell casing and the fuel assembly tube.
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3.1.3 Canistered Connecticut Yankee Fuel

The design basis fuel assembly for the Connecticut Yankee canistered fuel thermal evaluation is
the B&W or Westinghouse 15x15 assembly, having a burnup of 43,000 MWD/MTU (Zircaloy
clad) or 38,000 MWD/MTU (stainless steel clad), a cool time of 10 years and an assembly decay
heat of 654 watts. This analysis uses a heat load for 26 assemblies of 17 kilowatts, or an
individual assembly decay heat limit of 0.654 kilowatts. The thermal analysis for the CY-MPC

canistered fuel uses three finite element models evaluated using the ANSYS program.

A three-dimensional model is employed to evaluate the cask in a horizontal position with the fuel
basket in contact with the canister, which is, in turn, in contact with the cask inner shell. This
simulates “no gap” on one side of the basket and canister, and a “maximum gap” condition at the
opposite side of the basket and canister as depicted in Figure 3.1-3. Additionally, Figure 3.1-3
defines the two basket orientations analyzed. Note that the nominal diametral gap between the
support disk and the canister shell is 0.24 inch (radial gap = 0.12 inch). The nominal diametral
gap between the heat transfer disks and the canister shell is 0.52 inch (radial gap = 0.26 inch). In
this model, circumferential half-symmetry is used. The model comprises the fuel assemblies,
fuel tubes, stainless steel support disks, aluminum heat transfer disks, the canister shell, lids, and
bottom plate, the spacer at the bottom of the canister, and the NAC-STC. The NAC-STC portion
~ of the model includes the bottom spacer, the inner and outer shells, top forging, lead gamma
shield, inner and outer bottom plates, inner and outer lids, upper and lower neutron shields, radial
neutron shield, and the neutron shield shell. The volumetric heat generation rate of the fuel is
multiplied by a factor of 1.1 (peaking factor to reflect the power density levels within the fuel).

Gas inside the canister and inside the NAC-STC is modeled as helium. Gaps between the
support disks and canister shell and between the heat transfer disks and canister shell are adjusted
to account for differential expansion based on thermal and defined physical contact conditions.

Insolation and ambient temperature conditions are applied to the neutron shield shell when

appropriate.

The maximum heat generation occurs immediately after loading for transport, at which time the
canister and cask interior can reasonably be assured to contain helium.

In the three-dimensional model, the fuel assemblies are modeled as homogeneous regions with

effective thermal properties. A second model is used to determine the effective thermal
conductivity of the fuel, which is a detailed two-dimensional thermal model of a single fuel
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assembly. The model includes the fuel pellets, cladding, and gas (considered to be helium)
between the fuel rods and gas occupying the gap between the fuel pellets and cladding. Modes of
heat transfer modeled include conduction and radiation between individual fuel rods for the
steady-state condition. Radiation between the fuel pellets and cladding is conservatively

neglected.

In the three-dimensional model, each fuel tube, including the BORAL sheet and its cladding, is
modeled using effective thermal conductivity properties. The effective conductivity for each side
of a fuel tube is determined using a two-dimensional thermal model. The model includes the fuel
tube, the BORAL sheet, the stainless steel cladding, helium gaps on both sides of the BORAL
sheet, and a helium gap between the stainless steel cladding and the support disk or heat transfer
disk.

The three-dimensional model is used to calculate fuel, basket, canister, and NAC-STC

temperatures for normal transport and hypothetical accident conditions.

The CY-MPC may contain one or more reconfigured fuel assemblies or damaged fuel cans. The
thermal analysis for canister configurations containing reconfigured fuel assemblies or damaged
fuel cans is bounded by the canister configurations for design basis fuel, as described in Section
3.4.24.

3.14 Canistered Greater Than Class C Waste

Greater than Class C (GTCC) waste may be transported in the transportable storage canister.
GTCC waste comprises reactor core components placed inside of containers having the same
geometry as the design basis fuel assemblies. The GTCC waste containers are installed in a
basket that can accommodate up to 24 Yankee or Connecticut Yankee waste containers.

The thermal output of the Yankee GTCC waste is 2.9 kilowatts. Component temperatures for the
GTCC basket are conservatively calculated using a thermal resistance model. The calculated
temperatures are then used to determine the material properties in the structural analysis of the
GTCC basket.

The thermal output of the Connecticut Yankee GTCC waste is 5.0 kilowatts. Component
temperatures for the GTCC basket are conservatively calculated using an ANSYS model. The
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calculated temperatures are then used to determine the material properties in the structural
analysis of the GTCC basket.

The thermal output of the Yankee and Connecticut Yankee GTCC waste (2.9 kW and 5 kW,
respectively) is significantly less than the design basis thermal load for directly loaded fuel and
for canistered fuel. Consequently, the temperatures produced in the cask by the design basis fuel
bound the temperature effects on the NAC-STC cask body and the canister due to the GTCC

waste.
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Figure 3.1-1 Definition of the Gap between the Basket and the Inner Shell for the Horizontal
Position of the Cask
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Figure 3.1-2 Definition of the Gap between the Yankee-MPC Basket, Canister, and the Inner
Shell for the Horizontal Position of the NAC-STC
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Figure 3.1-3 Basket Orientation and Gap between the CY-MPC Basket, Canister and the Inner
Shell for the Horizontal Position of the NAC-STC
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Table 3.1-1  Thermal Analysis Bounding Conditions - Normal Transport Conditions
Condition Value
AMBIENT TEMPERATURE:
Maximum 100°F
Minimum -40°F
INSOLATION (FOR 12 HOURS PER DAY):
Horizontal Flat Surfaces 2,950 Btw/ft’

Curved Surfaces

1,475 Buw/ft?

SPENT FUEL DECAY HEAT, TOTAL:

Directly Loaded Fuel 22.1 kW

Canistered Yankee Class Fuel 12.5 kW

Canistered Connecticut Yankee Fuel 17.0 kW
GTCC WASTE DECAY HEAT, TOTAL:

Yankee GTCC Waste 2.9 kW

Connecticut Yankee GTCC Waste 5.0kW

3.1-11
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32 Summary of Thermal Properties of Materials

The computer codes used in the thermal analysis require the physical properties for the materials
used to fabricate the NAC-STC body, fuel baskets and canister. The transfer of heat within the
NAC-STC is primarily accomplished by conduction and radiation. The thermal analysis of the
cask requires that thermal conductivities and emissivities of the materials of construction be
provided. In addition, certain convective properties are required for modeling of convective heat
transfer at the cask exterior surface. These properties have been tabulated and are presented in
Tables 3.2-1 through 3.2-11. Only the materials that form the heat transfer pathways employed in
the finite element models have their properties tabulated. Materials for small components, such
as valves and trunnions, which are not directly modeled, are not included in the property

tabulation.

3.2.1 Conductive Properties

The values for the conductivities of the materials are given in Tables 3.2-1 through 3.2-11.

3.2.2 Radiative Properties

3.2.2.1 Governing Radiation Principle

Radiation heat transfer between two nodes i (hotter node) and j (colder node) is accounted for by

the expression:

q, = O'SAF(T(‘ - TJ.“)

where:
o = the Stefan-Boltzman constant
=1.19 x 10" Btwhr-in>-°R*

= emissivity

>(‘O

= surface area
= the gray body shape factor for the surfaces

= ™

= temperature of the i th node

3

= temperature of the j th node
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3.2.2.2 Radiation from Cask Surface

The expression shown above is considered to be the governing equation for radiation within the
cask and from the cask to the environment. Radiation heat transfer from the surface of the cask
can be incorporated in the model by modifying the convection coefficient as shown below:

Q =gr+4qc

where g, is specified above for the radiation heat transfer and qc, which is the heat transfer by

convection is expressed as
de =hA(Ti-T)
where: he = film coefficient (Btu/hr-in?)
The g, can be rewritten as
q = GeAF(T? + T)(T; + T))(T; - Tj)
By combining both expressions
Q. = (ceF(T}* + sz)(Ti+Tj) +h)A(T; - Ty)

or
Qi =heA(Ti-T))

where:
hege = GSF(TiZ + sz)(Ti+Tj) + he

The convection coefficient, hes, used for the cask surface now includes the radiation heat
transfer. In this application, the form factor (F) is taken to be unity.

3223 Radiation Across Gaps Within the Cask Containing Directly Loaded
(Uncanistered) Fuel

The gaps represented in the cask model are small compared to the surfaces separated by the gap.

3.2-2
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Approximate
Gap location Gap (inches characteristic length (inches)
Gap between the fuel tube 0.112 9.2 slot length
and the fuel assembly
Gap within the fuel tube 0.005 9.2 slot length
between the BORAL and
the exterior steel plate
Gap between the basket and 0.065 222 inches circumference of
the inner shell basket
Gap between the lead gamma 0.045 >222 inches circumference
shield and the outer shell at gap

The total heat transfer can be expressed as the sum of the radiation and the conduction processes.

Qi =qr+ax

where q, is specified above for the radiation heat transfer and qx, which is the heat transfer by

conduction is expressed as:
KA
gk = —;;— I(T; - Tj)

where:

g = gap distance (between the two surfaces defined by node 1 and node j)
K = conductivity of the gas in the gap

By combining the two expressions (for gx and q;) and factoring out the term A(T; - T;)/g,
Q = [goeF(Ty" + Ty)(Ti+Ty) + KI[A(T: - Tyg]

or
Qi =KerA(T; - T)/g
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where:
Ke= goeF(T? + TH(Ti+T) + K

The material conductivity used in the analysis for the elements comprising the gap includes the
heat transfer by both conduction and radiation. Since the gap is small compared to the disk

thickness, the form factor (F) is taken to be unity.

3224 Radiation from the Top of the Directly Loaded Basket

The radiation from the top of the basket to the inner lid is modeled with radiation links that

transfer heat based on
q = CeAR(TY - T}

where the area, A, corresponds to the radiating area of the top basket disk and the emissivity

corresponds to the basket material.

3225 Radiation from the Top of the Yankee-MPC

Based on the radiation heat transfer equation shown in Section 3.2.2.4, the radiation heat transfer
at the locations listed below is modeled using radiation link elements in the cask three-

dimensional model.
1. From top of the fuel region to bottom surface of the canister lid.
2. From bottom of the fuel region to the top surface of the canister bottom plate.
3

From exterior surfaces of the fuel tubes to the inner surface of the canister shell.

3226 Radiation Across Gaps Within the Cask Containing Canistered Yankee Class Fuel

The gaps represented in the cask model are small compared to the surfaces separated by the gap.
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Approximate
Gap Location Gap (inches) Characteristic Length
Gap between the fuel tube 0.111 8.254 inch slot length

and the fuel assembly

Gap within the fuel tube between 0.003 8.254 inch slot length
the BORAL and the exterior steel

plate, and between the BORAL

and the tube

Gap between the support 0.205 216 inch support disk circumference
disk and the canister shell

Gap between the canister and 0.18 220 inch circumference of the canister
inner shell

Gap between the lead gamma 0.015 >220 inch circumference at gap
shield and the inner shell

Gap between exterior surface 0.079 8.254 inch slot length
of the fuel tube and the inside

surface of slots in support disk

or heat transfer disk

Gap between heat transfer 0.345 - 216 inch disk circumference
disk and canister shell

Gap between top of canister 0.125 71 inch cavity diameter
and bottom of top spacer

Gap between canister bottom 0.125 71 inch cavity diameter
plate and top of bottom spacer '

The total heat transfer is calculated in the same manner as shown in Section 3.2.2.3. As is the
case for the directly loaded fuel basket, the material conductivity used for the elements
comprising the gap includes the heat transfer by both conduction and radiation. Since the gap is
small compared to the surfaces separated by the gap, the form factor (F) is taken to be unity.
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3227 Radiation Across Gaps Within the Cask Containing the CY-MPC

For the three-dimensional model, radiation exchange across gaps is modeled using the ANSYS
radiation matrix. View factors between radiating surfaces are calculated internally and included

in the radiation matrix. The gaps modeled in the three-dimensional model are:

Gap Location Gap (inches) Comments

Gap between the support disks and 0.138 Nominal gap = 0.12 inch.

the canister shell (before moving Adjusted to account for

into transport orientation) differential thermal expansion.
Gap between the heat transfer 0.192 Nominal gap = 0.26 inch.

disks and the canister shell (before Adjusted to account for
moving into transport orientation) differential thermal expansion.
Gap between the canister shell and 0.18

the cask inner shell

Gap between the top of each fuel 10.56 The radiation area from the fuel
assembly and the bottom of the assemblies is based on the cross-
canister shield lid sectional area of the fuel pellets.
Gap between a fuel tube and various

another fuel tube, the support

disks, the heat transfer disks, and

the canister shell

Gap between the cask inner shell 0.015

and the lead gamma shield

Gap between the top of the 0.270 The canister is centered axially
canister and the cask inner lid and between the bottom of the cask
the gap between the bottom of the inner lid and the top of the
canister and the bottom spacer bottom spacer.

plate

Gap between a support disk and a 1.795

heat transfer disk
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The gaps represented in the two-dimensional fuel and fuel tube models are small compared to the
surfaces separated by the gap. The thermal radiation across these gaps is modeled with radiation
links. Since these gaps are small compared to the surfaces represented by the gap, the form
factor (F) is taken to be unity. The gaps modeled in the two-dimensional models are:

Approximate Characteristic

Gap Location Gap (inches) Length (inches)

Gap between outer fuel rods and 0.179 8.72 inch fuel tube inner width,
fuel tube inner surface 118 inch active fuel length
Gap between two fuel rods 0.15 118 inch active fuel length
Gap within the fuel tube between 0.003 BORAL is assumed to be

the BORAL and the exterior steel centered between fuel tube
cladding plate and between the surface and steel cladding.
BORAL and the tube

Gap between the exterior surface 0.085 9.170 inch length

of the fuel tube (including
cladding) and the inside surface of
slots in support disk or heat
transfer disk

323 Convective Properties

Each surface where convection operates has a convective heat transfer coefficient, he. There are
several surfaces to be considered. Surfaces vary by shape and orientation. Only the cylindrical
surface of the cask takes part in the heat removal process as the ends of the cask are thermally
“insulated” from the environmental ambient thermal sink by the impact limiters. The formula
and the reference for the necessary convective material properties used to calculate h, are given

in the following sections.

3.2.3.1 Horizontal Cylindrical Surfaces

The cask body surface is represented by a horizontal cylinder in air. From “Standard Handbook
for Mechanical Engineers” (Baumeister), the heat transfer coefficient, he, is:
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h. =0.19 AT**® BTU/hr-ft>-°F, for D’AT > 100

where:

AT = temperature difference between the surface and the air, °F

D = cylinder diameter, ft

For D = 8.1833 ft and AT > 100°F, the value of D’AT > 54,800, significantly larger than 100.

The expression can be converted into
he =0.00132 AT** Btu/hr-in>-°F

324 Neutron Shield (NS-4-FR) Thermal Conductivity

Material properties for NS-4-FR, Table 3.2-1, have been experimentally determined by BISCO
Products, Inc., the developer of the material. NS-4-FR is now supplied by the Japan Atomic
Power Company or its licensed distributors. Thermal expansion was determined for fresh
material, but the influence of thermal aging or thermal cycling of NS-4-FR was not evaluated. In
order to assess the influence of the NS-4-FR thermal conductivity with respect to temperatures
developed within the cask for the design bases heat load, a conservative three (3) dimensional,
quarter-symmetry heat transfer analysis has been performed with the neutron shield material
replaced by air. The results of the analysis show that temperatures inside the cask increase a
maximum of 26°F. Figure 3.2-1 graphically presents the radial temperature gradient from the
center of the basket to the surface of the neutron shield shell outer surface. The increase of 26°F
in any of the cask components is insignificant relative to structural considerations and to the
temperature limits of the temperature-dependent components. Therefore, the design of the NAC-
STC is not adversely influenced by a change in the NS-4-FR thermal conductivity due to thermal

aging or cycling.
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Figure 3.2-1

Radial Temperature Profile versus NS-4-FR Thermal Conductivity for Directly
Loaded Fuel

TEMP (F)

550 —

525 —

475 —
450 —
425 —
400 —
375 —
350 —
325 —
300 —
275 —
250 —

225 —

BASKET CENTER
TEMP 49B8F

NEUTRON SHIELD

CASK
SURFACE
TEMP 243F

200

T T :50 DIST (inch)

3.2-9



NAC-STC SAR
Docket No. 71-9235

August 2000
Revision STC-00A

Table 3.2-1  Thermal Properties of Solid Neutron Shield (NS-4-FR)

Propertyl (units) Value

Conductivity (Btu/hr-in-°F) 0.0311

Density (1brn/in3) 0.0589 (Borated)
Density (lbm/in3) 0.0607 (Nonborated)
Specific heat (Btu/lbm-°F) 0.39

1  Data developed by BISCO Products. NS-4-FR is supplied by the Japan Atomic Power

Company and its licensees.

Table 3.2-2  Thermal Properties of Stainless Steel

Type 304 and Type 304L
Property 212°F 392°F 572°F 752°F
Conductivity' 0.7800 0.8592 0.9333 1.0042
(Btu/hr-in-°F)
Density' 0.2888 0.2872 0.2855 0.2839
(Ib/in’) |
Specific Heat' 0.1207 0.1272 0.1320 0.135
(Btu/lbm-°F)
Emissivity” 0.36(300°F)

Type 630

Property 100°F 200°F 500°F 700°F
Conductivity® 0.8417 0.8833 1.0167 1.1000
(Btu/hr-in-°F)
Emissivity* 0.58

“Nuclear Systems Materials Handbook.”
Bucholz, 1983.
ASME Code Appendix L.

W ) =
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Table 3.2-3  Thermal Properties of Chemical Copper Lead

Temperature (°F)
Property 209 400 581 630
Conductivity' (Bww/hr-in-°F) 1.6308 1.5260 1.2095 1.0079
Density' (Ib/in’) 0.411
Specific Heat' (Btu/lbm-°F) 0.03
Emissivity’ 0.28(75°F)
1 Edwards.

2  Baumeister.

Table 3.2-4  Thermal Properties of Type 6061-T6 and 6061-T651 Aluminum Alloy

Temperature (°F)
Property 200 300 400 500 600
Conductivity' (Btu/hr-in-°F) 8.25 8.38 8.49 8.49 8.49
Emissivity’ 0.22

1 “ASME Code Appendix I” (The maximum value in the table in Appendix I is 400°F. Since the conductivity
increases as the temperature increases, using the value of 8.49 [for 400°F] for higher temperatures is
conservative.).

2 Recommended value for aluminum in SCOPE (Bucholz, 1983) Version 1.2 Abbreviated Input Data Guide.
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1 Chapman.

3.2-12

Table 3.2-5 Thermal Properties of Helium
Temperature (°F)
Property 200 400 600 800
Conductivity' (Btu/hr-in-°F) 0.00808 0.00942 0.01075 0.01150
Density' (Ib/in®) 4.83E-6 3.70E-6 3.01E-6 2.52E-6
Specific Heat' (Btw/1bm-°F) 1.24
1 Kreith.
Table 3.2-6  Thermal Properties of Dry Air
Temperature (°F)
Property 100 300 500 700
Conductivity' (Btu/hr-in-°F) 0.00128 0.00161 0.00193 0.00223
Density' (Ib/in®) 4.11E-5 3.25E-5 2.38E-5 1.97E-5
| Specific Heat' (Btw/1bm-°F) 0.240 0.244 0.247 0.253
1 Kreith.
Table 3.2-7  Thermal Properties of Copper
Temperature (°F)
Property 32 212 392
Conductivity' (Btu/hr-in-°F) 18.58 18.25 18.00
Density" (Ib/in®) 0.32
Specific Heat' (Btu/Ibm-°F) 0.09
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Table 3.2-8  Thermal Properties of BORAL B4C

Temperature (°F)
Property 212 392 572 752
Conductivity' (Btwhr-in-°F) 3.19 3.14 3.04 2.83
Emissivity® 0.5

1  Manufacturer’s data, Brooks & Perkins for BORAL.
2 Chapman reports the emissivity for pressed graphite to be 0.98 at 480°F. A value of 0.5 is used.

Table 3.2-9  Thermal Properties of Zircaloy and Zircaloy-4 Cladding

Temperature (°F)
Property 392 572 752 932
Conductivity' (Btw/hr-in-°F) 0.69 0.73 0.80 0.87
Emissivity 0.75

1 NUREG/CR-0497.
2 Minimum value of emissivity for a cladding surface of uranium oxide.

Table 3.2-10 Thermal Properties of Fuel (UO;)

Temperature (°F)

Property 100 440 570 793

Conductivity' (Btwhr-in-°F) 0.29 0.29 0.27 0.19

1 NUREG/CR-0497. The lower bound of temperatures is 500°K (440°F). Since the conductivity decreases as the
temperature increases, using the same value (0.29) for the 100°F entry is conservative.
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Table 3.2-11 Thermal Properties of BORAL Composite Sheet

Temperature (°F)
Property 100 500
Conductivity'
(Btw/hr-in-°F)
Aluminum Clad 7.805 8.976
Core Matrix 4.136 3.698
Emissivity"? 0.15 0.15

1 AAR Advanced Structures, standard specification for BORAL composite BRIREVO-940107.
2 The emissivity of the aluminum clad of the BORAL sheet range from 0.10 to 0.19 based on the BORAL
specification. An average value of 0.15 is used.
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33 Technical Specifications for Components

The heat rejection capability of the NAC-STC is the result of passive heat transfer within the
cask and from the cask surface. Heat is transferred from the fuel assemblies to the fuel basket
tubes, and through the tubes and steel support disks and aluminum heat transfer disks to the fuel
basket surface, by conduction, convection and radiation. The steel support disks are considered
to be the structural member, and the aluminum heat transfer disks are supported by the steel
structure and were added to enhance the heat rejection capacity of the basket. Heat is transferred
from the basket surface to the cavity wall, or from the basket surface to the canister wall, and
then to the cavity wall, primarily by conduction and radiation. Heat is then transferred by
conduction through the cask wall to the inside of the neutron shield. For the gap considered to be
present between the lead and the outer shell or inner shell, radiation is also considered to be
active. There are 24 explosively bonded copper/stainless steel heat transfer fins. The stainless
steel portion of the fin is primarily a structural member supporting the neutron shield. The
copper is explosively bonded to the steel to aid in heat transfer through the neutron shield. The
solid neutron shield region that covers the majority of the length of the cask transfers the heat by
conduction to the shield tank surface. Because of the presence of the impact limiters, no heat is
transferred to the environment through the ends of the cask. From the radial surfaces, heat is
rejected to the environment by radiation and convection. The NAC-STC heat rejection
components are analyzed for normal transport conditions-in Section 3.4 and for hypothetical

accident conditions in Section 3.5.

3.3.1 : Radiation Protection Components

Radiation protection is provided by the NAC-STC gamma and neutron shielding. The primary
gamma radiation shielding components are the materials used in fabricating the multiwall body,
the end forgings of the cask body, the inner lid and the outer lid. The multiwall body consists of
the cast lead enclosed between the inner and outer stainless steel shells. The lead is cast in place
between the cylindrical cask body shells. Neutron shielding is provided by a radial solid neutron
shield and 2-inch thick disks in the bottom of the cask and the inner lid. The neutron shields are
borated to suppress secondary gamma generation. The capture of neutrons by many materials
produces a secondary gamma ray that must also be shielded; however, when 1B absorbs a
neutron, an alpha particle is emitted that is stopped locally. Thus, the secondary gamma dose rate
is minimized. The radiation protection components are analyzed for normal transport conditions

in Section 3.4 and for hypothetical accident event conditions in Section 3.5.
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332 Safe Operating Ranges

There are four major components that must be maintained within their safe operating temperature
ranges: the metallic o-rings in the inner lid and inner lid port coverplate, the lead gamma shield,

the NS-4-FR solid neutron shield, and the aluminum heat transfer disks.

The safe operating ranges for the metallic o-rings, lead gamma shield, solid neutron shield and

aluminum heat transfer disks are:

Component Safe Operating Range
Metallic o-rings -40°F to +500°F
Lead gamma shield -40°F to +600°F
Radial NS-4-FR neutron shield -40°F to +300°F
Aluminum heat transfer disks -40°F to +600°F

The safe operating range of the o-rings is obtained from the technical information presented in
Section 4.5, and ensures that the contents are contained within the cask and are not released to
the atmosphere due to thermal failure of the o-rings. The analyses of Sections 3.4 and 3.5 show
that the temperatures of the o-rings are maintained within the safe operating range during normal

transport and hypothetical accident conditions.

The safe operating range of the lead gamma shield is based on preventing the lead from reaching
its melting point of 620°F (Baumeister). To preclude localized lead temperatures from exceeding
their safe operating range, FPC (fireblock silicone foam) is used to insulate the lead from the

high temperatures that occur during the 10 CFR 71 hypothetical fire accident. The fire accident

analysis in Section 3.5 shows that the lead temperature is maintained in its safe operating range
even without the presence of the FPC. This foam is included for extra assurance of safety. A
0.125-inch layer of the material is located around the top and bottom corners of the lead gamma
shield above and below the coverage provided by the radial neutron shield.

The maximum operating temperature limit of the NS-4-FR solid neutron shield material to
ensure sufficient neutron shielding capacity was determined by the product developer to be
338°F, as shown in Figure 3.3-1. Test 2 of Figure 3.3-1 was conducted to evaluate the long-term
stability of the NS-4-FR material at high temperatures. The test results were based on placing a
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3-inch cube of material in a 338°F oven for 145 days. During the test, less than a 4 percent
weight loss occurred, with a significant fraction of the weight loss occurring in the first 30 days
at temperature. Additional tests were performed on samples that were enclosed in stainless steel
by Hitachi Zosen Corporation (Asano). In these tests, it was found that at a temperature of 175°C
(347°F), a weight loss of less than 1.5 percent was measured after 73 days at temperature. A
separate test performed at a temperature of 150°C (302°F) produced a weight loss of less than 0.5
percent after 73 days. After 56 weeks at 150°C, the weight loss was approximately 1.2 percent.
Hitachi Zosen extrapolated their test data and predicted a weight loss of less than 2 percent for a
20-year exposure period at 150°C. The NS-4-FR vendor, the Japan Atomic Power Company
(JAPC), certifies a maximum continuous operating temperature of 300°F. Consequently, this
more conservative temperature is applied. The JAPC NS-4-FR product data sheet is shown in
Figure 3.3-2.

The peak calculated temperature experienced in the NAC-STC neutron shield is 285°F, which
occurs in the transport of directly loaded (uncanistered) fuel having helium as a cover gas. This
peak temperature occurs only at a localized area with the remainder of the neutron shield material
well below the 285°F value. This temperature is 54°F lower than the product developer’s test
temperature. As noted above, the product developer and the Hitachi Zosen tests were carried out
at a constant bulk mass temperature. During long-term storage operations, temperatures will
decrease as the storage period increases, resulting in less limiting neutron shielding operations

than those predicted by the test cases described above.

From an analysis of the test results, it is expected that the maximum weight loss of the neutron
shield will be less than 2 percent after a 20-year period. Based on the dose rate contributions for
neutrons and gammas presented in Table 5.1-10, a 2 percent reduction in the effectiveness of the
neutron shield will not result in dose rates exceeding the normal transport dose rate limits of 10
CFR 71. Also, as specified in Section 8.1.5.3, both neutron and gamma dose rates will be
measured and recorded prior to transport to verify that they are less than the 10 CFR 71 normal
conditions of transport dose rate limits. The radial neutron shield must provide sufficient
shielding to satisfy 10 CFR 71 requirements, however, shielding provided by the NS-4-FR
material in the lid and bottom of the cask is not required for the cask to satisfy dose rate
regulatory limits off of the ends of the cask. The neutron shielding in the lid and bottom reduces
operator exposure during loading and handling of the cask and is currently provided in the
NAC-STC as an enhanced capability to satisfy ALARA goals.
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The analysis presented in Section 3.4.2 shows that the maximum temperature of the radial
neutron shield is 284°F with air as a cover gas, and 285°F with helium as a cover gas for the
directly loaded fuel and 270°F for the canistered fuel with helium as a cover gas. These
temperatures are less than the maximum safe operating temperature of 300°F during normal
transport conditions. The maximum normal operating temperature for the NS-4-FR material in
the lid is 181°F, well within the safe operating temperature range. The maximum normal
operating temperature for the NS-4-FR in the bottom of the cask is 403°F. This temperature is
higher than the manufacturers recommended operating temperature of 300°F. Section 2.10.10.2
shows that the maximum pressure that could result from off-gassing would result in an
insignificant stress in the surrounding steel. However, since the NS-4-FR material in the cask
bottom is not needed to satisfy transport dose rate limits, because the material is completely
contained within a welded steel structure preventing loss of mass to the atmosphere, and because
the resulting stresses in the surrounding steel would be insignificant, the calculated temperatures
in the cask bottom neutron shield do not adversely impact the safety of the NAC-STC.

Therefore, based on the fact that there is no impact to safety and that the thermal results are
conservatively high in the cask bottom, the NS-4-FR temperature of 403°F is acceptable. The
neutron shields are considered lost after the fire accident for shielding purposes, removing the
necessity for them to remain within their safe operating range (see Section 5.1.4 for a discussion
* of the effect of a loss of the neutron shield on the cask dose rates). The radial neutron shield is
conservatively assumed to remain intact throughout the hypothetical fire and be removed at the
end of the fire for the thermal analysis. This assumption is conservative because it results in
larger quantities of energy being transferred into the cask during the fire accident, and lesser

quantities being rejected from the cask after the 30-minute fire.

The safe operating range of the aluminum heat transfer disk is based on the integrity of the
aluminum being maintained. The aluminum heat transfer disk is not a structural component to
transfer load within the basket. Based on the MIL-HDBK-5F, aluminum at 600°F retains
component performance. The operating limit for the aluminum heat transfer disk is taken to be
600°F. For both directly loaded and canistered fuel configurations, the maximum aluminum disk

temperature is below 600°F.
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Figure 3.3-1 NS-4-FR Developer’s Test Results Letter

April 20, 1987

#r, Toad Lesser

Nuc lesr Assurance Corporation
5720 Peacntree Plazs
Norcross, GA 30092

SUBJECT: WEGHT LOSS OF NS=4-FR UNDER EXTREME TEMPERATURE CONDITIONS.

Desr Tode,

As a ¢ollow=up to our teispnone conversstion last week, this letter will
confirm the resuits of the tempersture testing that has been pertformed
on NS=4 FR to cate. '

TEST 1: weiant ioss of NS=4-FR pt =700F:

A sampie Of NS=4=FR was weigned 8! room temperature, 8nd was rhen
exposed 1o a low temperature of =170° F tor s period of time
sufficient to bring the entire sample to temperasture bDelow =700 F.
The sempie was then weighed and 8llowed to gradusily return to room
tempersture. A final weight messurement was then teken after the
sempie had reachec room temperature. The deginning snd ending weights
were igenticel. The weignt st =1700 F was slignhtiy higher tnen the
initial weignt, propsbiy due to conoensstion.

CONCLUSION: Since there is no weignt |oss when exposad to temperatures
below =70 F, |t can bs concluges that there is 8iso no
hyorogen ioss in the NS~4=FR at that tempersture.

TEST 2: Weigh?t loss of NS—4«~FR st 3380 F (1700 T1):

Thic 1s 8n upgste of the thermal acing test begun on November20,1985.

As of April 17, 1987, the two hSeé=FR sampies have Deen exposed toc &

continuous temperature of 3300F tor 145 straignt oays. The samples

heve bDeen periodics!ily pulies out sno weighed. ’

CONCLUSION: The cumuistive weight loss as of April 17,1987 is3.03% and
3,158 tor the two pricks. This test will be continued untl)
such time that the aagitional weignt loss is zero or
negligible.
Pioase let me know i you require sny additions! information regsrding 81SC0
NS=4=FR marerisi,

Very truly yours,
Lerey J. Dietrick

Project Enginser
LJD/nt

one of 1he Srofd SEMPSmes
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Figure 3.3-2 JAPC NS-4-FR Technical Data

NS-4-FR

FIRE RESISTANT NEUTRON AND/OR GAMMA SHIELDING MATERIAL
JAPC NS-4-FR Fire Resistant Neutron Shielding Material is a high hydrogen structural shielding product designed for
use in moderately high temperature applications. It has the unique characteristics of high strength, mechanical durability
and fire resistivity. NS-4-FR may be loaded with lead and/or boron, offering excellent gamma or neutron shielding
properties. NS-4-FR has been found to offer superior neutron shielding/attenuation properties over equivalently loaded
polyethylene.

NS-4-FR PROPERTIES

COLOR Brown
SPECIFIC GRAVITY 1.68
HYDROGEN 6.07E+22 atom/cc
THERMAL RESISTANCE -40°F to 300°F
RADIATION RESISTANCE Excellent
ULTIMATE TENSILE STRENGTH 4,250 psi
TENSILE ELONGATION 0.65%
ULTIMATE FLEXURAL STRENGTH 7,600 psi
ULTIMATE COMPRESSION STRENGTH 10,500 psi
COMPRESSION YIELD STRENGTH 8,780 psi
COMPREHENSIVE MODULUS 561,000 psi
120D IMPACT STRENGTH 2.9 ft-1b/in
THERMAL CONDUCTIVITY 0.373 BTU/hr-ft-°F
COEFFICIENT OF LINEAR EXPANSION

@150°C 1.1E-04 in/iy°C

THEORETICAL ELEMENTAL COMPOSITION
Carbon:  27.7 wt% Nitrogen: 2.0 wt% Hydrogen: 6.0 wt%
Oxygen:  42.8 wi% Aluminum: 21.5 wi%

MAXIMUM B,C AND LEAD LOADINGS

B.C:  65wt%

Lead: 15wt.% ,
APPLICATIONS

Vessels, Closures, Structural Components, Doors, Bricks, Criticality Control.

AVAILABILITY
Cast Special Shapes, Plates, Rounds, Squares, Structural Shapes (vessels, tanks, etc.).

Data is based on laboratory tests and should not be used for writing specifications. Each user
should run independent tests to confirm material suitability for each specific application.
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3.4 Thermal Evaluation for Normal Conditions of Transport

There are three objectives of the thermal analysis of the NAC-STC under normal transport

conditions:

1. To demonstrate that the NAC-STC can safely maintain the design basis temperatures
required for fuel cladding integrity under the range of thermal conditions expected

during normal conditions.

2. To demonstrate that cask components important to safety are maintained within their

safe operating temperature ranges.

3. To provide thermal input to the structural analyses.

The first objective is met by demonstrating that the NAC-STC maintains maximum fuel rod
cladding temperatures below 716°F (380°C) during the normal transport conditions specified in
10 CFR 71.71.

The second objective is met by comparing the results of analysis with the safe operating ranges
established in Section 3.3.

The third objective is met by using the ANSYS computer code to provide the thermal input to the
structural analyses (Sections 2.6.1 and 2.6.2), which demonstrate that combined load stresses are

within allowable limits.

34.1 Thermal Models

This section describes the finite element models of the NAC-STC used for the thermal evaluation
of normal transport conditions for the directly loaded (uncanistered) fuel and canistered fuel
configurations. The environmental conditions and decay heat loads for the analysis are provided.
Tabulated results are given in the form of maximum component temperatures in Table 3.4-5.
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34.1.1 Analvtical Models for Directly Loaded (Uncanistered) Fuel

This Section describes the finite element models used in the thermal evaluation of the directly

loaded fuel configuration.

34.1.1.1 Quarter Symmetry Cask Model for Directly Loaded Fuel

The bounding conditions for normal transport are shown in Table 3.1-1. The quarter symmetry
cask model used to analyze the transport condition is shown in Figure 3.4-1.

The cask model contains the basket comprised of fuel and fuel support tubes, steel support disks,
aluminum heat transfer disks, cavity gas, a multiwall body of stainless steel/lead/stainless steel, a
radial neutron shield surrounded by stainless steel, a bottom region, and closure lids, with the
bottom region and inner lid containing a solid neutron shield.

An ANSYS analysis is performed on a three-dimensional cylindrical quarter cask model. The
fuel assembly is represented by multiple volumetric heat source regions. These regions represent
the relative axial power profile shown in Figure 3.4-2.

Conduction and radiation across the various gaps are the only means of heat transfer modeled in
the cask body (convection is ignored). At the cask exterior surface, heat is transferred by means
of convection and radiation to the air surrounding the cask. The radiative heating of the sun
(insolance) on the cask surface is also accounted for in the cask model. No heat transfer
mechanism is modeled from the top or the bottom of the cask to ambient because of the

insulating effect of the impact limiters.

Insolance was used at the exterior surface of the cask. The value used was based on the amount
of insolation required by 10 CFR 71 to be applied over a 12-hour period evaluated in the steady
state (applied over 24 hours). The following calculation provides the heat flux due to insolation

on a curved surface.

1475 BY o 12hr 10 6 427 Bu/hrein?

12hr-ft®  24hr 144 in°
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Multiplying this value by the emissivity of the cask surface, E = 0.36, gives a heat flux resulting
from insolance on curved surfaces of 0.150 Btu/hr-in>. Using the same method and a heat flux of
2,950 Btw/12 hr-ft? (0.853 Btu/hr-in?), gives a heat flux due to insolance on flat surfaces of 0.299
Btu/hr-in”.

Applying one-half of the required 12-hour insolance over a 24-hour period to achieve a steady

state solution is conservative, and has been used previously in transport cask licensing.

Since the quarter symmetry model encompasses the entire length of the cask, the analysis of this
model is used to provide maximum temperatures for the components comprising the ends of the

cask. This includes:

outer lid , XM-19 transition bottom forging

inner lid seals for the lids bottom neutron shield
upper neutron shield lid bolts bottom plate

top forging seals for the valves

341.1.1.1 Directly Loaded Fuel Basket

The finite element model of the directly loaded fuel basket, used in the analysis, is a quarter
symmetry model constructed using ANSYS Revision 4.4. This model considers the fuel, fuel
tube, cavity gas and the circular support steel support disks and the aluminum heat transfer disks.
A detailed view of a typical cross section of a support disk and the fuel, fuel tube, and the gas
(separating the fuel and the fuel tube), is shown in Figures 3.4-3 and 3.4-4, respectively. The
cross section containing an aluminum heat transfer disk would be identical. The thicknesses of
the fuel tube and the gas (separating the fuel and fuel tube) in the fuel basket model are 0.142
inch and 0.112 inch, respectively. The 0.065-inch gap between the fuel basket and the inner shell
at maximum decay heat loading results in a temperature difference across the gap, assuming
conduction and radiation occurs across the gap (see Section 3.2.2.3). The ANSYS
three-dimensional brick thermal elements (STIF70) are used in the thermal model for the basket.

The thermal conductivity of the Type 6061-T651 aluminum alloy heat transfer disk is
temperature dependent, and values for it are reported in Table 3.2-4. The gas thermal
conductivity is also temperature dependent, and values for it are reported in Table 3.2-5 for
helium, or Table 3.2-6 for air.
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The fuel region for the quarter symmetry model contains 108 axial divisions with each fuel
assembly represented by four elements (see Figure 3.4-5). The fuel assembly is treated as being
homogeneous. The thermal conductivity was taken from the analysis of a fuel rod array in a
cavity backfilled with helium or air. (This model is described in Section 3.4.1.1.3.). The in-
plane conductivities determined from the two-dimensional fuel assembly analyses were 0.05
Btu/hr-in-°F for helium and 0.03 Btu/hr-in-°F for air at a temperature of 600°F.

The heat generation rate for the fuel assembly is computed based on the heat load of 0.85
kilowatts/assembly with the active fuel length equal to 144 inches and using the relative axial

power curve of Figure 3.4-2.

The value of the thermal conductivity of composite fuel tubes is based on effective thermal

conductivities for an electrical resistance analogy shown below:

1 Lo+ 4 24, 25
Kest k k- ks

Series Conductors:
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34.1.1.1.2 Multiwall Body

The thermal model of the body represents the three concentric shells--the inner stainless steel
shell, the lead shielding and the outer stainless steel shell, which make up the cask body. A
typical cross section is shown in Figure 3.4-3. A 0.045-inch gap is calculated for the radial lead
region between the outer shell and the lead. This is based on the lead and surrounding stainless
steel heating up from 70°F to 620°F during the lead pour and, then, cooling to approximately
250°F when the cask is loaded with the design basis heat load. Due to the different thermal
expansion coefficients between the stainless steel and lead, a gap may be formed during the lead
pour operation. The gap is placed between the lead and the outer stainless steel shell in the
normal condition ANSYS models to create the maximum temperatures in the lead. Radiation and
conduction modes of heat transfer are effective across this gap and have been included by the
method described in Section 3.2.2.3.

34.1.1.1.3 Radial Neutron Shield

A synthetic borated solid material used to absorb neutrons covers most of the outer shell.
Twenty-four 0.55-inch (14 mm) thick copper/stainless steel heat transfer fins are equally
distributed radially on the outer shell. The fins are 0.315-inch (8 mm) thick stainless steel plate
explosively bonded to 0.236-inch (6 mm) thick copper plate. The stainless steel neutron shield
shell is 0.472 inches (12 mm) thick on the top and bottom, and 0.236 inches (6 mm) thick

elsewhere. The neutron shield shell is exposed to the ambient conditions on the outer surface.

The thermal conductivity of the neutron shield region was determined by modeling the neutron
shield region discretely. The neutron shield can be broken down into 24 sectors, each with a fin
at the center. A single sector was analyzed to define an effective coefficient for thermal
conductivity using slab geometry and an electrical resistance analogy. The sector and its

associated electrical circuit modeling are:

-
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The resistance analogy equations are shown below.

Lokt + Lrkit]
£t
{ kikatite
t(Liketz + Lrkity)

Parallel Conductors: ks =

Series Conductors: ke =

The effective conductivity of the slab model of the neutron shield is calculated to be 0.339
Btu/hr-in-°F. This effective conductivity, k, is used for the radial neutron shield in the cask body

model for normal transport conditions.

34.1.1.14 Top and Bottom Ends

The inner and outer lids, separated by a small gap are at the top end of the cask. Radiation and
conduction are the -operative heat transfer mechanisms across this lid gap. To conservatively
determine the temperature difference across the outer lid, conduction is the only heat transfer

mechanism considered.

The bottom of the cask is fabricated from two thick stainless steel plates with a plate of NS-4-FR
neutron absorber sandwiched between them. Intimate contact is assumed between the NS-4-FR
and the stainless steel plates. Conduction is the only operating heat transfer mechanism
considered through the bottom of the cask.

No heat transfer occurs between the ends of the cask and the environment due to the presence of
the impact limiters. The impact limiters essentially insulate the ends of the cask from the
temperatures in the environment, due to both the low thermal conductivity and the thickness of
the wood in the limiter.

34.1.1.2 180 Degree Section Three-Dimensional Cask Model for the Directly Loaded
NAC-STC

To simulate the cask basket resting on the inner shell during transportation, a half symmetry
finite element model is constructed. This model, shown in Figures 3.4-6 through 3.4-8, consisted
of a 180-degree section of the cross section with a length of 4.86 inches and containing an
aluminum heat transfer disk and a steel disk. The cross section of the basket, the multiwall body
and shields in this 180-degree section, is identical to the cross section of the quarter symmetry
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model described in Section 3.4.1.1.1. Whereas the three-dimensional quarter symmetry model
simulated the axial heat transfer, the three-dimensional 180-degree section model ignores axial

heat transfer and defines the top and bottom axial surfaces as adiabatic.

The orientation of the basket in the cask shown in Figure 3.4-8 corresponds to the orientation of

the basket during transport.

To simulate contact of the basket with the inner shell, the basket model is shifted towards one
side of the cavity (see Figure 3.4-8). The length of contact was centered about the plane of
symmetry and extended for an angle of 45 degrees. The gap varied from zero (contact) to a
maximum value of 0.13 inches at the top. In addition, the fuel assemblies are treated as resting on
the fuel tubes. Material properties used in the quarter symmetry model in Section 3.4.1.1.1 are
incorporated into this model.

The volumetric heat generation rate corresponded to 0.935 kilowatts per fuel assembly, which
includes a peaking factor of 1.1 applied to the design value of 0.85 kilowatts per assembly. The
solar insolance shown in Table 3.1-1 is applied to the surface of the model and the ambient
temperature is taken to be 100°F.

The steady state analysis of the 180-degree section model using the transport conditions provided

the maximum temperatures for the following components:

aluminum heat transfer disks inner shell radial neutron shield
steel support disks lead shield maximum surface temperature
fuel tubes outer shell

3.4.1.1.3 Directly Loaded Fuel Assembly Model

34.1.1.3.1 Fuel Assembly Description

The detailed analysis of the fuel assembly is used to determine the effective conductivity of a
homogenized model of a fuel assembly as well as to determine the maximum fuel rod cladding

temperature.
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A quarter symmetry model of the fuel assembly is constructed using AN SYS 4.4, which is shown
in Figures 3.4-9 and 3.4-10. The dimensions for the rods are for the directly loaded design basis
fuel (Table 5.1-2). The material properties for the fuel and cladding are listed in Tables 3.2-9
and 3.2-10. In this model, the fuel rod is treated as being homogenized. The properties for the air
and helium are shown in Tables 3.2-5 and 3.2-6. The material properties account for the
conductivity through the cavity gas (either air or helium). The rod to rod radiation is governed by
the expression in Section 3.2.2 and modeled via radiation links (STIF31). This element, which is
modeled from pin surface to pin surface, requires emissivity and a form factor. The emissivity is
taken from experimental data for Zircaloy tubes. Form factor determination is accomplished via a
utility (AUX12) in ANSYS, which performs a radiation view factor (form factor) calculation.
The results from AUX12 are used in the steady state analysis of the model of the fuel assembly.

To simulate the fuel load, uniform volumetric heat generation is applied to the elements
representing the fuel and the total heat load of the model corresponds to 0.85 kilowatts per

assembly.

34.1.1.3.2 Determination of Effective Fuel Conductivity

A two step procedure is used to determine the effective conductivity for the fuel.

Using the fuel assembly model, a uniform temperature is applied to the exterior of the model (see
Figure 3.4-9) in conjunction with the volumetric heat generation. From this analysis, the
maximum temperature located at the center of the fuel assembly is determined. This is at the

corner of the model, which represents the center of the entire fuel assembly.

A Sandia National Laboratory Report (SAND90-2406) defines an expression to determine the
maximum temperature of a square cross section of an isotropic homogeneous fuel with a uniform
volumetric heat generation. At the boundary of this square cross section, the temperature is
constrained to be uniform. The expression for the maximum temperature is given by

Qa’

Keff

T.= Te +0.29468

where:
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!
I

the temperature at the center of the fuel (°F)

T. = the temperature applied at the exterior of the fuel (°F)

Q = volumetric heat generation rate (Btu/hr—in3 )

A = half length of the square cross section of the fuel (inch)

Ke# = effective thermal conductivity for the isotropic homogeneous

fuel material (Btu/hr-in-°F)

Using the maximum temperature, located at the center of the fuel, from the detailed fuel
assembly model, the above expression is used to determine the Ker for an isotropic homogeneous
representation of the fuel assembly. This value is used in both the quarter model (Section
3.4.1.1.1) and the 180-degree section model (Section 3.4.1.1.2) for the fuel assembly.

Two analyses and K¢ determinations are performed; a K corresponding to air in the cavity in
which the fuel assembly model used air and a K for helium in the cavity in which the fuel

assembly model used helium as the cavity gas.

34.1.1.3.3 Determination of Maximum Fuel Clad Temperature

Two models are needed to determine the cask maximum fuel rod cladding temperature. The two
models are:

1. 180-degree section model of the cask body - ANSYS, 3-D Model (Section 3.4.1.1.2)
2. Detailed two-dimensional model of the fuel assembly.

The three-dimensional ANSYS model from Section 3.4.1.1.2 is used to determine the maximum
fuel tube temperature, which is applied to the exterior of the fuel assembly model. Since the
cavity gas can be air or helium, two separate analyses are perfdrmed. For the case of the air in the
cavity, the maximum fuel tube temperature from the transport condition using air in the cavity is
used as the exterior boundary condition for the fuel assembly model. The fuel assembly model
used the same material properties as the three-dimensional model with air in the cavity. For the
helium in the cavity, the analyses are repeated but using the properties for helium in the cavity for
both models.
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34.1.2 Analytical Models for the Yankee-MPC

The thermal analysis for the canistered Yankee Class design basis fuel uses three finite element
ANSYS models. A three-dimensional model (“three-dimensional canister model”) is employed
to evaluate the cask in a horizontal position with the canister basket in contact with the canister
which is, in turn, in contact with the cask inner shell. The model is comprised of the fuel
assemblies, fuel tubes, stainless steel support disks, aluminum heat transfer disks, the canister
shell, lids and bottom plate, the aluminum honeycomb spacers at the top and bottom of the
canister, the NAC-STC inner shell, lead, outer shell, neutron shield and neutron shield shell. The
fuel regions and the fuel tubes with BORAL plates in the three-dimensional model are modeled
using effective conductivities. The effective conductivity of the fuel is determined by a second
model (“fuel model), which is a detailed two-dimensional thermal model of the fuel assembly.
The model includes the fuel pellets, cladding and gas (considered to be helium) occupying the
gap between the fuel pellets and cladding. A third model (“fuel tube model”) is used to
determine the effective conductivities of the tube wall and BORAL plate. These models are
described in Sections 3.4.1.2.1 through 3.4.1.2.3.

The thermal analysis for the Reconfigured Fuel Assembly uses the two-dimensional reconfigured
fuel model. The model is described in Section 3.4.1.2.4. A classical thermal analysis is
performed for the Greater Than Class C waste canister using a thermal resistor model, as
described in Section 3.4.1.2.5.

34.1.2.1 Three-Dimensional Cask and Canister Model for the Yankee-MPC Configuration

The 3-D Yankee-MPC canister model is a half symmetry finite element model constructed using
ANSYS Version 5.2. The model considers the fuel assemblies, fuel tubes, stainless steel support
disks, aluminum heat transfer disks, the canister shell, lids and bottom plate, the aluminum
honeycomb spacers at the top and bottom of the canister, the NAC-STC inner shell, lead, outer
shell, neutron shield and neutron shield shell. The model is shown in Figure 3.4-20. The top and
bottom portions of the NAC-STC (lid, top forging, bottom plate and bottom forging) are not
included in the model because these components are enclosed by the impact limiters and
essentially no heat is rejected through these components (both ends of the model are considered
adiabatic).
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As shown in Figure 3.4-20, the internal cavity of the canister contains the active fuel region. No
conduction elements are defined outside of this region. The top and bottom fittings of the fuel
assemblies, fuel tubes enclosing the top and bottom fittings, the first stainless steel support disk
(counted from top end) and the top and bottom weldments are not included in the model and

conduction through these components is conservatively ignored.

Gas inside the canister is modeled as helium. Gas inside the NAC-STC cavity is also considered
to be helium, since the cavity will be back-filled with helium just before transport. Conduction
and radiation are modeled using ANSYS “SOLID70” and “LINK31” elements, respectively. The
principal gaps as shown in Figure 3.1-2 and the gaps described in Section 3.2.2.6 are applied to
the model. These gaps are conservatively established and consider the differential thermal

expansion between the components.

Since the canister is in the horizontal position during transport, the elements for the canister shell
are shifted downwards to simulate a contact with the inner shell of the NAC-STC. Similarly, the
support disks and the heat transfer disks are shifted downward to simulate a contact with the
canister shell. As shown in Figure 3.1-2, a 2-degree of arc contact is conservatively considered
for the gaps between the canister shell and the NAC-STC inner shell, and between the support
disk and the canister shell. At the 2-degree contact region in the model, an element 0.005-inch
thick (in the radial direction) is modeled between the elements of the canister shell and cask inner
shell, and between the elements for the support disk and canister shell. To simulate the contact
condition, a conductivity of 100 Btu/hr-in-°F is assumed for the element. The value of
conductivity used has a negligible effect on the thermal analysis results, since the thermal
resistance across the element is negligible compared to the thermal resistance of the canister shell
or the cask inner shell because the thickness of the element is only 0.005 inch. The aluminum
heat transfer disks are assumed to have only a line contact with the canister shell since the heat

transfer disks are not subjected to any loads other than their self-weight.

Gaps within the model are adjusted to account for differential expansion based on thermal and
defined physical contact conditions. Solar insolance and ambient temperature conditions are
applied to the neutron shield shell when appropriate. Heat flux due to solar insolance is as
calculated in Section 3.4.1.1.1. The model is analyzed to determine the maximum temperatures
for the fuel cladding, the basket, canister, cask shells, radial shielding and surface conditions. All
material properties are shown in Tables 3.2-1 through 3.2-11.
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The fuel regions (inside tubes) are modeled as homogenous regions with effective conductivities,
determined by the 2-D Fuel Model as described in Section 3.4.1.2.2. The center slot of the basket
contains is modeled as helium since it contains no fuel. The fuel assembly tube and the BORAL
plate, including helium gaps on both sides of the BORAL sheet and the gap between the stainless
steel cladding for BORAL and disk are modeled as one element thick with effective
conductivities, as established using the 2-D Tube Model shown in Section 3.4.1.2.3.
Conductivity for the aluminum honeycomb spacers is calculated to be 0.24 Btu/hr-in-°F (Hexcel)
through the spacer from the canister to the ends of the NAC-STC, but is conservatively

considered to be that of helium across the spacer parallel to the ends of the canister.

The neutron shield of the NAC-STC, consisting of NS-4-FR, steel and copper fins, is also
modeled with effective conductivities. The radial conductivity (0.339 Btu/hr-in-°F) is obtained
from Section 3.4.1.1.1.3. The effective conductivity in the cask longitudinal direction is 0.403
Btu/hr-in-°F, calculated based on area ratio. Conductivity of the neutron shield material,
NS-4-FR (0.031 Btu/hr-in-°F) is used as the conductivity in the circumferential direction.

In the model, radiation heat transfer is considered from the top of the fuel region to the bottom
surface of the canister lid, from the bottom of the fuel region to the top surface of the canister
bottom plate, and from exterior surfaces of the fuel tubes to the inner surface of the canister shell.
This radiation is modeled using LINK31 radiation elements. Radiation across gaps in the model
described in Section 3.2.2.5 are accounted for using the effective conductivities for the gas in the

gap using the method described in Section 3.2.2.3.

Radiation at the neutron shield shell surface to ambient is combined with the convection effect
using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated based on the formula as shown in Section 3.2.3.1. Effective emissivities are used for
all radiation calculations, with the form factor taken to be unity. Effective emissivity is computed

using the following formula (Kreith) based on corresponding material emissivities:
€ off = 1/ (I/E 1 + 1/62 -1)

Radiation between the exterior surfaces of the fuel assembly tubes and the radiation between the
stainless steel support disk and the aluminum heat transfer disk are conservatively ignored in this
model.
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Solar insolance is applied to the neutron shield shell surface for the “Heat” case (Ambient
temperature = 100°F) in accordance with 10 CFR 71. Heat flux equal to 0.150 Btu/hr-in” is used
at the neutron shield shell surface based on the 1,475 Btu/hr-in> heat flux for a curved surface
(Section 3.4.1.1.1).

Volumetric heat generation (Btu/hr-in’) is applied to the active fuel region based on a total heat
load of 12.5 kW, an active fuel length of 91 inches and an axial power as shown in Figure 3.4-21.

The axial power distribution curve is discussed in Section 5.2.3.

34.1.2.2 Two-Dimensional Fuel Model for the Yankee-MPC Configuration

The effective conductivity of the fuel is determined by a second model, which is a detailed
two-dimensional thermal model of the fuel assembly. The model includes the fuel pellets,
cladding, gas between fuel rods and gas (considered to be helium) occupying the gap between the
fuel pellets and cladding. Modes of heat transfer modeled include conduction and radiation
between individual fuel rods for the steady state condition. The model is shown in Figure 3.4-22.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used in the model,
which includes a total of 240 fuel rods. Each fuel rod consists of the pellet, Zircaloy cladding,
and a gap between the pellet and clad. The gas in the gap between the pellet and clad, as well as
the gas between fuel rods, is considered to be helium. Radiation elements are defined between
rods and from rods to the boundary of the model (inside surface of fuel tube). Radiation effect at
the gaps between the pellet and clad is conservatively ignored. Effective emissivities are

determined using the formula shown in Section 3.4.1.2.1.

The effective conductivity for the fuel is determined using the method described in Section
3.4.1.1.3.2. Volumetric heat generation (Btu/hr-in3) based on the design heat load of 12.5 kW is
applied to the pellets. The temperature at the boundary of the model is constrained to be
uniform. The effective conductivity is determined based on the heat generated and the
temperature difference between the center and the edge of the model. The temperature-
dependent effective properties as shown below are established by using different boundary
temperatures. The effective conductivity in the axial direction of the fuel assembly is calculated
based on the material area ratio.
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Temperature (°F) Kxx Kyy k..
125 0.0171 0.0171 0.169
321 0.0208 0.0208 0.156
517 0.0267 0.0267 0.145
713 0.0335 0.0335 0.142
911 0.0409 0.0409 0.144

Where the x and y axes are in-plane of the model, z is in the cask axial direction and the
temperature associated with each row of properties is the average temperature of the fuel

assembly determined by each analysis.

34.1.2.3 Two-Dimensional Fuel Tube Model for the Yankee-MPC

The purpose of the two dimensional fuel tube model is to determine the effective conductivity of
the fuel tube and BORAL plate, which is used in the three-dimensional canister model. As shown
in Figure 3.4-23, this model includes the fuel tube, the BORAL plate (including the core matrix
sandwiched by aluminum claddings), helium gaps on both sides of the BORAL plate and helium
gap between the stainless steel cladding for BORAL plate and the support disk or heat transfer
disk.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the model. The model consists of eight layers of conduction elements and six radiation elements
that are defined at the helium gaps (two per gap). The thickness of the model (x-direction) is the
distance measured from the inside dimension of the fuel tube to the inside dimension of the slot
in the support disk (assuming the fuel tube is located at the center of the disk slot). The tolerance
of the BORAL plate thickness, 0.003 inch, is used as gap size for both sides of the BORAL plate.
The height of the model is defined as the same dimension as the thickness of the model.

Heat flux is applied at the left side of the model and the temperature at the right boundary of the
model is constrained. The heat flux is determined based on the design heat load of 12.5 kW. The
maximum temperature of the model (at left boundary) and the temperature difference (AT) across
the model are calculated by ANSYS. The effective conductivity is determined using the
following formula:

q=k (A/L) AT
or

k=q L/AAT
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where:

q = heat rate (Btu/hr)

A= area (inz)

L= length of model (in)

AT = Temperature difference across the model (°F)
k = effective conductivity (Btu/hr-in-°F)

The temperature-dependent conductivity (k) is determined by varying the temperature constraints
at one boundary of the model and re-solving for the heat rate (q) and temperature difference. The

effective conductivity for the parallel path is calculated based on area ratio of material.

34.1.24 Two-Dimensional Yankee Reconfigured Fuel Assembly Model

The two-dimensional Reconfigured Fuel Assembly model is generated to calculate the
temperature distribution of the hottest cross-section (1-inch long in the cask axial direction) of
the Reconfigured Fuel Assembly. Because of symmetry, the model considers one-fourth of a
cross-section. The model is shown in Figure 3.4-24. ANSYS ‘PLANESS’ conduction elements
and “LINK31” radiation elements are used in the model. The model includes a total of 16 fuel
rods, 16 fuel tubes, the shell casing (the square tube with the same external dimensions as an
intact fuel assembly) and the cover gas (considered to be helium). Each fuel rod is located inside
a stainless steel fuel tube. The fuel rod, which consists of the Zircaloy clad, the fuel pellet (UO)
and a small gap between the clad and fuel pellet, is modeled as a solid rod with the thermal
conductivity of the UO,. This is conservative, since the conductivity of UO; is less than that of
the Zircaloy and the main interest of the fuel rod is the cladding temperature. The gas between
the fuel rod and the fuel tube, the gas between fuel tubes and the gas outside of the shell casing

are considered to be helium.

As shown in Figure 3.4-24, radiation elements are defined between tubes and from tubes to the
inner surface of the shell casing. A form factor of 1 is used for the radiation elements. Effective
emissivity is computed using the following formula (Keith) based on corresponding material

emissivities:
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Eetr= 1/ (1/€; + /e -1)

where €, & €, are the emissivities of two parallel plates

Radiation between the fuel rod and the fuel tube is conservatively ignored. Radiation between
the shell casing and the inner surface of the fuel assembly tube is accounted by establishing
effective conductivities for the gas in the gap using the method described in Section 3.2.2.3.

Volumetric heat generation (Btu/hr-in®) based on the design heat load of 0.0016 kW/rod is
applied to the fuel rod elements. An active fuel length of 91 inches and a peaking factor of 1.15

are used.

Q/V
0.6595 Btu/hr-in>

Heat generation rate

where:
Q = heat rate per rod (unit height)
= (0.0016) (3413) (1.15) /(91) = 0.069 Btu/hr
V = volume of rod (unit height)
=10.365%/4 = 0.1046 inch’

Boundaries of the model at planes of symmetry (at X=0 and at Y=0) are considered to be
adiabatic. The temperature at the right and top boundaries (at X=3.9 inch and at Y=3.9 inch) of
the model is constrained to be uniform based on the maximum calculated temperatures of the
fuel assembly tube for the design basis Yankee Class fuel assembly. This is conservative, since
the heat load for the Reconfigured Fuel Assembly (0.102 kW) is less than one-third of the heat
load for the design basis fuel (0.347 kW).

34.1.2.5 Yankee-MPC Greater Than Class C (GTCC) Waste Model

The Yankee GTCC waste canister and containers thermal analysis is classically performed using
a thermal resistor model. The steady state solution for the model is obtained using an iterative
process. An initial temperature distribution is defined to initialize the boundary conditions and
the equilibrium temperature values are based on the resistances of the model. The iterative
process is continued until the differential between the initial assumed temperature distribution
and the equilibrium temperature is small (<0.5°F).

3.4-16



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

The basket structure within the waste canister that supports the waste containers is “cross”
shaped, rather than symmetrical in the radial direction. Consequently, an equivalent cylindrical

geometry is calculated and applied in the model.

The model is used to calculate the temperature in the waste basket and support disks and
maximum temperature of the waste tubes in normal conditions with full solar insolance.

The maximum temperature of the waste tubes is calculated assuming that waste containers and
tubes are a solid, homogeneous cylinder. An effective conductivity is found for this cylinder by
assuming heat transfer radially through the waste region of the basket by conduction through the
tube walls. The centerline temperature of the homogeneous cylinder is calculated by assuming
the cylinder has a surface temperature equal to the basket inner wall temperature. The effective
conductivity is temperature dependent. Therefore, the calculation of the centerline temperature is

an iterative process.

As noted in Section 3.1.4, the thermal output of the Greater Than Class C waste is 2.9 kilowatts
(thermal). This thermal load is less than that imposed on the NAC-STC by the design basis fuel
loading in either the directly loaded or canistered configurations. Consequently, the maximum
NAC-STC component temperatures for the canistered GTCC waste are bounded by the design

basis fuel loadings.

34.13 Analytical Models for Connecticut Yankee Canistered Fuel

The thermal analysis for the CY-MPC canister design basis fuel uses three ANSYS finite
element ANSYS models. A three-dimensional model is used to thermally evaluate the cask in a
horizontal position with the fuel basket in contact with the canister, which is, in turn, in contact
with the cask inner shell. The model comprises the fuel assemblies, fuel tubes, stainless steel
support disks, aluminum heat transfer disks, the canister shell, lids, and bottom plate, the spacer
at the bottom of the canister, and the NAC-STC. The NAC-STC portion of the model includes
the inner and outer shells, lead gamma shield, inner and outer bottom plates, inner and outer lids,
upper and lower neutron shields, radial neutron shield, and the neutron shield shell. The fuel
regions and the fuel tubes with BORAL plates in the three-dimensional model are modeled using
effective conductivites. The effective conductivity of the fuel is determined by a second model
(“fuel model”), which is a detailed two-dimensional thermal model of the fuel assembly. The
model includes the fuel pellets, cladding, and gas (considered to be helium) occupying the gap
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between fuel pins and the gap between fuel pellets and cladding. A third model (“fuel tube
model”) is used to calculate the effective conductivity of the tube wall, BORAL plate, and
cladding. These models are described in Sections 3.4.1.3.1 and 3.4.1.3.2.

34.1.3.1 Three-Dimensional Cask and Canister Model of the CY-MPC

The three-dimensional cask model with the CY-MPC canistered fuel is a half-symmetry finite
element model constructed using ANSYS Revision 5.5. The model consists of the fuel, fuel
tubes, stainless steel support disks, aluminum heat transfer disks, basket top and bottom stainless
steel weldment plates, the canister (shell, bottom plate, and lids), and the NAC-STC. The
NAC-STC portion of the model includes the bottom spacer, the inner and outer shells, top
forging, lead gamma shield, inner and outer bottom plates, inner and outer lids, upper and lower
neutron shields, radial neutron shield, and the neutron shield shell. The model is shown in
Figures 3.4-25 and 3.4-26.

Gas inside the canister is modeled as helium. Gas inside the NAC-STC cavity is also modeled as
helium since the cavity will be back-filled with helium just before transport. Additionally, the
small gap (0.015 inches) between the cask inner shell and lead shielding to account for lead
shrinkage is modeled as air. Conduction and radiation through the helium and air i1s modeled
using ANSYS “SOLID70” and “MATRIX50” elements, respectively. The “MATRIXS50”
elements representing the radiation exchange between surfaces include the form factor and
emissivity of the surfaces. The principal gaps as shown in Figure 3.1-3 and the gaps described in
Section 3.2.2.7 are applied to the model. These gaps are conservatively established and consider
the differential thermal expansion between the basket support disks/heat transfer disks and the
canister shell.

Since the canister is in the horizontal position during transport, the elements for the canister are
shifted downwards to simulate a contact with the inner shell of the NAC-STC. Similarly, the
fuel, basket top and bottom weldment plates, support disks, and the heat transfer disks are shifted
downward to simulate a contact with the canister shell. Small gaps, each 0.001 inch in size, are
modeled between the support/heat transfer disks and the canister shell and between the canister
shell and cask inner shell. Heat is transferred across the small gaps via conduction and radiation.
The “MATRIX50” radiation element form factors are calculated with the elements of the basket

shifted to permit the basket to be in contact with the canister shell.
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Additionally, the gaps between the support disks and canister shell and between the heat transfer
disks and canister shell are adjusted to account for the differential expansion based on thermal
and defined physical contact conditions. Insolation, natural convection, and radiation to the
ambient temperature conditions are applied to the neutron shield shell. The heat flux due to
insolation is as calculated in Section 3.4.1.1.1. Steady-state thermal analyses are performed on
the model to determine maximum fuel cladding, fuel basket, canister, and NAC-STC
temperatures for normal transport conditions. All material properties are shown in Tables 3.2-1
through 3.2-11.

The fuel regions (inside the fuel tubes) are modeled as homogeneous regions with effective
thermal properties calculated using the two-dimensional fuel model as described in Section
3.4.1.3.2. The active fuel region is modeled starting 4 inches from the top of the canister bottom
plate and continuing axially 118 inches. A heat generation rate of 0.654 kilowatts is applied to
each of the 26 fuel regions (for a total of 17 kilowatts) based on the axial power density shown in
Figure 3.4-27. The fuel tube, BORAL plate (including the helium between the BORAL plate and
tube wall, the helium between the BORAL plate and cladding, and the helium between the
cladding and disk slot), and stainless steel cladding are modeled as one element thick with
effective conductivity established using the two-dimension fuel tube model as described in
Section 3.4.1.3.3.

The bottom spacer (between the canister bottom plate and cask inner bottom) is modeled as two
distinct regions—the plate and the concentric cylinders. The bottom spacer plate is modeled
using “SOLID70” elements that have the conductivity of stainless steel assigned to them. The
bottom spacer concentric cylinders are modeled using “SOLID70” elements that have effective
conductivity values assigned to them in the axial direction. The conductivity of the bottom
spacer cylinders in the transverse direction is modeled as being helium. The effective thermal
conducivities assigned to the bottom spacer concentric cylinder region are calculated using an
area-weighted approach. No thermal radiation is modeled between the bottom spacer and cask.
The effective axial thermal conductivities for the bottom spacer concentric cylinder region are:

Temperature, °F Btu/hr-in-°F
200 0.0613
400 0.0689
600 0.0755
800 0.0801
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The neutron shield of the NAC-STC, consisting of NS-4-FR, steel and copper fins, is also
modeled with effective conductivities. The radial conductivity (0.339 Btu/hr-in-°F) is obtained
from Section 3.4.1.1.1.3. The effective conductivity in the cask longitudinal direction is 0.403
Btu/hr-in-°F, calculated based on area ratio. Conductivity of the neutron shield material,
NS-4-FR (0.031 Btu/hr-in-°F), is used as the conductivity in the circumferential direction.

In the model, radiation heat transfer is considered from the top of the fuel region to the bottom

surface of the canister shield lid.

Radiation at the neutron shield shell surface to ambient is combined with the convection effect
using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated based on the formula as shown in Section 3.2.3.1. Insolation is applied to the neutron
shield shell surface for the “Heat” case (ambient temperature = 100°F) in accordance with
10 CFR 71. A heat flux equal to 0.150 Btu/hr-in? is used at the neutron shield shell surface based
on the 1,475 Btuw/ft? for a 12-hour period for a curved surface (Section 3.4.1.1.1).

34.1.3.2 Two-Dimensional Fuel Model for Connecticut Yankee Fuel

The effective conductivity of the fuel is determined using a two-dimensional thermal model of
the fuel assembly. The model includes the fuel pellets, cladding, gas between fuel rods and gas
(considered to be helium) occupying the gap between the fuel pellets and cladding. Modes of
heat transfer modeled include conduction and radiation between individual fuel rods for the
steady state condition. The model represents one-quarter of a fuel assembly and is constructed
using ANSYS PLANESS conduction elements and LINK31 radiation elements. The model is
shown in Figure 3.4-28.

Each fuel rod consists of the pellet, stainless steel or Zircaloy cladding, and a gap between the
pellet and clad. The gas in the gap between the pellet and clad, as well as the gas between fuel
rods, is considered to be helium. Radiation elements are defined between rods and from rods to
the boundary of the model (inside surface of fuel tube). Effective emissivity is computed using
the following formula (Kreith) based on corresponding material emissivities:

cer= 1/ (/e 1+ 1/e5-1)
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The effective conductivity for the fuel is determined using the method described in Section
34.1.1.3.2. Volumetric heat generation (Btu/hr-in®) based on the design heat load of 0.654
kilowatts per assembly (17 kilowatts for 26 fuel assemblies) is applied to the pellets. The
temperature at the boundary of the model is constrained to be uniform. The effective
conductivity is determined using the closed form expression in Section 3.4.1.1.3.2, which is
based on the heat generated and the temperature difference between the center and the edge of
the model. The temperature-dependent effective properties, as shown below, are established by
using different boundary temperatures. The effective conductivity and density in the axial
direction of the fuel assembly is calculated based on the material area ratio.

The effective specific heat is calculated based on a mass ratio of the material using:
Cetr= (EC; M)/ (Z M)

where:
C; = the specific heat of the i ™ element

M, = the mass of the i ™ element

The effective thermal properties calculated for a fuel assembly in a normal size slot are:

Temperature Kxx Kyy k2 Density | Specific Heat
(°F) Btw/hr-in-°F) | (Btw/hr-in-°F) | (Btu/hr-in-°F) (Ibm/in’) | (Btu/lbm-°F)

1 0.01656 0.01656 0.15816 0.13588 0.06334

207 0.01752 0.01752 0.15391 0.13582 0.06695

408 0.02133 0.02133 0.14176 0.13573 0.07207

610 0.02581 0.02581 0.13241 0.13564 0.07605

814 0.03007 0.03007 0.12663 0.13557 0.07870
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The effective thermal properties calculated for a fuel assembly in an oversize size slot are:

Temperature Kx kyy ke, Density | Specific Heat
(°F) (Btu/hr-in-°F) | (Btwhr-in-°F) | (Btw/hr-in-°F) (Ibm/in®) | (Btw/Ibm-°F)
10 0.01421 0.01421 0.14528 0.12422 0.06335
214 0.01526 0.01526 0.14100 0.12417 0.06732
413 0.01881 0.018381 0.12985 0.12408 0.07226
614 0.02309 0.02309 0.12178 0.12400 0.07616
817 0.02733 0.02733 0.11662 0.12394 0.07874

In this table, the temperature associated with each row of properties is the average temperature of
the fuel assembly determined by each analysis. The x and y axes are in the plane of the model; z

axis is in the cask axial direction.

The effective conductivities presented for the fuel assembly in a normal slot and for the fuel
assembly in an oversize slot are for fuel rods with stainless steel cladding. This is conservative,
since the calculated effective thermal conductivity for the Zircaloy-clad fuel is higher than the

calculated effective thermal conductivity for stainless-steel clad fuel.

34.1.33 Two-Dimensional Fuel Tube Model for Connecticut Yankee Fuel

The purpose of the two-dimensional fuel tube model is to determine the effective conductivity of
the fuel tube and BORAL plate, which is used in the three-dimensional NAC-STC with
CY-MPC canistered fuel model. As shown in Figure 3.4-29, this model includes the fuel tube,
the BORAL plate (including the core matrix sandwiched by aluminum claddings), helium gaps
on both sides of the BORAL plate, and a helium gap between the stainless steel cladding for
BORAL plate and the support disk or heat transfer disk.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the model. The model consists of eight layers of conduction elements and six radiation elements
that are defined at the helium gaps (two per gap). The thickness of the model (x-direction) is the
distance measured from the inside dimension of the fuel tube to the inside dimension of the slot
in the support disk (assuming the fuel tube is located at the center of the disk slot). The tolerance
of the BORAL plate thickness, 0.003 inch, is used as the gap size for both sides of the BORAL
plate. The height of the model is defined as the same dimension as the thickness of the model.
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Heat flux is applied at the left side of the model and the temperature at the right boundary of the
model is constrained. The heat flux is determined based on the design heat load of 17 kW. The
maximum temperature of the model (at left boundary) and the temperature difference (AT) across
the model are calculated by ANSYS. The effective conductivity is determined using:

q = k(A/L)AT

or
k = qL/AAT
where:
q = heat rate (Btu/hr)
A = area (inz)
L = length of model (in)

AT = temperature difference across the model (°F)
k = effective conductivity (Btu/hr-in-°F)

The temperature-dependent conductivity (k) is determined by varying the temperature constraints
at one boundary of the model and re-solving for the heat rate (q) and temperature difference. The
effective conductivity for the parallel path is calculated based on an area ratio of material. The
effective density is calculated based on volume ratio of the material using the equation presented
in Section 3.4.1.3.2. The effective specific heat is calculated based on a mass ratio of the

material using the equation presented in Section 3.4.1.3.2.

The effective thermal properties calculated for the fuel tubes at the stainless steel support disks

are:

Temperature kyx (serial) kyy & kg, (parallel) Density Specific Heat
(°F) (Btu/hr-in-°F) (Btu/hr-in-°F) (Ibm/in®) (Btu/Ibm-°F)
105 0.02188 1.84438 0.11581 0.14447
205 0.02224 1.86534 0.11552 0.15357
304 0.02440 1.88540 0.11525 0.16195
404 0.02667 1.90537 0.11499 0.17032
504 0.02905 1.92323 0.11472 0.17783
603 0.03157 1.93372 0.11445 0.17964
703 0.03350 1.94395 0.11419 0.18124
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The effective thermal properties calculated for the fuel tubes at the heat transfer disks and at the

free surfaces are:

Temperature kxx (serial) kyy & ko, (parallel) Density Specific Heat
(°F) (Btu/hr-in-°F) (Btwhr-in-°F) (Ibm/in’) (Btw/lbm-°F)
105 0.02168 1.84439 0.11581 0.14448
205 0.02191 1.86536 0.11552 0.15358
304 0.02389 1.88542 0.11525 0.16196
404 0.02594 1.90539 0.11499 0.17033
504 0.02804 1.92325 0.11472 0.17783
603 0.03021 1.93374 0.11445 0.17964
703 0.03173 1.94397 0.11418 0.18124

34.134 CY-MPC GTCC Thermal Model

The CY-MPC GTCC thermal model is a periodic three-dimensional finite element model
representing a portion of the GTCC basket (tube array weldment and shield shell weldment), the
GTCC canister, and the transport cask. The section height comprises one-half the thickness of a
support disk (1.00/2 = 0.50 inch) and one-half the distance between support disks (16.0/2 = 8.0
inch) for a total height of 8.5 inches.

The finite element model (Figures 3.4-30 and 3.4-31) is constructed of three-dimensional solid
thermal brick (SOLID70) elements. A radiation matrix (MATRIXS50) super element is used for
the region between the outer surface of the GTCC shell (octagon) and the inner surface of the
GTCC canister. The modeling of the transport cask (inner shell, gamma shield, outer shell, and
neutron shield) is similar to the transportation cask thermal analysis performed in this chapter.

The gas outside the canister, but inside the cask cavity, is taken to be helium. The 0.015-inch

gap between the cask inner shell and lead is filled with air.

The model’s boundary conditions comprises a heat load in the basket to represent GTCC material
and an ambient temperature (with or without solar insolation) being applied to the outer surface
of the transport cask. The basket weldment slots have a 5 kW heat load applied to the elements.

The outer surface of the transport cask has either 100°F (with solar insolation, 0.154 Btu/hr—inz)
or —40°F (without solar insolation) applied to the elements.
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34.14 Test Model
NAC International did not create a thermal test model. The methods previously described have
been used in previous transport licensing and are sufficient to show that the NAC-STC meets the

criteria set forth in Section 3.4.

3.4.2 Maximum Temperatures

This section presents the maximum component temperatures for the directly loaded and
canistered fuel configurations, and for the Greater Than Class C waste configuration.

Temperatures are calculated using the models described in Section 3.4.1.

3421 Maximum Temperatures for the Directly Loaded Fuel Configuration

Using the thermal models described, temperatures for the cask body, basket, and fuel rod
cladding are determined for three normal transport conditions: (1) 22.1 kW decay heat load,
100°F ambient temperature and solar insolance); (2) 22.1 kW decay heat load, -40°F ambient
temperature, no insolance; and (3) 22.1 kW decay heat load, -20°F ambient temperature, no
insolance. The cask body maximum component temperatures are listed in Tables 3.4-1, 3.4-2,
and 3.4-3. Maximum fuel basket temperatures are illustrated in Figures 3.4-11 through 3.4-14
for both helium and air in the cavity, while the maximum fuel rod cladding temperatures are
listed in Table 3.4-1. The cask components, which include valves, o-rings, bolts, etc., are not
explicitly modeled. The temperatures are obtained by evaluating the cask body model at the
component locations. Temperature of the materials having specified safe operating ranges are
listed in Table 3.4-4. Maximum temperatures for the major cask components for the cavity gas

of air or helium are listed in Table 3.4-5.

34.2.2 Maximum Temperatures for the Yankee-MPC Fuel Configuration

Using the thermal models described in Section 3.4.1.2, temperatures for the major components of
the cask body, canister, canister basket, and fuel cladding are determined for the normal
conditions of transport. The NAC-STC cask body maximum allowable component temperatures
are shown in Section 3.3.2 and Table 3.4-4. The maximum temperatures of the major NAC-STC
components, the canister, canister basket components, and fuel rod cladding temperatures, are
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shown in Tables 3.4-1 and 3.4-2. Maximum temperatures for the major cask components in the

helium atmosphere are listed in Table 3.4-5.

3423 Maximum Temperatures for Yankee GTCC Waste

The Greater Than Class C waste canister is constructed of Type 304 stainless steel. Since the
thermal heat load of the waste is low (2.9 kilowatts, thermal), no aluminum heat transfer disks
are required. Using a classical analysis similar to that described in Section 3.4.1.1.3, the

maximum temperatures for the principal components of the waste canister are:

Waste Tube 541°F
Support Disk 373°F
Outer Canister Wall 387°F

These maximum temperatures are lower than those for the canistered fuel configuration.
Consequently, the canistered fue] thermal analysis bounds the waste configuration.

3424 Maximum Temperatures for CY-MPC Fuel Configurations

Using the thermal models described in Section 3.4.1.3, temperatures for the major components of
the cask body, canister, fuel basket, and fuel cladding are determined for the normal conditions of
transport for standard fuel. The NAC-STC cask body maximum allowable component
temperatures are shown in Section 3.3.2 and Table 3.4-4. The maximum temperatures of the
major NAC-STC components, the canister, the fuel basket components, and fuel rod cladding
temperatures are shown in Tables 3.4-1 and 3.4-2. Maximum temperatures for the major cask

components in the helium atmosphere are listed in Table 3.4-5.

Connecticut Yankee damaged fuel comprises fuel assemblies that are stored in either a
reconfigured fuel assembly or in a damaged fuel can. The damaged fuel is, therefore, restricted
to be within the confines of the reconfigured fuel assembly or damaged fuel can. The maximum
decay heat generated by these components is enveloped by the maximum decay heat of the
design basis fuel assembly, 654 watts. It is therefore conservative to estimate the maximum
temperature of a damaged fuel assembly (in a reconfigured fuel assembly or damaged fuel can) as

being equal to the maximum fuel cladding temperature of the design basis fuel assembly.
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Since the majority of the heat generated by the fuel assemblies is transferred throughout the
support disks and heat transfer disks to the canister shell, and since the damaged fuel cans and
reconfigured fuel assemblies are restricted during loading to one of the four corner positions of
the basket, placing loaded damaged fuel cans or reconfigured fuel assemblies in the four corner
positions of the basket has a negligible effect on the maximum temperatures of the fuel cladding
and fuel basket components. A summary of maximum component temperatures is shown in
Table 3.4-6.

34.2.5 CY-MPC GTCC Thermal Analysis

A three-dimensional thermal finite element analysis was performed for the CY-MPC GTCC
basket. The CY-MPC GTCC transport configuration is modeled as a periodical model
representing a portion of the GTCC basket and consists of the 24-position tube array weldment,
shield shell weldment, GTCC canister, and NAC-STC transport cask body.

Two thermal conditions are considered. Condition 1 assumes 100°F ambient temperature, solar
insolation, 5 kW heat load and that the canister is filled with helium. The second, Condition 2,
assumes — 40°F ambient temperature, no solar insolation, 5 kW heat load, and that the canister is
filled with helium. Using the thermal model described in Section 3.4.1.3.1, the maximum
component temperatures resulting from the thermal analysis of these two conditions are:

Condition 1 Condition 2
Component (100°F) (- 40°F)
Tube Array Weldment 595 479
Shield Shell Weldment 318 178
GTCC Canister 224 70

The temperatures of the transport cask are not presented as they are bounded by the NAC-STC

analysis.
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343 Minimum Temperatures

The minimum temperatures in the cask occur with no heat load and -40°F, yielding a uniform
-40°F temperature distribution throughout the NAC-STC package.

344 Maximum Internal Pressure

This section presents the maximum internal pressure calculated for the directly loaded fuel and

canistered fuel transport configurations.

344.1 Maximum Internal Pressure for Directly Loaded Fuel

The calculation of the maximum operating pressure for the NAC-STC directly loaded fuel
configuration assumes 26 typical Westinghouse 17 x 17 PWR fuel assemblies, using an assumed
maximum burnup of 45,000 MWD/MTU which would result in the highest fission product gas
volumes in the fuel rod and 100 percent fuel rod failure. Calculation of the NAC-STC cavity
maximum operating pressure utilizes the gas volume of the cavity, the temperature of the cavity
gases and the volume of gases released by the fuel to the cavity. The characteristics of the
Westinghouse 17 x 17 fuel assembly pertinent to this analysis are:

Fuel Rod Outer Diameter 0.374 in
Fuel Rods/Fuel Assembly 264 (25 guide tubes ignored)
Fuel Pellet Diameter 0.3225 in
Fuel Rod Clad Outer Diameter 0.374 in
Fuel Rod Clad Inner Diameter 0.329 in
Fuel Rod Length 151.6 in
Active Fuel Length 144.0 in
Plenum Volume 1.25 in’
Fill Pressure (at manufacture, 20°C) 500 psig
End Fitting Volume/Assembly 97.6 in’
Grid Spacer Volume/Assembly 43.2 in’
Cask Cavity Inner Diameter 71.01n
Cask Cavity Length 165.0 in
Cask Cavity Volume 653,267 in’
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Basket Characteristics:

Basket Outer Diameter

Support Disk (31 disks)

Heat Transfer Disk (20 disks)
Basket Upper Weldment (1 disk)
Basket Lower Weldment (1 disk)
Fuel Tube Outer Dimensions
Fuel Tube Inner Dimension
Number of Tubes

Length of Fuel Tubes

Volume of Other Components
(Threaded rods, spacer nuts, etc.)

70.86 in

0.5 inch thick, 26 openings 9.234 in square
0.625 inch thick, 26 openings 9.204 in square
1.0 inch thick, 26 openings 8.75 in square

1.0 inch thick, 26 openings 8.65 in square
9.064 inch square

8.78 in square

26

155.2in

6523 in®

Vs = Volume of basket (not including tubes)
= [(31)(0.5)][(/4)(70.86)" - 26(9.234)] +
[(20)(0.625)][(T /4)(70.86)° - 26(9.204)°] +
[(1)(1.0)][(7 /4)(70.86)* - 26(8.78)*] +
[(D)(1.0)][(7 /4)(70.86)" - 26(8.65)°] +
6523
= 58,986 in’

Vg = Volume of stainless steel/ BORAL tubes
= 26[(9.064) - (8.78)*]155.2
=20,449 in

V,, = Total basket volume
=Vyi+ Vsl
=79,435 in>

V¢ = Volume of fuel assemblies
= [26][(1 /4)(0.374)* - (0.329)*][(151.6)(289)] +
[26][(7 /4)(0.3225)%(144.0)(264)] + [26][97.6] + [26][43.2]
= 112,704 in’
Vo, = Free gas volume in cask cavity
=V -Vp- Vg
=461,128 in’

a
i3
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Vi, = Fuel free gas volume

=261 .25)(—51—144—'77-) (264)

=300,417 in®

The gaseous fission product inventory can be determined from the ORIGEN-S fission product
inventory and the Ideal Gas Law. Regulatory Guide 1.25 states that, of the gaseous fission
product inventory in the fuel, 10 percent of all noble gases except Kr, 30 percent of the available
Kr, and 10 percent of the 121 and '®I should be considered for release. Conservatively, a 30
percent release rate has been assumed for all of the fission product gases. The fission gas
inventories available in the 45,000 MWD/MTU burnup fuel are:

Element Mass/Assembly Atomic Wt (g/mole)
H ’ 0.0205 g 3
Kr 21648 g 85
Xe 33510¢g 134
'*'T and '*°I 1507 g 129

The fission gas inventories of the 45,000 MWD/MTU burnup fuel are larger than those of the
40,000 MWD/MTU fuel, and thus are more limiting.

The Ideal Gas Law can then be used to determine the volume of gas at room temperature and

atmospheric pressure.

Vo= nRT
p
where:
n = number of moles of gas
R =gas constant = 0.0821 atm ¢
mol ‘K

T  =temperature in °K = 293°K
P =pressure = 1 atm
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26(0.3)[ 0'0205](0.0821)(293)
Vi = 3 1 — 1282 ¢
=78.21in°
26(0.3)(216'48](0.0821)(293)
Vi, = . = 4779 ¢
=29,159 in®
26(0.3)(%?}(0.0821)(293)
Vye = — 1 = 4692 ¢
=286,317 in’
26(0.3)(%](0.0821)(293)
Vi = N = 219/
=13,363in°

Vg = Total volume of released fission gas
= 328,917 in’

V[g = Total gas volume (100 percent fuel rod failure)
= ng + Vfg + pr
= 1,090,462 in’

The bulk average temperature is calculated for both helium and air cavity gas using the results
from the 180-degree section three-dimensional cask finite element heat transfer model. The
temperature of the cavity gas is defined as being equal to the local metal temperature. The
temperature of the gas within the fuel tube is defined as the value calculated for the individual
assembly cladding. The average temperature of the gas is then obtained by integrating the gas
temperature in both the radial and axial directions.
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Following this method, the actual calculated value for the bulk average temperature with a
helium-filled cavity is 401°F and with an air-filled cavity is 411°F. Based on a conservative bulk
average gas temperature of 450°F, the maximum operating pressure within the cask cavity

assuming 100 percent fuel rod failure is:

b _ [ L.090462 (SOSJ
271 461,128 )\ 293

=4.08 atm = 60.0 psia = 45.3 psig

For normal transport conditions, three percent of the fuel rods are assumed to fail. Regulatory
Guide 1.25 suggests that 10 percent of the tritium and 30 percent of the:_85 Kr should be assumed
to be available to escape each failed fuel rod. Conservatively, it is assumed that 30 percent of
both tritium and *’Kr have escaped each failed rod. After the 6.5-year minimum cooling period,
other radiologically important gaseous nuclides are present in only trace amounts.

The operating pressure for three percent fuel rod failure is calculated based on the heatup of
helium in the cask cavity together with the assumed release of fission gases from the failed rods.
The calculated volume of the released fission gases with three percent fuel rod failure is:

Vie = Vg x0.03
Vg = Total value of released fission gas = 328,917 in’
Vi =9,867 in’

The total helium released from the assumed failed rods is:
Vi = Vg x 0.03
Vi, = Fuel free gas volume = 300,417 in’
Va =9,013in’°

The total gas volume for normal conditions of transport is then:

Ve = Total gas volume = Vg + Vi +Vpy
= 480,008 in’
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Based on a conservative bulk average gas temperature of 450°F, the operating pressure within the

cask cavity assuming three percent fuel rod failure is:

b _ [ 480.009 (505)
27 1 461,128 \ 293

= 1.8 atm = 26.5 psia = 12 psig

3442 Maximum Internal Pressure for the Yankee-MPC Configuration

The maximum internal normal operating pressure (MNOP) for the canistered fuel configuration
is calculated for the canister and for the NAC-STC cavity. The calculated average temperature of
the helium gas is 442°F based on the thermal analysis results using the 3-D canister model
described in Section 3.4.1.2. The pressure calculation is conservatively based on an average

temperature of 450°F.

The internal pressure is a function of rod-fill, fission and backfill gases. The design basis fuel
assembly for the internal pressure calculation is the Combustion Engineering Type A assembly.
This assembly has the highest rod back-fill pressure (315 psig) and received the highest burnup
(36,000 MWD/MTU). There are three different gases contributing to the canister internal
pressure and four gases contributing to the cavity internal pressure. The canister gases are the
fuel rod back-fill and fission gases, and the canister backfill gas. The cavity gases are these plus
the cavity backfill gas. All of the gases except the fission gases are assumed to be helium. The
total pressure for each volume is found by calculating the molar quantity of each gas and
summing those directly.

The number of moles of the backfill gases are calculated using the Ideal Gas Law, PV = NRT.
Backfill gases for the canister and cavity are assumed to be. initially at 1 atmosphere absolute.
The quantity of fission gas is derived using the SAS2H fraction of gas atoms of 0.3125 atoms of
gas per fission. The release of fission gas is as assumed for directly loaded fuel. For normal
operating conditions, 100% of the fuel rods are assumed to fail, releasing 30% of their total

fission gas and all of the backfill helium.
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The fuel rod plenum volume is:

M

Spring
T

, = mr’L -

v, = n{(m}@@) x 1.942 inches}—

The pellet clad gap volume is:
V, = nL(réladID - rlfelletOD)

(0.3 17 inches) 2

[3.3 g x 2.2046 x 107

s
g

= (.1280 inches’

Ib
inch’®

0.288

(0.3105 inches) 2

n x (91 inches) x ( 1 -

The fuel rod lower plenum volume is:

V, =1 x réladID x L
(0.317 inches) ? ,
V, =m x — x 2.458 inches =

The total fuel rod backfill volume is:

V,

Rod Back -Fill

V + V, + V,

V. =

Rod Back-Fill

2 j = 0.2915 inches’

0.1940 inches’

0.128 inches® + 0.2915 inches’ + 0.194 inches® = 0.6135 inches’

For the loaded canister, the total backfill gas volume is:

rods assemblies

0.6135inches’ x 231 x 36
assembly

Canister

(2.54 o

]3 0.001¢ ;
x —_—
inch

= =83.605

cm Canister
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From the rod back-fill volume and pressure the quantity of rod backfill gas is calculated using the
Ideal Gas Law:

Pv
N = —_—

RT

(315 psig +14.7)x —2_ |, 83,605 —* .

14.7 psia Canister Moles of Rod Fill Gas
N= -y =77.95 -
0.0821- 25 293K Canister
ole
The fuel rod fission gas volume is:
Mwd W sec 1MeV 1 Fission

N =36,000 x1.0x10% ——x 86,400 — x
MTU MW

X
d 1.602x10"°7J 200MeV

«0.3125 AtOII.IS ?f Gas g leczle < 0.2334 MTU <36 Asse@blles
: Fission 6.02 x10™ Atoms Assembly Canister
N = 423 .44 Moles of Fission Gas

Canister
The canister backfill gas volume is:

The canister free gas is assumed installed at 150°F, and the volume is calculated as:

Mirsc g + M a)
TSC _ ( TSC Shield Lid TSC Structural Lid TSC
VFree Gas Volume vCanister - [ + VBasket + VFue]
pSteel
& (69.39 inches)” : :
VCanister - TEZ (LCam’ster - LTSC Bottom Plate) =T X 4 x (12250 lnCheS - 10 lnCh)

V,

Canister

459.,472.93 inches’
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M;Sth - (MBORAL + M yumi + Mg i )
aske uminum upport Disks M M uminum M upport Disk
V;‘iiet — ( ) + BORAL Al + Support Disk
I‘Steel rBORAL rAIuminum r1 7-4-PH
(9,5301b - (694.811b + 8101b + 3,720 lb)) 694.81 1b 810 Ib 3.720 Ib
Vou = I i o TN
0.288 — 0.095 —  0.098 — 0282 —
m 1n n n

VISC = 43,719.16 inches’

Basket

vTSC — V

Free Gas Volume Canister Basket

[ (MTSC Shield Lid + MTSC Structural Lid) + VTSC + V ]
Fuel
pStee]

(5,390 1b + 3,230 Ib)

AVARS = 459,472.93 - + 43,719.16 inches® + 88,171.78 inches’

Free Gas Volume lb
0288 —
in
inches’
vlj;'ieCGasVOlume = 297’65143— - .
Canister —
. 3 1
VIIEEGas Volume 297’651 43 lnCI’?eS x . £ 3 = 4987793 '—L
Canister 61.02 inches Canister
1 atm x 4,877.93 ———E—-—
Ne , t .g Canister _ 175.96 Moles of Ba.ck - Fill Gas
0.08212° 339K Canister

ole

The NAC-STC cavity free gas volume is calculated as:

Free Gas Volume Cavity Canister VTop Spacer VBottom Spacer

VSTC — (7[ x Dé;CID % LSTC J ~ V
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The volume of the top spacer is:

V _ (MTop Spacer MTop SpacerHoneycomb) + MTop Spacer Honeycomb
Top Spacer pA]uminum pHoneycomb
(5101b - 280.23 Ib) 280.23 1b
VTop Spacer — 1 + Ib
0098 — 0.0026 —
mn m
Viepspacer = 110,125.36 inches’

The volume of the bottom spacer is:

V (M Bottom Spacer - M Bottom Spacer Honeycomb ) M Bottom Spacer Honeycomb
Bottom Spacer T r +

Aluminum T, Honeycomb

(350 Ib - 137.56 ]b) 137.56 1b
D
in’

V =

Bottom Spacer Ib

+
0098 —; 00026
mn

Vootomspcer = 53:075.45 inches’

The volume of the canister is:

2 2
VCanister = [n&S—ZQE)—-LCanisterJ - [n_@%@)_.LGap]

( (70.64 inches)
T X 4

(69.39 inches)®
4

V

Canister —

x 122.50 inches} - [n X x 0.2 inches)

Vewiser = 479,388.85 inches’
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The NAC-STC cavity free gas volume is:

2
D
STC — STCID STC
VFree Gas Volume (7[ x 4 x LCavity - VCanister - VTop Spacer VBonom Spacer

(71.00)*

Vo o vorme = {n x x 165.00j - 479,388.85

-110,125.36 - 55,075.45

VS voume = 8,677.04 inches’
/STC 8.677.04 inches’ 1¢ 14220
= . X = .
Free Gas Volume s Cask 61 02 inches3 CaSk
¢

latmx 142.20 .
N = Cask _ 51 Moles Back - Fill Gas

0.0821- 2L o3k Cask
Mole K

The maximum normal operating pressure (MNOP) in the canister is calculated using the Ideal

Gas Law, where:

N= NTSC Back-Fill + (N Rod Back-Fill )+ 0.3 (N Fission Gas)

N=17526 1018 (77 g5 _Moles 3, 0.3(423,44 Moles
Canister Canister Canister
N =380.24 —aoles
Canister

The canister free gas volume was found in Section 3.4.4.2.3 to be:

?

VLoadedCanisxer :4,877.93 :
Canister

Free Gas Volume
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The maximum normal operating condition canister internal pressure (MNOP) is:

(380.24 Moles )x(0.0SZl atm £ jx505.37K

P Canister £m°1e K =3.23atm ~47.5 psia ~ 32.8 psig
(4,877.93 _ J
Canister

As previously noted, no credit is taken for the canister for containment in transport. The
maximum normal conditions internal pressure in the NAC-STC cavity, assuming the absence of

the canister containment, is:

N = NTSC Back-Fill + NSTC Back-Fill + (NRod Back-Fill )+ 0'3(NFission Gas)

N=175.26 MO8 591 Moles | (7 g5 Moles 1 44 423.44 210168
Canister Cask Canister Canister
N = 386.15 Moles
Cask

The free volume of the NAC-STC cavity was previously calculated and 1s:

Vé'zzdé:ss\joclume = VSleCGas Volume + \/1:‘rr§eC Gas Volume
/
yloadedSTC 142 20 + 4,877.93 —— = 5,020.13

Free Gas Volume Cask Cask Cask

The NAC-STC cavity pressure is:

[386.15 Moles x(0.0821 aml ) <0537K
Cask mole K

P= 7
(5,020.13 j
Cask

=3.19 atm ~ 46.9 psia ~ 32.2 psig
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3443 Maximum Internal Pressure for the CY-MPC Configuration

The maximum internal pressure for the CY-MPC configuration is calculated for both the canister
and for the NAC-STC cavity. The calculated average temperature of the helium gas is 402°F
based on the thermal analysis results using the 3-D canister model described in Section 3.4.1.3.

The pressure calculation is conservatively based on an average temperature of 450°F.

The internal pressure is a function of rod fill, fission and backfill gases. The maximum internal
pressures of the CY-MPC and NAC-STC are calculated using the Zircaloy clad shielding design
basis fuel assembly described in Section 3.4.4.1. This assembly has a mix of parameters that
bound those of the Connecticut Yankee Zircaloy clad fuel assemblies in the fuel inventory. In
addition to a burnup of 43,000 MWD/MTU, the assembly is assumed to have a backfill pressure
of 475 psig. The CY-MPC canister is backfilled with helium to atmospheric pressure (0.0 psig)
and closed by weldihg. Maximum normal condition operating pressure (MNOP) comprises the
pressure due to the heating of the backfilled helium, plus the pressure due to the failure of 100
percent of the fuel rods. The failed rods release 30 percent of the fission gas and all of the rod
charge gas to the canister cavity. All of the gases except the fission gases are assumed to be
helium. The total pressure is found by calculating the molar quantity of each gas and summing
those directly. Using the molar quantity of each gas, the pressure is calculated using the Ideal
Gas Law.

The number of moles of the helium backfill gases is calculated using the Ideal Gas Law,
PV = NRT. Backfill gas for the canister is assumed to be initially at 1 atmosphere absolute. The
quantity of fission gas is derived from the SAS2H generated isotopics for the Zircaloy clad
15 x 15 assembly. The release of fission gas is also assumed for directly loaded fuel.

The maximum rod backfill volume is 1.1 in® per rod at 475 psig and 20°C. There are 204 rods in
a Connecticut Yankee fuel assembly and 26 assemblies per canister.

in> (2.54)° 204Rods 26 Assemblies  1liter liters
X X X X =96

\Y%
rod in Assembly Canister 1000 cm’ canister

=1.1

Rod Free Volume per Cask
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{(475 psig +14.7 psi)x1 atm }x% liters

psia Canister Moles of Rod Fill Gas
N Rod Backsinl = atm - liter =140 Canister
0.0821 —————x 293K
Mole - K

The number of fission gas moles per assembly is 23.33 as shown in the following table.

Atomic Weight Mass
Isotope (gram/mole) (gram) Number of Moles
Kr 83 19.2 0.23
Kr 84 59.3 0.71
Kr 85 8.5 0.10
Kr 86 92.8 1.08
127 22.1 0.17
129 92.9 0.72
Xe 130 4.7 0.04
Xe 131 208.0 1.59
Xe 132 577.0 4.37
Xe 134 776.0 5.79
Xe 136 1160.0 8.53
Total - - 23.33

There is a maximum of 26 assemblies in each canister. Therefore, the number of moles of

fission gas is 26 times that of a single assembly.

N = 26%&3,33 Moles _ . Moles of E1ssxon Gas
Canister Assembly Canister

The canister is backfilled to 1.5 atmospheres with helium at room temperature for leak testing,
after which the pressure is reduced to 1 atmosphere. During leak testing, the temperature of the

helium may rise above the 150°F assumed in the pressure evaluation.
The bounding total mass of hardware, 38 kg, is then combined with the Rod Control Cluster

Assembly mass and converted to a volume. The volume is then converted to moles based on the

assumed backfill temperature of 150°F (339K) and the 1 atmosphere backfill pressure.
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Region SS Clad Assemblies Zr Clad Assemblies
Active Core (kg) 12.458 19.415
Gas Plenum (kg) 3.879 5.137
Lower End-Fitting (kg) 8.850 5.440
Upper End-Fitting (kg) 11.240 11.840
Plenum Spring (kg) -3.200 -4.100
Total (kg) 33.227 37.732
38kg 2.20461b 156 1b .
Assembly * kg " Assembly x Canister in?
VPayload = lb = 22’000 In-
0.291— Canister
in
. 2 . B !
V.., =1x (0.4325 1n] 1267in 204Rods 26 Ass§mb11es = 95,0001
Rod  Assembly Canister Canister
in’
Ve, =536,000——
Cavity Volume Canister
] in*
26 Fuel Assemb _ _
Basket Componer):t Volume — 683000 - m
3 . . .
Vi, =(536,000in® - 68,000in® —95,000in> - 22,000in’ } (254 fm) «LOter 5 700 terS
n 1000 cm Canister

Note: Free volume is rounded down to the nearest 100 liters.

liters
Canister ) 210 Moles of Canister Fill Gas

(O.OSZIM)X (339K)
Mole-

(1atm)x [5,700

N =
TSC Backfill .
Al Canister
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The total gas quantity available for pressurizing the canister is:

N = NTSC Backfill + NRod Backfill + (03XN Fission Gas )

N =210 +140 = ‘
Canister

Canister Canister

Moles Moles . (0‘3( 610 Mo‘les J 33 Moles
Canister

The maximum normal operating pressure (MNOP) in the canister is:

(533 Moles jx(o.oszl-at—mﬂgf «506 K
P Canister ole-

=3.9atm = 57 psia = 42 psig

5700 1ter
Canister

The maximum normal conditions internal pressure of the NAC-STC cavity is calculated in a
similar fashion. The NAC-STC cavity free gas volume is calculated as shown below.

VSTC — VSTC- _V

Free Gas Volume Cavity

Canister VSpacer

The volume of the spacer is 4723 in® and is rounded up to 4800 in’ to maximize the pressure.

D ' 2 .oN2
v e =ﬂx[—§%ﬂ) xLSTCCavi,y=1tx(71'2mj x165.0in = 653,267 in’

D caniseron | 64inY’ . .
Ve = X (CT'OD] X L opiger =% (70 624 m) x151.75in = 594,730in’

ySTe = 653,267 in’ ~594,730in" —4,800in’ = 53,737 in> = 881 liters

Free Gas Volume

The NAC-STC is backfilled at 68°F.
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liters
1 881
( atm)x( Cask) . Moles of STC Fill Gas
Nascpaoein = atm - liter =37 Cask
0.0821——— |x(293K)
Mole - K

The total gas quantity available for pressurizing the NAC-STC is:

N = NTSC Backfill + NSTC Backfill + NRod Backfill + (03)(N Fission Gas )

N =210 Moles 437 Moles +140 Moles N (0.3 610 Moles 570 Moles
Cask Cask

Cask Cask Cask

The maximum normal operating pressure (MNOP) in the NAC-STC is: -

[570 Moles jx(o.osmﬂm—'htﬁ]x 506 K
p

Cask l.tMole K =3.6atm = 53 psia = 38 psig
6,581
Cask
345 Maximum Thermal Stresses

The ANSYS computer code is used to obtain temperatures for use in the structural analyses for
the directly loaded fuel and canistered fuel configurations. These temperatures are presented in
Tables 3.4-1 and 3.4-5. The thermal stress calculations are performed in Sections 2.6.1 and 2.6.2.
Evaluation of the influence of temperature on the cask structural analyses is presented in Section
2.10.10.

3.4.6 Summary of NAC-STC Performance for Normal Transport Conditions

Results for the thermal analysis of the NAC-STC are summarized in Tables 3.4-1 through 3.4-5.
The maximum fuel rod cladding temperature is maintained below 380°C; temperatures of safety-
related cask components are maintained within their safe operating ranges; and thermally-
induced stresses in combination with pressure and mechanical load stresses are shown in the
structural analysis of Chapter 2 to be less than the allowable stresses for both of the transport
configurations. Therefore, the analyses in Section 3.4 demonstrate that the NAC-STC can safely
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transport the design basis directly loaded or canistered fuel under the normal transport conditions
specified in 10 CFR 71.71.

347 Normal Heat-up Transient

In order to evaluate a postulated worst case thermal condition with respect to thermal expansion
of the fuel basket and cask body for the directly loaded fuel configuration, a heat transfer analysis
of the cask heat-up condition has been performed using the ANSYS finite element program. The
model, Figure 3.4-15, represents a quarter symmetry slice from the center section of the cask and
includes the fuel assemblies, fuel tubes, steel support disks, aluminum heat transfer disks, and
cask body wall. Each of these areas and components are modeled using the material properties
and detail represented in heat transfer finite element models discussed earlier, with added heat
transfer enhancement representing radiation between the tubes, and between the tubes and the
cask inner shell in the spaces between the support disks and the aluminum heat transfer disks. In
order to capture the influence of the initial vacuum drying process, the boundary conditions
starting the transient represented all components at 70°F, fuel assembly design basis heat load of
0.85 kilowatts, and the cavity evacuated. At twenty-four hours into the transient, helium was
added to the model representing the normal operating procedure of back filling the cavity with
helium following completion of the drying process.

Component temperature profiles were obtained for each time step through cask steady state
conditions. Figures 3.4-16, 3.4-17, 3.4-18, and 3.4-19 present the transient temperature results for
the aluminum heat transfer disk; aluminum heat transfer disk average temperature and average
inner shell temperature; support disk; and support disk average disk temperature and average

inner shell temperature, respectively.

It is concluded from these results that a steady state heat flow is established throughout the cask
at approximately 100 hours after fuel load with actual peak temperatures reached at about 240
hours after fuel load. Temperatures from this analysis are used as input loading to evaluate the
potential for basket and cask wall interference resulting from thermal expansion.

For canistered fuel, the canister configuration has been evaluated to ensure that the canister at the
steady state hot condition can be installed in an NAC-STC at the steady state cold condition. The
cold condition temperature is limited to 0°F, since this is the limiting temperature for operation
of the transfer cask. The transfer cask is used to install the canister in the NAC-STC.
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3.4.8 Assessment Criteria for the Package Passive Heat Rejection System

A periodic thermal test is used to confirm continued acceptable operation of the package passive
heat rejection system. Heat transfer from the fuel assemblies to the cask wall is accommodated
by radiation between the enclosed component surfaces and conduction through the basket
structure and cavity gas. The package designed heat rejection path continues through the cask
wall to the radial heat transfer fins penetrating the radial neutron shield to the neutron shield shell

in contact with the ambient heat sink.

Detailed thermal analysis of the package identifies surface temperatures which are functions of
the cumulative resistance between the heat source and the surface of the package. Change in
thermal resistance between the heat source and the surface of the cask will cause the surface
temperature distribution and its respective relationship between the different surfaces of the

package to change.

Disruption of the heat flow path through the cask radial wall will produce an increase in
temperature on other cask component surfaces. Therefore, it can be verified that the package heat
flow path has not deteriorated by comparing the temperature on the neutron shield shell with the
temperature of the cask end forging surface and showing that the ratio of these temperatures do
not fall outside the ratio of temperatures resulting from the design bases analysis and unity for the
same surfaces.

From the finite element heat transfer analysis of the cask in the vertical configuration subjected
to design bases heat load of 22.1 kilowatts, the temperature of the outside surface for the cask top
forging is 170°F, the temperature for the outside surface of the neutron shield shell is 243°F, and
the temperature for the outside surface of the cask bottom forging is 280°F. Therefore, the

relationships of surface temperatures for the passive heat rejection system are:

TTopForging _ 170
TShieldShe]l 243

= 0.7

TBollomForging _ 280
TShie]dShell 243

=12

As the decay heat is reduced in the cask these relationships approach 1.0.

3.4-46



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Temperature distribution at any single elevation over the surface of the radial neutron shield shell
will be constant and less than design bases analysis results corrected for actual decay heat and
ambient conditions for any steady state decay heat condition with the cask in the vertical
position. Therefore, local changes in heat flow capacity through the passive heat rejection system
can be evaluated by verifying that the neutron shield shell temperature is relatively constant at
any single elevation and that the surface temperature of the top and bottom forging and neutron
shield shell do not exceed the temperatures identified from the design bases heat load heat
transfer analysis corrected for actual heat of the loaded fuel and ambient thermal conditions.

From the generalized heat transfer relationship:
Q =CAT
where:

Q = Heat flow
C = Thermal resistance

AT = Change in temperature across thermal resistance

evaluating the potential change in thermal resistance for the loaded cask can be performed with
respect to the design condition. Verifying that the actual thermal resistance is less than or equal
to the thermal resistance used in the design verification calculations will assure that actual
temperature gradients are less than qualified design bases temperature results.

CAcrua] < CDesign

Q Actual < Q Design
A TActuaI A TDesign

Implementing this relationship to evaluate actual measured temperatures on the cask surface
corrected for ambient conditions yields:

QAcmal(TDesign - 100)

TActual — Q + TTestAmbient
Design
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These relationships have been defined in terms of acceptance criteria to be assessed during
scheduled periodic tests to assure continued operation of the passive heat rejection system of the

package and that deterioration of any part of this system has not occurred.

In order to quantify the influence of a postulated loss of a radial heat transfer fin the neutron
shield is considered as twenty-four (24) sets of fins and neutron shield bays of NS-4-FR. For

conduction across the neutron shield the generalized formula for heat transfer is:

KA
Qom — 24 _i— (Tl - TO)

Since the total heat remains the same independent of the number of fins and bays,

KA KA
Qow = 24—~ (T - To) = N== (T, - To)
where N is the number of acting sets of fins and bays.

Therefore, the increase in temperature of cask components inside the neutron shield as a function

of the number of conduction bays becomes:

24
AT = —ﬁ (Tiz.z - To) N (Tx - To)

Assuming loss of three fins and incorporating the temperature results from the design bases
steady state solution, Table 3.4-1, shows the increase in temperature that would result from the
loss of these three heat transfer fins is:

24
AT = o1 (285 - 243) - (285 - 243)
=6°F

It is recognized that this method for estimating the influence for loss of a heat transfer fin is not
exact. However, failure of a fin as a result of a crack developing along the length of the fin does
not produce the loss of heat transfer that has been assumed in this evaluation. Therefore, an upper
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bound estimate of three (3) times the calculated increase has been considered or 18°F for this
evaluation. A temperature increase of 18°F does not change the conclusions and results verifying

design safety documented throughout this safety analysis report.

The thermal test is described in Section 8.1.6. Successful performance of this test demonstrates
the adequacy of the heat rejection pathway for directly loaded fuel.
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Figure 3.4-1 Three-Dimensional ANSYS Model for Directly Loaded Fuel
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Figure 3.4-2 Design Basis Directly Loaded PWR Fuel Assembly Axial Flux Distribution
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Figure 3.4-3 Horizontal View of the ANSYS Model for Directly Loaded Fuel Containing the
Support Disk, Fuel Assembly Elements and Shell
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Figure 3.4-4 Detailed View of a Portion of the ANSYS Directly Loaded Fuel Basket Model

Fuel

y

Composite Fuel Tube

Gap between Fue] \Stainless
& Fuel Tube steel, BORAL Basket
& Air Gaps)

3.4-53



August 2000
Revision STC-00A

NAC-STC SAR

Docket No. 71-9235

Isometric View of the Directly Loaded Fuel Elements for the Thermal Model

Figure 3.4-5
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Figure 3.4-6

Isometric View of the 180-Degree Section Cask Thermal Model for Directly
Loaded Fuel
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Model for Directly Loaded Fuel

Figure 3.4-7 Detailed View of Basket and Shells of the 180-Degree Section Cask Thermal
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Figure 3.4-8 Plan View of the Directly Loaded Fuel 180-Degree Section Cask Thermal Model
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Figure 3.4-9 Directly Loaded Fuel Assembly Thermal Model ~
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- -

Figure 3.4-10 Detailed View of a Single Fuel Rod in the Directly Loaded Fuel Assembly
Thermal Model
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Figure 3.4-11 Directly Loaded Fuel Basket Temperature Distribution for the Steel Support
Disk with Helium
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Figure 3.4-12  Directly Loaded Fuel Basket Temperature Distribution for the Aluminum Heat
Transfer Disk with Helium
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Figure 3.4-13 Directly Loaded Fuel Basket Temperature Distribution for the Steel Support
Disk with Air
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Figure 3.4-14 Directly Loaded Fuel Basket Temperature Distribution for the Aluminum Heat
Transfer Disk with Air
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Isometric View of the Quarter Symmetry Heat-up Transient Model for

Directly Loaded Fuel

Figure 3.4-15
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Figure 3.4-16 Heat-up Transient Thermal Response of the Directly Loaded Basket
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Figure 3.4-17
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Figure 3.4-18 Heat-up Transient Thermal Response for the Directly Loaded Fuel Basket
Steel Support Disk

. TEMP
80O
720
640
—ig 838
— —— L
s60 | 170 S311

480 V// — ———I55-3344
%/ - 2b6 s523
/

400
/// | 285 S528

320 ’ _— 18335532
/4

160

80

0] HRS
0 80 160 240 320 400

40 120 200 280 360

3.4-67



August 2000
Revision STC-00A

NAC-STC SAR
Docket No. 71-9235

Figure 3.4-19 Heat-up Transient Average Temperature Response for the Directly Loaded
Fuel Basket Steel Support Disk and Inner Shell Wall
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Figure 3.4-20 Three-Dimensional ANSYS Model for Yankee-MPC Canistered Fuel
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Figure 3.4-21 Design Basis Yankee Class Canistered Fuel Assembly Axial Power Distribution
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Figure 3.4-22  Fuel Assembly Model for Yankee-MPC Canistered Fuel
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Figure 3.4-23  Fuel Tube Model for Yankee-MPC Canistered Fuel
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Figure 3.4-24 Two-Dimensional Yankee Reconfigured Fuel Assembly Model
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Three-Dimensional Cask Thermal Model for the CY-MPC

Figure 3.4-25
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Figure 3.4-26 Three-Dimensional Cask Thermal Model for CY-MPC — Cross Section
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Design Basis Connecticut Yankee Fuel Assembly Axial Power Distribution

Figure 3.4-27
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Quarter-Symmetry Connecticut Yankee Fuel Assembly Model

Figure 3.4-28
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Figure 3.4-29 Fuel Tube Model for Connecticut Yankee Canistered Fuel
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CY-MPC GTCC Transport Configuration Finite Element Model

Figure 3.4-30
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Figure 3.4-31 CY-MPC GTCC Thermal Model Cross Section )
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Table 3.4-1 Maximum Component Temperatures—Normal Transport Conditions, Maximum

Decay Heat and Maximum Ambient Temperature—Directly Loaded and

Canistered Configurations

Conditions: 100°F Ambient Temperature, Full Insolation, Decay Heat Load: 22.1 kW for Uncanistered Fuel; 12.5
kW for Yankee-MPC Canistered Fuel; 17 kW for Connecticut Yankee-MPC Canistered Fuel
Canistered Fuel
Directly Loaded Yankee-MPC CY-MPC
Cavity Gas Cavity Gas Cavity Gas
Component Air °F) | Helium (°F) | Notes | Helium (°F) | Notes | Helium (°F) | Notes
Outer Lid O-Ring 178 176 1) 176 4 157 (6)
BTFE O-Rings 211 210 1) 210 4 179 @)
Metallic O-Rings 190 189 1) 189 (C)) 179 @)
Cask Radial Outer Surface 241 243 2) 243 (5) 258 (8)
Top Neutron Shield 181 175 ) 175 4) 168 )]
Radial Neutron Shield 284 285 2) 270 5) 288 (8)
Lead Gamma Shield 314 315 2) 281 (5) 300 (8)
Aluminum Disk Exterior 338 337 2) - - 331 (8)
Aluminum Disk Interior 491 487 ) 536 ) 534 (8)
Steel Support Disk Exterior 356 344 (2) - --- 324 (8)
Steel Support Disk Interior 498 495 2) 539 %) 536 (8)
Canister Shell - - --- 338 5) 351 (8)
Canister Lid - - - 209 ) 220 (8)
Canister Bottom Plate -- —-- - 255 5) 347 (8)
Maximum Fuel Rod
) 588 544 3) 575 5) 611 (8)
Cladding
Notes: (1) Temperatures are determined from the analysis of the three-dimensional quarter symmetry model of the
entire cask (directly loaded fuel).
(2) Temperatures are determined from the analysis of the three-dimensional 180-degree section model of
the entire cask (directly loaded fuel).
(3) Temperatures are determined from the analysis of the two-dimensional detailed model of the fuel
assembly (directly loaded fuel). '
(4) Component not explicitly modeled in the 3-D model for Yankee-MPC canistered fuel. Temperature
results from the helium case of the directly loaded fuel used (conservative).
(5) Temperatures are determined from the 3-D model for Yankee-MPC canistered fuel.
{6) Not explicitty modeled—maximum temperature of cask outer lid from 3-D model for CY-MPC
presented.
(7) Not explicitly modeled—maximum temperature of the cask top forging/cask lids from 3-D model for
CY-MPC presented.
(8) Temperatures are determined from the 3-D model for CY-MPC canistered fuel.
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Table 3.4-2 Maximum Component Temperatures - Normal Transport Conditions, Maximum ~
Decay Heat, Minimum Ambient Temperature - Directly Loaded and Canistered
Configurations
Conditions: -40°F Ambient Temperature, No Insolation, Decay Heat Load: 22.1 kW for Uncanistered Fuel; 12.5 kW
for Yankee-MPC Canistered Fuel; 17 kW for Connecticut Yankee-MPC Canistered Fuel
Directly Loaded Yankee-MPC CY-MPC
Components Air (°F) Notes Helium (°F) Notes Helium (°F) Notes
Outer Lid O-Ring 125 - 125 2) 86 €]
BTFE O-Rings 125 --- 125 (2) 89 (5)
Metallic O-Rings 129 --- 129 2 170 (5)
Cask Radial Outer Surface 144 --- 116 , 3) 162 (6)
Top Neutron Shield 131 - 131 2) 87 (6)
Radial Neutron Shield 181 - 142 (3) 162 (6)
Lead Gamma Shield 215 - 154 3) 175 (6)
Fuel Basket Exterior 256 )] --- --- - -
Maximum Basket Web 399 N 431 3) 428 (6)
Canister Shell - - 215 3 232 6)
Canister Lid --- --- 71 3) 92 (6) _ f
Canister Bottom Plate 121 3) 229 ©) ~
Fuel Rod Cladding 488 1) 473 3) 512 6)
Notes: (1) Basket and fuel rod cladding temperatures are defined by adding the gradient result between the
lead gamma shield and point of interest obtained from the 3-D directly loaded fuel model with air
in the cavity (Table 3.4-1).
(2) Component not explicitly modeled in the 3-D model for Yankee-MPC canistered fuel. Temperature
results from the air case of the directly loaded fuel used (conservative).
(3) Temperatures obtained from 3-D model for Yankee-MPC canistered fuel.
(4) Not explicitly modeled—maximum temperature of cask outer lid from 3-D model for Connecticut
Yankee-MPC presented.
(5) Not explicitly modeled—maximum temperature of cask top forging/cask lids from 3-D model for
Connecticut Yankee-MPC presented.
(6) Temperatures obtained from 3-D model for Connecticut Yankee-MPC canistered fuel.
—
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Table 3.4-3  Maximum Component Temperatures - Normal Transport Conditions,
Maximum Decay Heat, Low Ambient, for Directly Loaded Fuel

Conditions:  -20°F Ambient Temperature, 22.1 kW Decay Heat and No Insolation

Component Temperature (°F)
Outer Lid O-Ring 161
BTFE O-Rings 165
Metallic O-Rings 165
Cask Radial Outer Surface 173
Top Neutron Shield 168
Radial Neutron Shield 211
Lead Gamma Shield 245
Fuel Basket Exterior' 286
Maximum Basket Web' 429
Maximum Fuel Rod Cladding' 518

1 Basket and fuel rod cladding temperatures are defined by adding the gradient
result between the lead gamma shield and point of interest obtained from the
3-D finite element analysis with air in the cavity (Table 3.4-1).
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Table 3.4-4 NAC-STC Thermal Performance Summary for Normal Conditions of Transport
Temperature Range
Directiy Loaded Canistered Fuel

Component Fuel Yankee-MPC CY-MPC Allowable Temperature
< 380°C—"Uncanistered

Fuel Cladding 309°C 302°C 322°C < 340°C—Yankee-MPC

< 341°C—CY-MPC

Metallic O-Rings -40 to 190°F -40 to 190°F -40to 218°F -40 to S00°F

Radial NS§-4-FR Neutron

Shield -40 to 285°F -40 to 270°F -40 to 288°F -40 to 300°F

Lead Gamma Shield -40 to 315°F -40 to 281°F -40 to 300°F -40 to 600°F

Aluminum Heat Transfer Disk -40 to 491°F -40 to 536°F -40 to 534°F -40 to 600°F
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Table 3.4-5 Maximum Cask Component Temperatures in Normal Conditions of Transport
Directly Loaded Fuel Canistered Fuel
NAC-STC Cavity Gas Yankee-MPC CY-MPC
Components Air (°F) Helium (°F) Notes Helium (°F) Notes Helium (°F) Notes
Bottom Plate 350 333 (1) 333 3 347 (5)
Bottom Forging 417 393 (D 393 (3) 347 (6)
Transition Shell 300 300 )] 300 (3) 331 @))]
Inner Shell 331 331 ) 311 4) 331 (&)
Outer Shell 292 293 (2) 276 4) 294 (5)
Top Forging 211 210 (1) 210 3) 218 (5)
Inner Lid 223 210 (D 210 3) 217 (5)
Outer Lid 178 179 ¢ 176 3) 216 5)
Inner Lid Bolt 190 189 H 189 3) 217 8
Quter Lid Bolt 178 176 1) 176 3 216 8
Notes: (1) Temperatures are determined from the analysis of the three-dimensional quarter symmetry model of
the entire cask.
(2) Temperatures are determined from the analysis of the three-dimensional 180-degree section model
of the entire cask.
(3) Component not explicitly modeled in the 3-D model for Yankee-MPC canistered fuel. Temperature
results from the helium case of the directly loaded fuel used (conservatively).
(4) Temperatures are determined from the 3-D model forYankee-MPC canistered fuel.
(5) Temperatures are determined from the 3-D model for CY-MPC canistered fuel.
(6) Not explicitly modeled—taken as the maximum temperature of the bottom plate from the 3-D
model for CY-MPC canistered fuel.
4 (7) Not explicitly modeled—taken as the maximum temperature of the inner shell from the 3-D model
for CY-MPC canistered fuel.
(8) Not explicitly modeled—taken as the maximum temperature of the inner and outer lids from the

3-D model for CY-MPC canistered fuel.

3.4-85




NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Table 3.4-6 Maximum Component Temperatures for CY-MPC Damaged Fuel

Maximum Temperature1 °F)
Design Damaged Fuel Reconfigured Fuel Fuel Rod
Condition Can Assembly Cladding’
100°F Ambient 611 611 611
-40°F Ambient 512 512 512

1 Bounding temperatures are taken from the maximum fuel cladding temperature for the design
basis fuel (654 watts per assembly).
2 The allowable fuel cladding temperature is 646°F (341°C) (See Table 3.4-4).
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3.5 Hypothetical Accident Thermal Evaluation

The objective of the thermal analysis of the NAC-STC under hypothetical accident conditions is
to demonstrate that the cask containment boundary structural components are maintained within

their safe operating temperature ranges.

Since the fire accident is considered to be at short duration, the limits for maximum cladding
temperature are higher. A cladding temperature limit of 1058°F is established based on
PNL-48335 for directly loaded fuel, and 806°F for canistered fuel, based on EPRI-TR-106440.
Similarly for the 6061-T651 aluminum comprising the aluminum heat transfer disk, the
temperature limit is considered to be 800°F. The tests specified in 10 CFR 71.73 are to be
performed or analyzed in sequence, to determine their cumulative effect on the package. Thus,
the NAC-STC is analyzed for the fire transient, specified in 10 CFR 71.73(c)(4), assuming that
the package is in a form consistent with the damage sustained in the free drop and puncture tests
of 10 CFR 71.73.

3.5.1 Thermal Model

35.1.1 Analvtical Models for the Directly Loaded and Yankee-MPC Configurations

The NAC-STC is analyzed for the hypothetical accident conditions using the ANSYS finite
element computer code. An axisymmetric model of the cask body was generated using the
ANSYS code, as shown in Figure 3.5-1. Material properties used for the cask components are
listed in Tables 3.2-1 to 3.2-7.

The impact limiters are included in the model for the fire analysis. The scale model test program
described in Section 2.10.6 demonstrates that the impact limiters remain on the cask after the
30-foot drop imposed by the hypothetical accident condition. '

The decay heat of 22.1 kilowatts from the contents is applied along the radial inner surface of the
cask, with an axial distribution as shown in Figure 3.4-2. It also bounds the heat load of 12.5
kilowatts for the canistered fuel configuration. The average heat generation rate is multiplied by
the values derived from Figure 3.4-2 for each node along the active fuel region of the model.
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3.5.1.1.1 Directly Loaded and Yankee Class Canistered Fuel and GTCC Waste Baskets

The directly loaded fuel basket, the canister and canister fuel baskets are not modeled explicitly
in the hypothetical accident condition analysis. However, the maximum temperatures for the fuel
cladding and basket components for the fire accident condition are determined by adding a AT to
the maximum fuel clad and basket temperatures for normal conditions. The AT is considered to
be the differential between the maximum lead temperature for normal condition and maximum

lead temperature for the fire accident condition.

The canistered GTCC basket is fabricated entirely of stainless steel and contains only stainless
steel containers whose contents are stainless steel. Consequently, the post accident temperatures

are not limited by component allowable temperature ranges (see Section 3.3.2).

35.1.1.2 NAC-STC Cask Multiwall Body

The body of the cask is modeled as three concentric shells: the inner stainless steel shell, the lead
shielding, and the outer stainless steel shell. Due to contraction in the lead after the lead pour
operation, a gap may occur, most likely forming between the lead and the outer shell. In the
thermal analysis, this gap is not modeled to permit maximum exposure of the lead to the fire
condition. The portions of the lead region, which extend above and below the neutron shield, are
protected by a layer of BISCO FPC “fireblock” material. The fireblock is a very low conductivity
material which effectively insulates the lead from the heat of the fire.

Heat transfer across the region consists of conduction through the inner shell, the lead, and
conduction through the outer shell. Heat transfer from the surface of the body consists of
conduction into the neutron shield, and convection and radiation to the environment, at locations
on the body of the cask above and below the neutron shield.

3.5.1.1.3 Radial Neutron Shield

A synthetic borated solid material used to absorb neutrons covers most of the outer shell. The
composition of the neutron shield region is discussed fully in Section 3.4.1.1.1.3. The effective
conductivity of the radial neutron shield is calculated to be 0.339 Btu/hr-in-°F. At the end of the
fire transient, the neutron shield is considered to be voided of NS-4-FR, leaving only the stainless
steel/copper fins and stainless steel shell. The effective conductivity for this arrangement can be
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calculated as in Section 3.4.1.1.1.3, substituting air for the NS-4-FR material. The effective
conductivity for the voided radial neutron shield is calculated to be 0.237 Btu/hr-in-°F.

The heat transfer mechanisms for the radial neutron shield are conduction through the shield
itself, and radiation and convection from the surface of the neutron shield shell to the

environment.

35.1.14 Top and Bottom Ends

The top end of the cask consists of the inner and outer lids, with a small gap between the lids.
The inner lid consists of two stainless steel plates with NS-4-FR neutron shielding material
between them. The outer lid is made solely of stainless steel.

The bottom end of the cask consists of two stainless steel plates, with a plate of NS-4-FR

between them.

Heat transfer in the ends of the cask consists of conduction through the stainless steel and
NS-4-FR. The ends are covered by the limiters and prevent heat transfer into or out of the ends
of the cask.

3.5.1.2 Analytical Models for the CY-MPC Configurations

The NAC-STC with CY-MPC canistered fuel is analyzed for hypothetical accident conditions
using the ANSYS finite element models described in Section 3.4.1.3. Specifically, the models
consist of a three-dimensional model of the NAC-STC with CY-MPC canistered fuel described
in Section 3.4.1.3.1 having effective thermal properties for the fuel and fuel tubes based on
two-dimensional models presented in Sections 3.4.1.3.2 and 3.4.1.3.3, respectively.

The scale model test program described in Section 2.10.6 demonstrates that the impact limiters
remain on the cask after the 30-foot drop; therefore, the effect of the impact limiters is included
in the hypothetical accident fire analysis. Specifically, the cask ends underneath the impact
limiters are modeled as adiabatic surfaces throughout the hypothetical accident fire and cool-

down analysis.
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The NAC-STC with CY-MPC canistered fuel is modeled in the horizontal transport orientation
with the basket in contact with the canister, which is, in turn, in contact with the cask inner shell.
This will maximize the heat transfer into the fuel basket and fuel during the hypothetical accident

fire analysis.

A decay heat generation rate of 0.654 kilowatts (17 kilowatts for 26 fuel assemblies) is applied to
each fuel region using the axial power distribution shown in Figure 3.4-27. Boundary conditions
are applied to the neutron shield shell to simulate the 1475°F hypothetical accident fire
prescribed by 10 CFR 71. The analysis is transient and is performed using ANSYS Version 5.5.
The transient analysis represents a 30-minute fire (1475°F) followed by a 29.5-hour cool-down
period for a total of 30 hours. The boundary conditions for the pre-fire, fire, and post-fire periods
are described in Section 3.5.2.

3.5.1.3 Test Model
NAC International did not create a thermal test model. The methods previously described have
been used in prior transport licensing and are sufficient to show that the NAC-STC meets the

criteria set forth in Section 3.5.

352 Package Conditions and Environment

Prior to the fire accident condition, the NAC-STC temperatures correspond to steady state
conditions: design basis heat load of 22.1 kilowatts, solar insolation, and a 100°F ambient

temperature.

Also prior to the fire accident, the emissivity of stainless steel is 0.36, but during the fire
transient, the emissivity is assumed to be 0.9, as required by 10 CFR 71.73(c)(4). Also, the
emissivity of the fire is assumed to be 1.0. During the fire, convection is considered to act in
parallel with the radiation. The convection is represented by a film coefficient of 0.024 Btwhr-
in?-°F, which is two times the value recommended by Wix (“Convective Effects in a Regulatory
and Proposed Fire Model,” PATRAM 1995). The heat flux which corresponds to solar
insolation is not applied during the fire condition.

At the end of the fire, the NS-4-FR in the neutron shield is assumed to be lost, resulting in a
lower conductivity, and thus a greater resistance to heat leaving the cask. The emissivity of
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stainless steel is again assumed to be 0.36, also providing a greater resistance to heat leaving the
cask. Additionally, the solar insolation employed prior to the fire condition is reapplied during
the cool down phase. The cooldown period is analyzed for a period of 18 hours after the end of
the fire. At this time, all cask components have reached their maximum temperatures and have

begun the cooldown to their postfire, steady state temperatures.

353 Package Temperatures

The NAC-STC is evaluated for the hypothetical accident fire using the ANSYS computer code.
A steady state initial temperature profile is calculated and used as input for the 30-minute fire
transient. This is followed by an 18-hour cooldown period.

The safe operating temperature range of the components specified in Section 3.3.2 are also
evaluated for the fire accident. These components include the seals, lead gamma shielding, and
the radial neutron shield. The radial neutron shield temperature is not considered to be
significant, as its loss is assumed in this accident. The shielding consequences of the loss of the
radial neutron shield are evaluated in Section 5.1.4. The maximum component temperatures
during the hypothetical fire accident and cooldown period for the directly loaded fuel and the

canistered fuel are listed in Table 3.5-1.

Directly Loaded Fuel

The temperature histories of major cask components for directly loaded fuel are shown in Figure
3.5-2. None of the safety-related components, with the exception of the radial neutron shield as
previously described, exceed their safe operating temperature as a result of the fire accident. The
temperature results for the cask components as shown in Table 3.5-1 are obtained from the finite
element analysis results using a heat load of 22.1 kW (design basis heat for the directly loaded
fuel).

Yankee-MPC Configuration
The maximum decay heat load for the canistered configuration is 12.5 kilowatts. This total heat

load is much less than the assumed directly loaded basket heat load of 22.1 kilowatts.
Consequently, when transporting canistered fuel, cask component steady-state temperatures are
lower than those for directly loaded fuel. The fire accident transient of the hypothetical accident
conditions imposes a large, but short duration heat load on the NAC-STC. The fire accident
causes the cask component temperatures to rise, but because they initially start at a lower
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temperature (compared to the directly loaded fuel configuration), the maximum post fire accident
conditions are also lower. Consequently, the 22.1 kilowatt heat load evaluation bounds the
conditions that result from the 12.5 kilowatt canistered fuel and the 2.9 kilowatt canistered
GTCC waste.

Based on the method described in Section 3.5.1.1.1, the maximum temperatures for the basket
components and the fuel clad for the directly loaded fuel are established by adding a AT of 141°F
to the normal condition basket and clad temperatures as listed in Table 3.4-1 (air case). The AT
is the differential between the lead temperature for fire accident condition (455°F) and the lead
temperature for normal condition (314°F).  Similarly, the maximum temperatures for basket
components and the fuel clad for canistered fuel are determined using a AT of 174°F, which is
the differential between the lead temperature for the fire accident condition (455°F) and the lead

temperature for the normal condition (281°F).

The canister may contain one or more Reconfigured Fuel Assemblies. Using the thermal model
described in Section 3.4.1.2.4, the maximum calculated temperatures for the Reconfigured Fuel
Assembly shell casing, fuel tube and the fuel clad for the fire accident condition are 718°F,
734°F and 734°F, respectively.

CY-MPC Configuration

The temperature results for the NAC-STC with CY-MPC canistered fuel in the hypothetical
accident fire condition are shown in Table 3.5-1. The temperature history of the principal
components of the NAC-STC during the fire transient is shown in Figure 3.5-3. The CY-MPC
canister may contain one or more CY-MPC Reconfigured Fuel Assemblies. The maximum
temperature of the Reconfigured Fuel Assembly is bounded by that of the design basis fuel

assembly.

The maximum temperature for the GTCC shield shell weldment is obtained by adding the
temperature rise of the canister shell due to the fire accident (89°F) to the maximum shield shell

weldment temperature (318°F). This results in a maximum temperature of 407°F.
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354 Maximum Internal Pressure
3.54.1 Maximum Internal Pressure Due to Directly Loaded Fuel

From Section 3.4.4, it is known that the maximum pressure in the cask cavity is 60.0 psia, for a
cavity gas temperature of 232°C. The maximum fuel rod cladding temperature during the fire
transient is 402°C, as listed in Table 3.5-1. Thus, the maximum hypothetical accident pressure

can be calculated based on the ratio of these temperatures as follows:

Pz = P} L
T]

P, = 60(@j
505

P, =80.2 psia= 65.5 psig

3.54.2 Maximum Internal Pressure Due to Yankee Class Canistered Fuel

The maximum internal pressure for the canistered fuel configuration is calculated for the canister
and for the NAC-STC cavity. The calculated maximum post fire accident temperature of the
helium gas is 616°F determined by the method discussed in Section 3.5.1.1.1 (442°F for normal
condition + 174°F). A temperature of 650°F is conservatively used to calculate the maximum
pressure in the NAC-STC.

The internal pressure is a function of rod-fill, fission and backfill gases. The design basis fuel
assembly for the internal pressure calculation is the Combustion Engineering Type A assembly.
This assembly has the highest rod back-fill pressure (315 psig) and received the highest burnup
(36,000 MWD/MTU). There are three different gases contributing to the canister internal
pressure and four gases contributing to the cavity internal pressure. The canister gases are the
fuel rod back-fill and fission gases, and the canister backfill gas. The cavity gases are these plus
the cavity backfill gas. All of the gases, except the fission gases, are assumed to be helium. The
total pressure for each volume are found by calculating the molar quantity of each gas and

summing those directly.
The number of moles of the backfill gases are calculated using the Ideal Gas Law, PV = NRT.

Backfill gases for the canister and cavity are assumed to be initially at 1 atmosphere. The

quantity of fission gas is derived using the SAS2H fraction of gas atoms of 0.3125 atoms of gas
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per fission. The release of fission gas is as assumed for directly loaded fuel. In accident
conditions, 100 % of the rods are hypothetically assumed to fail releasing 30% of the total fission
gas and all of the backfill helium.

The number of moles of gas in the canister is:

N = NTSC Back-Fill + NRodBack-Fil] + 0'3(NFissionGas)

The number of moles of helium contained in the canister, as backfill, and the number of moles of

gas in the fuel rods (as helium backfill and fission products) was calculated in Section 3.4.4.2.

The number of moles of gas due to the hypothetical failure of 100% of the fuel rods is:

N =175.26 M0les | 20 ggMoles ) of 423 44 Moles
Cask Cask Cask

Moles
Cask

N =380.24

Based on an assumed maximum temperature of 650°F, the maximum pressure in the canister is:

380.24 Moles ) (60821 2™ | 616.48K
Cask mole K

4,877.93 d
Cask

P=

=3.95 atm = 58.0 psia = 43.3 psig

The maximum NAC-STC cavity pressure, assuming the absence of the canister containment is:

386.15 Moles ). (6 0821 2™ Vo 616.48K
Cask mole K

5,020.13 ¢
Cask

P= =3.89 atm = 57.2 psia = 42.5 psig
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3543 Maximum Internal Pressure Due to CY-MPC Canistered Fuel

The maximum internal pressure for the canistered fuel configuration is calculated for both the
canister and for the NAC-STC cavity. The calculated maximum post-fire accident temperature
of the helium gas is 462°F based on the thermal analysis results using the 3-D canister model
described in Section 3.5.1.2. The pressure calculation is conservatively based on an average

temperature of 750°F.

The internal pressure is a function of rod-fill, fission and backfill gases. The maximum internal
pressures of the CY-MPC and NAC-STC are calculated using the Zircaloy clad shielding design
basis fuel assembly described in Section 3.4.4.1. This assembly has a mix of parameters that
bounds those of the Connecticut Yankee Zircaloy clad fuel assemblies in the fuel inventory. In
addition to a burnup of 43,000 MWD/MTU, the assembly is assumed to have a backfill pressure
of 475 psig. The CY-MPC is backfilled with helium to atmospheric pressure (0.0 psig) and
closed by welding.

The number of moles of the helium backfill gas is calculated using the Ideal Gas Law, PV =
NRT. Backfill gas for the canister and cavity is assumed to be initially at 1 atmosphere absolute.
The quantity of fission gas is derived using the SAS2H generated isotopics for the Zircaloy clad
15 x 15 assembly. The release of fission gas is also assumed for directly loaded fuel. In accident
conditions, 100 % of the rods are hypothetically assumed to fail, releasing 30% of the total
fission gas and all of the backfill helium.

The number of moles of gas in the canister is:

N = Noge packan + N pod Backsn + (0-3)(N Fission Gas)

The number of moles of helium contained in the canister, as backfill, and the number of moles of
gas in the fuel rods (as helium backfill and fission products) were calculated in Section 3.4.4.3.

The number of moles of gas due to the hypothetical failure of 100% of the fuel rods is:

Moles Moles Moles

N=210———+140——+(0.3{610__—' )2533 Moles

Canister Canister Canister Canister
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Based on an assumed maximum temperature of 750°F, the maximum pressure in the canister is:

(533 Mj x (0.0821 atm -liter ) n k
p= Canister mole-K

(5,700 liter j
Canister

=5.2 atm = 76 psia = 61 psig

The maximum NAC-STC cavity pressure, assuming the absence of the canister containment is:

Cask mole - K
(6,581 llterj
Cask

355 Maximum Thermal Stress

(570 Mdes} x (0.0821 Mj «672K
P =

=4.8 atm = 71 psia = 56 psig

The maximum thermal stresses in the cask resulting from the hypothetical accident fire are
reported in Section 2.7.3.

3.5.6 Evaluation of the Package Performance for Hypothetical Accident Thermal

Conditions

The NAC-STC thermal performance has been assessed for the hypothetical accident fire
transient, as specified in 10 CFR 71. All cask components important to safety remain within
their safe operating ranges except the radial neutron shield, which is assumed to be lost,
whenever this assumption results in higher temperatures. The ability of the cask to safely contain

is radioactive contents is not compromised.
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Figure 3.5-1 NAC-STC Hypothetical Accident Conditions ANSYS Model for Directly Loaded
Fuel
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Figure 3.5-2 NAC-STC Hypothetical Accident Conditions Temperature History for the
Directly Loaded Basket
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Figure 3.5-2 NAC-STC Hypothetical Accident Conditions Temperature History for the
Directly Loaded Basket (Continued)
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Figure 3.5-2 NAC-STC Hypothetical Accident Conditions Temperature History for the
Directly Loaded Basket (Continued)
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Figure 3.5-3 NAC-STC Hypothetical Accident Conditions Temperature History for CY-MPC
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Table 3.5-1 Maximum Component Temperatures - Hypothetical Accident Conditions Fire
Transient
Canistered Fuel
Directly Loaded Fuel Yankee-MPC CY-MPC Temp
Component . .
Temp | Time Temp Time Temp Time Limit
(°F) | (hours) | Note { (°F) | (hours) | Note (°F) (hours) | Note | (°F)
Inner Lid Bolts 335 0.9 (1) 335 0.9 (D 270 3.1 (5) -
Metallic O-Rings 314 1.1 (1) 314 1.1 (1) 357 0.6 (6) 500
Cask Radial Quter Surface 1,347 0.5 (1) | 1,347 0.5 (D 1,315 0.5 ) -
Radial Neutron Shield - - 2) - - 2) - - - -
Lead Gamma Shield 455 3.6 (1) 455 3.6 (1) 367 1.2 @ 600
Aluminum Disk Interior 632 - 3) 710 - 4) 554 20.5 @ 800
Support Disk Interior 639 - 3) 713 - ) 557 20.5 @) 800
Fu.el Rod Cladding, 729 ] 3) 3 i N 3 B N 1,058
Directly Loaded Fuel
Fuel Rod Cladding,
. - - -- 729 - @ 633 245 @) 806
Canistered Fuel
Notes: (1) The maximum temperature is based on the decay heat value of 22.1 kilowatts for Directly Loaded

Fuel.

(2)  The radial neutron shield is assumed to be lost at the end of the fire for conservatism. The axial
neutron shields are not components important to safety as discussed in Section 3.3.2.

(3) Calculated by adding a AT 141°F to the fuel/basket component temperatures presented in Table
3.4-1 for directly loaded fuel. The AT of 141°F is based on the difference in the temperature of the
lead for fire (455°F) and normal (314°F) conditions for the directly loaded fuel (air).

(4) Calculated by adding a AT 174°F to the fuel/basket component temperatures presented in Table
3.4-1 for Yankee-MPC canistered fuel. The AT of 174°F is based on the difference in the
temperature of the lead for fire (455°F) and normal (281°F) conditions for the Yankee-MPC
canistered fuel.

(5) Not explicitly modeled—taken as the maximum temperature of the cask inner lid from the three-
dimensional model for CY-MPC canistered fuel.

(6) Not explicitly modeled—taken as the maximum temperature of the cask top forging/cask lids from
the three-dimensional model for CY-MPC canistered fuel.

(7) Maximum temperatures obtained from the three-dimensional model for CY-MPC canistered fuel.
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4.0 CONTAINMENT
4.1 Containment Boundary

The NAC-STC transport containment boundary is designed and analyzed to remain leaktight
under both normal conditions of transport and accident conditions. The containment boundary is
designed, fabricated and inspected in accordance with ASME Code Section I, Subsection NB,

with the exception of code stamping.

The components of the containment boundary are described in Table 4.1-1 as a function of the

containment condition and the contents. The containment conditions are:

e Containment Condition A: The containment boundary for the transport of directly
loaded (i.e., no canister) intact PWR spent fuel
assemblies following extended storage of the cask at an
ISFSI licensed in accordance with 10 CFR 72.

e Containment Condition B: The containment boundary for the transport of: (1)
directly loaded intact PWR spent fuel assemblies loaded
immediately prior to transport; or (2) canistered Yankee
Class or Connecticut Yankee spent fuel assemblies,
Reconfigured Fuel Assemblies, Damaged Fuel Can or
GTCC waste loaded into the NAC-STC immediately

prior to transport.

The transportable storage canister is designed and analyzed to demonstrate that it maintains its
structural integrity in accordance with the 10 CFR 71.63(b) requirement for a separate inner

container for damaged fuel or fuel debris, which may contain more than 20 curies of plutonium.

The canister is leak tested at the time of loading to demonstrate that it satisfies the leaktight
criteria of ANSI N14.5-1997 and the release limits of 10 CFR 71.63(b).

The NAC-STC containment boundafy is designed to permit leak testing of the cask containment
boundary penetrations prior to transport to confirm the leaktight integrity of the cask. The leak
test criteria, minimum test sensitivity and leak test methods and locations for each containment
condition are described in Table 4.1-1.

4.1-1
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4.1.1 Containment Vessel

The primary containment vessel for the NAC-STC consists of a 71.0-inch inside diameter,
1.5-inch thick inner shell, two 1.5-inch to 2.0-inch thick transition sections, a 6.2-inch thick
bottom inner forging, and a 7.85-inch thick top forging. The containment vessel components,
except for the transition sections, are fabricated from ASME Boiler and Pressure Vessel Code,
Type 304 stainless steel nuclear pressure vessel material. The two transition sections are ASME

Boiler and Pressure Vessel Code, Type XM-19 stainless steel nuclear pressure vessel material.

The transportable storage canister is provided in two configurations. The Yankee-MPC, used for
Yankee Class fuel, Reconfigured Fuel Assemblies and Yankee GTCC waste, is a right circular
cylinder constructed of 5/8-inch thick, Type 304L stainless steel plate. It is closed on the bottom
end by a 1-inch thick Type 304L stainless steel plate, and at the top by a 5-inch thick, Type 304
stainless steel plate (shield lid), and by a 3-inch thick Type 304L stainless steel structural lid.
The Connecticut Yankee-MPC, used for Connecticut Yankee spent fuel, Reconfigured Fuel
Assemblies, Damaged Fuel Cans and GTCC waste, is similar to the Yankee-MPC design except
that the bottom end of the Connecticut Yankee-MPC is closed with a 1.75-inch thick Type 304L
stainless steel plate. The Connecticut Yankee-MPC is approximately 30 inches longer than the
Y ankee-MPC configuration.

The canister shell welds are full penetration welds, which are radiographed. The bottom plate is
joined to the canister shell by a full penetration groove weld and adjacent fillet weld, which are
ultrasonically and liquid penetrant examined. The stainless steel material is selected to be
compatible with the DOE MPC program guidelines for future disposal and to minimize the
potential for any adverse chemical reactions in the spent fuel pool. The design of the shield lid
and structural lid provides a redundant confinement boundary at the top of the canister.

The weld examination requirements for both the cask body and the transportable storage canister
are defined in Table 4.1-2 and are shown on the drawings in Section 1.3.2.

4.1.2 Containment Penetrations

The physical penetrations in the NAC-STC primary containment vessel are the inner lid and the
vent and drain ports in the inner lid. The penetrations are designed to ensure sealing of the
containment boundary and to ensure that the leakage from the boundary does not exceed 1 x 107
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ref cm®/sec. The quick-disconnect fittings installed in the vent and drain openings and in the
interseal test port in the inner lid are not considered to be part of the containment boundary.

The separate inner container (i.e., the transportable storage canister) is a completely welded

vessel that has no operable penetrations.

4,1.3 Seals and Welds

4.1.3.1 Seals

The metallic o-rings of the inner lid, the vent port coverplate, and the drain port coverplate are
the seals that provide primary containment, as described in Section 4.1 and as shown in Table
4.1-1. Section 4.5 contains the specifications that describe the PTFE o-rings of the interlid and
pressure port covers and the metallic o-rings of the containment boundary and outer lid. Also
included in Section 4.5 are the manufacturer’s technical data bulletins for the expansion foam
and the Fireblock Protective Coating (FPC) used in the NAC-STC. Leak testing of the cask is
performed prior to acceptance from the manufacturer. Leak testing is also performed following
fuel loading for either immediate transport or for transport following a storage period.

4.1.3.1.1 Containment System Fabrication Verification

Upon completion of fabrication, a Containment System Fabrication Verification shall be
performed on the cask containment boundary as described in Section 8.1.3. These leak tests
verify that the leakage rate of the assembled containment does not exceed the maximum

allowable leakage rate of 1 x 107 ref cm’/sec.

4.13.1.2 Containment System Verification

The Containment System Verification shall be performed on the NAC-STC package containment
boundary seals and components prior to each shipment, in accordance with the leak test
acceptance criteria established for the Containment System Fabrication Verification. For cask
transport immediately after loading, the leak test shall be performed in accordance with the
procedures and acceptance criteria described in Section 7.4.1. For cask shipments following
storage, the verification leak test shall be performed in accordance with the procedures and
acceptance criteria described in Section 7.4.2.
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Whenever a containment seal or component is replaced, the o-ring or containment component
shall be leak tested following replacement using the Containment System Verification (Section
8.2.2.2). This test will verify that the replacement seal or component has been properly installed

and that the leakage rate is less than 1 x 107 ref cm®/sec.
4.1.3.2 Welds

The NAC-STC containment vessel and the transportable storage canister (separate inner
container) are assembled by welding. A list of containment vessel and canister welds, the
examinations and tests performed on the welds, and the applicable ASME Code acceptance
criteria is provided in Table 4.1-2. The acceptance tests for the NAC-STC and for the

transportable storage canister are provided in Section 8.1.
4.1.4 Closure

The primary closure assembly for the NAC-STC for transport consists of the inner lid, bolts, and
o-rings. The inner lid is recessed and bolted into the top forging of the cask body. The 9.0-inch
thick, 79.00-inch diameter inner lid is made of SA-336, Type 304 stainless steel. The inner lid is
retained by 42 inner lid bolts that are 1 1/2 - 8 UN socket head cap screws fabricated from
SB-637, Grade N07718 nickel alloy steel bolting material. The initial torque for installation of
the inner lid bolts is specified in Table 7-1.

The vent port and the drain port are recessed into the inner lid. The vent and drain port
coverplates are secured by four 1/2 - 13 UNC bolts fabricated from SA-193, Grade B6, Type 410
stainless steel. Each coverplate is sealed to the inner lid by a metallic o-ring, with a second,

concentric metallic o-ring, providing an annulus to test the seal.

A secondary closure is provided by the outer lid which provides puncture protection to the
primary closure assembly. The 5.25-inch thick, 86.7-inch diameter outer lid is made of SA-705,
Type 630, H1150, 17-4 PH stainless steel. The outer lid is retained by 36 outer lid bolts that are
1 - 8 UNC socket head cap screws fabricated from SA-564, Type 630, H1150, 17-4 PH stainless
steel. The initial torque for installation of the outer lid bolts is specified in Table 7-1. A metallic
o-ring seals the bottom surface of the outer lid to the top forging of the cask body.
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Port covers protect the interlid and pressure ports, which are located in the top forging and access
the region between the inner and outer lids. For transport operations, solid port covers with no
penetrations are installed in the interlid and pressure ports. These port covers are secured by three
3/8 - 16 UNC bolts, fabricated from SA-193, Grade B6, Type 410 stainless steel material. Each
cover is sealed to the cask body by two “piston-type” (bore seal) PTFE o-rings, with a test port

located between the o-rings.
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Table 4.1-1 NAC-STC Containment Boundaries
Allowable Test
Containment Content Leakage Test
Condition Condition Containment Components Rate/Sensitivity Location/Method Remarks

A (Primary) Upto 26 ¢ Inner shell e Allowable e Vent port outer These series of leak
directly loaded | Upper and lower shell rings leakage rate is o-ring using tests are performed
intact PWR (transition sections) <2x107 helium sniffer on the NAC-STC
spent fuel e Bottom i forei cm’/sec probe method containment
assemblies ottom 1‘nner Orging (helium) (i.e., with helium in boundary following
following e Top forging leaktight) interseal region directly loaded fuel
storage e Inner lid o Minimum test | ® Drain port outer | SOrage operations.
operations per | o ynner |id outer metal o-rin g sensitivity is o-ring using The outer o-rings
10 CFR 72

o Inner lid interseal test port
threaded plug with metal
o-ring

e Vent port coverplate
e Vent port outer metal o-ring

e Vent port interseal port
threaded plug with metal
o-ring

¢ Drain port coverplate

¢ Drain port coverplate outer
metal o-ring

¢ Drain port coverplate
interseal test port plug with
metal o-ring

<lx 107 cm’/s
(helium)

helium sniffer
probe method
with helium in
interseal region

e Inner lid outer
o-ring using
evacuated
envelope method
(envelope
provided by outer
lid with test
performed
through the
interlid port) with
helium in
interseal region

are the designated
boundary as access
to the cask cavity to
verify helium
backfill conditions
is not planned.

Testing is
performed in
accordance with
ANSINI14.5
requirements
immediately prior to
transport.
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Table 4.1-1 NAC-STC Containment Boundaries (Continued)
Allowable Test
Containment Content Leakage Test
Condition Condition Containment Components Rate/Sensitivity | Location/Method Remarks
B (Primary) Up to 26 Inner shell e Allowable e Ventportouter | The inner lid inner
Fiirectly loaded Upper and lower shell rings leakage rz%te is o-ring using o-ring can be tf;stgd
intact PWR transitional sections <2x 10 helium sniffer as the cask cavity is
spent fuel Bottom inner fored cm’/s (helium) probe method backfilled with high
assemblies for ottom 1Tmer orging (i.e., leaktight) with helium in purity helium
immediate Top forging e Minimum test interseal region | immediately prior to
transport, or Inner lid sensitivity is e Drain port outer the test.
;anlitereéil Inner lid inner metal o-ring <1x107 cm¥s o-ting using The vent and drain
ankee Class or . . .
Conneotiont Vent port coverplate (helium) helium sniffer port coverplate

Yankee spent
fuel assemblies,

Fucy TR yent o coveiat e
Assemblies, port PTiE & o-ring using preclude helium |
Damaged Fuel Drain port coverplate helium mass from being avgllable
Cans or GTCC Drain port coverplate outer spectrometer in the port region.
waste. metal o-ring leak detector Testing is

Drain port coverplate (MSLD) performed in

interseal port plug with metal connected to the | 5ccordance with

o-ring interseal test port | ANSIN14.5

with pressurized requirements

Vent port coverplate outer
metal o-ring

probe method
with helium in
interseal region

helium in cask
cavity.

outer o-rings are
tested, since the
quick-disconnect

immediately prior to
transport.

4.1-7




NAC-STC SAR
Docket No. 71-9235

August 2000
Revision STC-00A

Table 4.1-1 NAC-STC Containment Boundaries (Continued)
Allowable Test
Containment Content Leakage Test
Condition Condition Containment Components Rate/Sensitivity | Location/Method Remarks

Separate Inner | Up to 36 Yankee | e Canister shell o Allowable The separate inner | This test is

Container Classorupto 26 | 4 Canister bottom leakage rate is containment performed during the
Connecticut : s <8x 108 cm’/s | provided by the canister closure
Yankee intactor | ° Canister shield lid (helium) (i.e., canister assembly | operations described
damaged o Canister vent port cover leaktight) is leak tested using | in Section 7.6.1.
(including fuel e Canister drain port cover e Minimum test a helium leak Subsequently, the

debris) spent fuel
assemblies loaded
in a transportable
storage canister.
The canister
provides the
separate inner
container required
for transport
operations per 10
CFR 71.63 (b)

Canister structural lid

sensitivity is
<4x 10 cm’/s
(helium)

detector at the
shield Iid to
canister shell weld

drain port is welded
to the shield lid and
the structural lid is
welded to the
canister shell,
thereby providing
the redundant sealing
required by 10 CFR
72.236(e).

4.1-8




(

NAC-STC SAR

Docket No. 71-9235

(,,

August 2000
Revision STC-00A

Table 4.1-2 NAC-STC Containment Boundary Welds, Examinations and Tests
Primary Containment Boundary

Weld Location Weld Type ASME Code Category | Inspections/Tests ASME Acceptance Criteria
Inner shell Full Penetration A VT on Tack Welds NB-4424 and NB-4427
longitudinal Double Groove VT Final Pass NB-5350
and inner shell rings PT Final Pass NB-4424 and NB-4427
longitudinal RT Final Weld NB-5320

Hydrostatic Test NB-6000

Post Hydrostatic Test — PT NB-5350

Helium Leak Test Section V, Art. 10 and

ANSINI14.5

Inner shell Full Penetration B VT on Tack Welds NB-4424 and NB-4427
circumferential Double Groove VT Final Pass NB-5350

PT Final Pass NB-4424 and NB-4427

RT Final Weld NB-5320

Hydrostatic Test NB-6000

Post Hydrostatic Test — PT NB-5350

Helium Leakage Test Section V, Art. 10 and

ANSINI14.5

Inner shell to top Full Penetration B VT on Tack Welds NB-4424 and NB-4427

and bottom inner
shell rings
circumferential

Double Groove

VT Final Pass

PT Final Pass

RT Final Weld
Hydrostatic Test

Post Hydrostatic Test — PT
Helium Leakage Test

NB-5350
NB-4424 and NB-4427
NB-5320
NB-6000
NB-5350

Section V, Art. 10; and
ANSI N14.5
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Table 4.1-2 NAC-STC Containment Boundary Welds, Examinations and Tests (Continued)
Primary Containment Boundary
Weld Location Weld Type ASME Code Category Inspections/Tests ASME Acceptance Criteria
Top inner shell ring | Full Penetration C VT on Tack Welds NB-4424 and NB-4427

to upper forging and
bottom inner shell
ring to bottom inner
forging

Double Groove

VT Final Pass

PT Final Pass

RT Final Weld
Hydrostatic Test

Post Hydrostatic Test — PT
Helium Leak Test

NB-5350

NB-4424 and NB-4427
NB-5320

NB-6000

NB-5350

Section V, Art. 10 and
ANSIN14.5

Separate Inner Container

Weld Location Weld Type ASME Code Category Inspections/Tests ASME Acceptance Criteria
Canister shell Full Penetration A VT on Tack Welds NB-4424 and NB-4427
longitudinal Double Groove VT Final Pass NB-5350

PT Final Pass NB-4424 and NB-4427
RT Final Weld NB-5320

Post-Loading Pneumatic (air-

over-water) Pressure Test NB-6000
Helium Leak Test Section V, Art. 10 and
ANSINI14.5
Canister shell Full Penetration B VT on Tack Welds NB-4424 and NB-4427
circumferential Double Groove VT Final Pass NB-5350
PT Final Pass NB-4424 and NB-4427
RT Final Weld NB-5320

Post-Loading Pneumatic
Pressure Test
Helium Leak Test

NB-6000
Section V. Art. 10; and
ANSINI14.5
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Table 4.1-2 NAC-STC Containment Boundary Welds, Examinations and Tests (Continued)
Separate Inner Container
Weld Location Weld Type ASME Code Category Inspections/Tests ASME Acceptance Criteria
Bottom plate to Full Penetration C VT on Tack Welds NB-4424 and NB-4427
shell Double Groove with VT Final Pass NB-5350

Fillet Back Weld

PT Final Pass
UT Final Weld
Post-Loading Pneumatic

NB-4424 and NB-4427
NB-5330

Pressure Test NB-6000
Helium Leak Test Section V, Art 10 and
ANSIN14.5
Shield lid to shell Partial Penetration C VT on Root Pass NB-4424 and NB-4427
Groove (Field Weld) PT Root Pass NB-5350
VT Final Pass NB-5350
PT Final Pass NB-4424 and NB-4427
Post-Loading Pneumatic Test NB-6000
Post-Pneumatic Test PT NB-5350
Helium Leak Test Section V, Art. 10 and
ANSI N14.5
Vent and drain port | Partial Penetration D VT on Root Pass NB-4424 and NB-4427
covers to shield lid | Groove (Field Weld) PT Root Pass NB-5350
VT Final Pass NB-5350
PT Final Pass NB-4424 and NB-4427
Structural lid to Partial Penetration C VT on Root Pass NB-4424 and NB-4427

shell

Groove (Field Weld)

Volumetric Examination (UT)
or Multi-Pass PT
VT Final Pass

NB-5330 (UT) or
NB-5350 (PT)
NB-4424 and NB-4427
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4.2 Containment Requirements for Normal Conditions of Transport

The NAC-STC has been designed to safely transport spent fuel assemblies in either of two
configurations. The spent fuel assemblies may be sealed in a transportable storage canister
(canistered), or loaded directly into a fuel basket installed in the cask cavity. In the canistered
configuration, the NAC-STC can transport Yankee Class or Connecticut Yankee spent fuel and
GTCC waste. The NAC-STC is designed and tested to leaktight conditions as defined by ANSI
N14.5-1997 and, therefore, meets the requirements of 10 CFR 71.51 for containment of

radioactive materials.

Since the NAC-STC transport cask and the transportable storage canister are both tested to
demonstrate a leaktight condition, an allowable release rate, based on the gases, fines, volatiles
and particulates that are available for release from the contained spent fuel or GTCC waste, is not

calculated.

4.2.1 Containment of Radioactive Material

The NAC-STC is designed and tested to leak tight conditions as defined by ANSI N14.5-1997.
Consequently the cask meets the requirements of 10 CFR 71.51 and IAEA Safety Series No. 6
(paragraph 548) for directly loaded and for canistered fuel or GTCC waste. During final
assembly, the canister closure is also tested to leaktight conditions. Consequently, the canister
provides the separate inner container (double containment) for the transport of Reconfigured Fuel
Assemblies and Damaged Fuel Cans containing damaged fuel or fuel debris as required by
10 CFR 71.63.

4272 Pressurization of Containment Vessel

The maximum normal operating pressure in the cask during normal transport conditions is
conservatively based on 100% failure of the fuel rods, using the methodology presented in
Section 3.4.4. The cask cavity under normal transport conditions is backfilled to one atmosphere
with 99.9% pure helium gas. To determine the limiting temperature conditions, it has been
assumed that the helium gas could possibly be replaced by air. Therefore, the normal operating
pressure is determined for both gas conditions. From Section 3.4.4, the free gas volume, fuel fill
gas volume, and fuel fission gas volumes for the two spent fuel configurations are presented
below. The GTCC waste does not release any gas. The Reconfigured Fuel Assemblies and
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Damaged Fuel Cans contain failed fuel. The initial charge gas and any significant fission product
gases have already been released from the Reconfigured Fuel Assemblies and from fuel in the

Damaged Fuel Cans.

Regulatory Guide 1.25 suggests that 10% of the tritium and 30% of the krypton-85 should be
assumed to be released from each failed fuel rod. It is conservatively assumed that 30% of both
tritium and krypton-85 escape each failed fuel rod. Other radiologically important gaseous
nuclides are present only in negligible amounts after the minimum cooling period for the design
basis directly loaded and canistered fuels. The postulated release of other radionuclides,
including volatiles, fines, particulates and crud, does not contribute to an increase in internal

pressure.

4221 Containment Pressurization Due to Directly Loaded Fuel .

An increase in pressure within the containment boundary results from an increase in the cask
cavity temperature and the postulated failure of 100% of the fuel rods in normal conditions of
transport (MNOP).

Vg = Free Gas Volume in Cask Cavity
= 461,128 in®

V¢, = Fuel Fill Gas Volume
=300,417 in®

Vg = Fuel Fission Gas Volume
= 328,917 in’

Assuming a 100% fuel rod failure resulting in the release of the fill gas and fission gas from the

fuel assumed to fail, the total gas volume is:
Vg =Total Gas Volume

=Vgu+ Vig+ Vg
= 1,090,462 in>

4.2-2
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Based on a bulk average gas temperature of 450°F when air is in the cavity (Section 3.4.4), the

pressure within the cask cavity is:

b 1090462 505
2 71 461,128 | 293

=4.08 atm = 59.98 psia = 45.28 psig

Based on a bulk average gas temperature of 401°F when helium is the cover gas (Section 3.4.4),

the pressure within the cask cavity is:

b _ 1,090,462 478
g 461,128 | 293

= 3.86 atm = 56.77 psia = 42.01 psig

This is less than the design pressure of 75 psig.

4222 Canister Pressurization Due to Yankee Class Fuel

The maximum normal operating pressure (MNOP) during transport conditions in the
transportable storage canister is calculated in Section 3.4.4, and found to be 3.23 atmospheres, or
32.8 psig. This pressure is conservatively calculated at 450°F, compared to the calculated
maximum normal conditions of transport bulk gas temperature of 442°F, and conservatively
assumes the rupture of 100% of the fuel rods. The MNOP is below the design pressure of 55
psig. As described above, the GTCC waste and Reconfigured Fuel Assemblies do not release
gases to the canister cavity due to failures. Consequently, there is no increase in canister internal

pressure due to these contents.
Since the canister does not fail in any of the evaluated normal transport or accident conditions,
this pressure increase occurs within the canister. There is no pressure increase in the cask cavity

except that due to the increase in cavity temperature.

42273 Canister Pressurization Due to Connecticut Yankee Fuel

The MNOP during transport conditions in the transportable storage canister is calculated in
Section 3.4.4 and found to be 3.9 atmospheres, or 42.3 psig. This pressure is conservatively

calculated at 450°F, compared to the calculated maximum normal conditions of transport bulk
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gas temperature of 402°F, and conservatively assumes the rupture of 100% of the fuel rods. The
MNOP is below the design pressure of 55 psig. As described above, the GTCC waste, Damaged
Fuel Can contents and Reconfigured Fuel Assemblies do not release gases to the canister cavity
due to failures. Consequently, there is no increase in canister internal pressure due to these

contents.
Since the canister does not fail in any of the evaluated normal transport or accident conditions,
this pressure increase occurs within the canister. There is no pressure increase in the cask cavity

except that due to the increase in cavity temperature.

423 Containment Criterion for Normal Conditions of Transport

The NAC-STC is designed and tested to meet the containment criteria of 10 CFR 71 and IAEA
Safety Series No. 6. The 10 CFR 71 limit for the release of radioactive material under normal
conditions of transpbrt is 10° A, per hour. This condition is met by testing the NAC-STC to
leaktight conditions, 1 x 107 ref cm®/ sec (air), which is equivalent to 2 x 107 em’/sec (helium)
as defined by ANSIN14.5-1997. The leak test sensitivity is 1 x 10”7 cm?/sec (helium), or less.

423.1 Permissible Release Rate for Canistered Fuel and GTCC Waste

The transportable storage canister welded closure is leak tested at final assembly to leaktight
conditions, 1 x 107 ref cm®/ sec, as defined by ANSI N14.5-1997. To meet this requirement, the
allowable leak rate is 8 x 10 cm’/sec (helium). The leak test sensitivity applied in testing the
canister at the time it is closed is 4 x 10 cm®/sec (helium), or less, to account for a test pressure
difference of less than 1 atmosphere. Consequently, the canister provides adequate containment
for the spent fuel or GTCC waste.

As shown in Section 2.6.13, the canister does not fail in any of the evaluated normal conditions
of transport. Consequently, the canister and cask provide leak tight containment for
Reconfigured Fuel Assemblies containing damaged fuel or fuel debris. This configuration meets
the requirement of 10 CFR 71.63(b) for a separate inner container (double containment) for
radioactive material containing more than 20 curies of plutonium.
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4232 Correlation to Air Standard Conditions

The air standard leak rate is 1 x 107 ref cm”/ sec, the leak tight condition as defined by Section
2.1 of ANSIN14.5-1997.

Leak testing of the NAC-STC cask and the transportable storage canister is performed using
helium gas. The NAC-STC cask leak test is performed using an allowable leak rate of 2 x 10”7
cm’/sec (helium) with a detection sensitivity of 1 x 107 cm®/sec (helium). The canister leak test
is performed using an allowable leak rate of 8 x 10® cm®/sec (helium) with a detection sensitivity

of 4 x 10°® cm*/sec (helium).
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4.3 Containment Requirements For Hypothetical Accident Conditions

The NAC-STC has been designed to safely transport 26 design basis directly loaded PWR fuel
assemblies, or canistered spent fuel or GTCC waste in either the Yankee-MPC or Connecticut
Yankee-MPC configurations.  The structural integrity of the cask containment during
hypothetical accident conditions is demonstrated in Section 2.7. Therefore, the cask containment
is maintained under hypothetical accident conditions. As described in Section 2.7.11, the
transportable storage canister does not fail in any of the evaluated transport accident conditions
defined in 10 CFR 71.73. Consequently, its leak tight condition is maintained in the hypothetical

accident conditions.

4.3.1 Fission Gas Products

The calculated amounts of fission gases contained by the design basis directly loaded and
canistered PWR fuel assemblies for both normal and hypothetical accident conditions are
reported in Section 4.2.2. The accident conditions assume a 100-percent fuel rod failure with 30
percent of the available tritium and 30 percent of the available krypton-85 being released to the
cask cavity or to the canister. These gases contribute to an increase in the cask cavity pressure
due to the postulated failure of the directly loaded, intact, fuel and to an increase in the canister

pressure due to the postulated failure of the canistered fuel.

Other released radionuclides, including crud, volatiles, fines and particulates, are not assumed to
contribute to an increase in internal pressure of either transport configuration. The GTCC waste
does not contain any gaseous products and does not have a failure mode in the hypothetical

accident conditions. Consequently, there is no increase in pressure due to the GTCC contents.

The release of material from the postulated failure of the intact fuel assemblies bounds the
possible release of material from the Reconfigured Fuel Assemblies and Damaged Fuel Cans
since the allowable contents of these components is less than or equal to that of an intact fuel
assembly.

432 Containment of Radioactive Material

The NAC-STC is designed and tested to leak tight conditions, 1 x 107 ref cm*/sec, as defined by
ANSIN14.5-1997. As shown in Section 2.7 for the NAC-STC cask and in Section 2.7.11 for the

transportable storage canister, the containment boundary of the cask and canister do not fail

4.3-1
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during the hypothetical accident events. Consequently, containment is maintained by both the

cask and the canister in the hypothetical accident events.

433 Containment Criterion for Accident Conditions

The containment criteria of 10 CFR 71 limits the release rate in accident conditions to A; per
week. The NAC-STC cask and canister are designed and tested to leak tight conditions as
defined in Section 2.1 of ANSI-N14.5-1997. Consequently, the cask and canister meet the

regulatory containment criterion for the hypothetical accident conditions.
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4.4 Special Requirements

The leak tight containment provided by the NAC-STC cask and canister provide the double
containment (separate inner container) required by 10 CFR 71.63(b) for the Reconfigured Fuel
Assemblies and Damaged Fuel Cans, which could contain more than 20 curies of plutonium.
Double containment is maintained during both normal transport conditions and the hypothetical

accident conditions.
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4.5 Appendix
4.5.1 Metallic O-Rings

This appendix contains the manufacturer’s technical bulletin for the metallic o-rings.

4.5-1



NAC-STC SAR July 1992

Docket No. 71-9235 Revision 1

(O Halicofiex
Components Division Telephone {803) 783-1880

P.C. Box 588% FAX (803) 7B3-4279
Coilumbia, South Carolina 29200

METALLIC O-RINGS

Static, metal-to-metal seals

for confining gases or liguids
under adverse conditions of
pressure /temperature /ambience
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Fluorocarbon Metallic O-Rings

fiuorocarmon Metaliic O-Rings sre tesigned to prevent
leakage of gasss or liquits under adverse sealing con-
dittons. These static, meiai-to-matal seals cen with-
stand pressurés trom high vacuum to 100000 psi
{6,804 ntm). They can sndure cONNNUOUS teMperatures
from -425°F. up to 1.800°F (-263°C. to 982°C)), or
intermittent temperatures up 1o 3,000*F (1.850"C.).
They resist radiation, chioriges. corrosives. and othar
nostile environments. They will not deteriomte with
sge. either in uae or in storage.

Design. Materials, Coatings, Sizes

Fiuorocarbon Metallic O-Rings, designated MOR, are

made of matal tubing (or eolid rod) which iz formad
ino circutar or other sShapes ang he Two enas waided
together. The C-Ring metal is swiniess stesl or other
alloys. The O-Ring can be sisctroplated with sitver,
copper. indium, nickel, 9oid, lead or other metals, or
it can be coawd with Teflon. The flow of the tinish
materiai impsoves the sealing, espacially under high
pressure ang/or vacuum. Since tensile strength and
resilience of the seal are determined in part by metal
temper. Flugrobaroon Components offers a choice of
heat treating to material spacification or tempering to

cuswomer specifications. Tubuiar or solid wire nngs
can be manufactured in sizes ranging up to 25 jeet
(78 m) or more n diameter, or as smaH as 250 inches
(6.4 mm) OD. ‘

Appiication Characteristics

The typical application places a Metalic O-Ring In
axia) compression between paralie! taces which are
square 1o the liuid passage or vesse! axis. The seat
is usugliy located in an open or closed groove in one
tace. it can aiso be located in a rataine:, which elim-
inates the nead for machining a groove {see cescrip-
tion of retainers on page &).

Upon compression 10 & predstarmined fixed height.
the saal tubing buckies slightly, resulling in two con-
tact arsas on the seal tace and maximum contact
siress between the seal and the mating {aces. Wnen
the flange faces are closed, the O-Ring is under
compression angd tends to spring back against the
fianges, thus exerting a positive saaiing force. If the

-O-Ring Is the self-energizing type, the pressure ol

the gas or liquid on the vented side energizes the
seal and turther increases the sealing force by push-
ing the saat against the Hange face.

Types of Metallic O-Rings

Bl -
andonke

EUE

7.
:EV}J“

BTN

N\ g

Plain

{Not Sell-Energizing or Preasure-Fillad)

Made of metal tuting {or solid rod) in most meiais.
This type is the most economical O-Ring. It is de-
signed tor low 10 moderaie pressure and vacuum
conditions.

Seli-Energizing

The inner periphery of the O-Ring is vented by smali
holes or a slot. Tha pressure ingide the ring bacomes

4.5-3

the same as in the system. incraasing the internal
pressure increases sealing stisctivenass.

Pressure-Filied

Pressure-filled O-Rings are designed for a tempera-
ture range of 800" F. t0 2,000" F. {425° C. to 1093° C.).
They cannot tolerate pressures as high as the sell-
energizing type. The ring is fillad with an inar gas at
about 600 psi {41 atm). At elevated temperatures, gas
pressure increasses, offsatting 1085 of strength in
tubing and increasing sealing stress.
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Metallic O-Ring Selection Guide

To ssiect tha proper Metatic O-Ring for a particular appi-
 cation. itis necessaryto determine Systerm prassure. jeim-
perature, and king of fiiid to De saaied.

1. O-Ring Type
Pressuredetarminesif O-Ring should be seti-energizing.

Prestun O-fusg

_M
. ... M-
vacuure 10 W0 ot (6.8) M) Sef-anenizing Aot R

10056 16.5) sonaed abowt) | Sef-enarpizieg omsiatie

2. O-Ring Material
Temperature geterrmines basic O-Ring material.
Tempersun ONimg Mamrial
Cripeecs W500° F.(260° 0) | 321 Saness sl
o D002 F. 427% C.) Ay 630
0 1800° F. 982* C) Alley X-750
soove 1O0PF.82* C) Coneult Facay
3. O-Ring Size -

Jubing diamener is determined by ring OD, compression
torce desired, and availabla space. See compistedatalor
O-Ring 5122 selection on pages 6and 7.

" 4. Seal Load vs. Seal Ring Diameter

Curvesonpage 7 show the sealload vs, seal ring diameter
to vanous tubing outer diameters Bnd wall thickness for
slainiess steel tubing. For tubing made of Alioy 800,
mulliply loads snown by 1.1. For Alloy X-750, muttiply by
1.4

5. O-Ring Wall Thickness

The waill thickness shcuki be selected to provids the
proper vield unoer compression. Thedaton pages 6and
7 include the practical wall thickness dimensions that
may be u3ed toreach tubediameter. if platingisused. wall
thicknass for seats made with . 125 inch (3.2mm}wbing
and smalier should cause yielding of the plating at a load
of 400 Ib/in (7.14 kg/mm). For tubing over 125 inch
{3,2mm) diameter, 800 Ib/in { 14,28 kg/mm) should be
required. Tellon coatings on rings wil vieid at 100 (b/in
(1,78 kg/mm).

6. Groove Dimensions

The proper dirnensions and surtaca finish of the groove
are as wnporant in achieving a seal as the O-Ring isell.
Asageneraiguideinthe preparation ofjointsurtaces. the

recommendad groove gdimensions for imemal and ex-
fernal pregsure appications are Shown on page 5.

Shouid you need turther guidance and our recom-
meandations. submit the foliowing informaton regard-
ing your applicaton: 1. Temperaiure and pressure
ranges, 2. Space svailabie. 3. Materal. 4. Medium 10 be
sealed, 5. Available compression 16ad. 6. Skeich of pro-
posed application.

7. Coating or Plating
Coating or plating of the O-Ring will provide adherence
and ductility {softness) toCONorm o MICIOSCODIC Jroove
or flange irmegularites. _

For unpiatad ssals, liquid leakage can be estmated by
the foliowing axprassion:

o=50% 10
b}

(O=isakage cc/soc; P=pressure difference psi: and u=

¥quid viscosity at operating condil_iaons. c_e‘nuomse.] e

resulting caiculated leakage is 107 to 10 oriess. actual

leakage may be zero because ot surface nsion. If keak-

age occurs, it shoulkd be proportional to seal dismeter,:
and in the above gxpression, muttiphed by D72. D=saal

diameter. Actual lpakage will probably De less than
prediciad.

For coated or plated seals, halwsm-leakiight joints may
bemdewﬂhomoero-ningangooanpgorﬂanng setec-
tions. Testrasults rangatrom 10~ 10107 cc/sec. andlower
at one atmosphere diflerential, Recommended coatng
or plabng matenals are:

Tomporstam Patmy & Casting
Cryapenic o 500° F.(280° C.) Tofon
1 1800° F.(982°C.) - Sibwer
0 2200° F. I1186° C.} Hicke!

8. Sealing Surface Finish

The groove and mating fiange tace must nave a surtace
finisho! ¥6uin. rMs{0.4 . mm) forbara rmgs.and 32-100
ain. rms (0.8 1-2.54 4 mm) for plates or coated rings.

For gas, vacuum ank light liquid (water), a finisn of 16
uin.(0.4 u mm) rms is recommenaed. For medium IQuids
(hydraulc oils)and heavy liquids{taror polymers)afinish
of 32 uin. (0.8 4 mm] rms is recommended. Machining
100! Marks on groove of flange face must be concemrnc.

Saalsuriaces should be free ot dirt, gritoratherforeign
matenais.
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uorocarbon Metallic O-Rings

Diametars up to 300 inches (7620 mm) *
Tube diameters from .031 to .625 inches

4.5-7

005
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006
0,15

010
0,25

010
0,25

006
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i —

762,00

Wall Thickness
Tasngerum

012
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012 .04
030 0,36

010 012
0,25 030

10
8,25

0,30 0,51

) — “. .-

020
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020
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025
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032 049
081 124

—— —— -

048
1,24

050 065
1,27 185

063
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30
762,00
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Retainer Assemblies

Matallic O-Rings can be used wilh a meta) retainer plate
for mechanical back-up that servas the same tunchion as
e machined groove wall in convenuanal instailatons.
Retainer assembligs may incorporate several Metaliic O-
Aings into one all metalic assembly. The O-Rings are
press-fitted without cross-saction distortion, are secured
against oropout and are easily handled during held
assignment or retrofit programs. The retainer piate tur-
nishas the G-Ring COMPrasSIon kmit, controis hoop ten-
sion of the O-Ring, simplites suriace finish operation,
parmitsinterchangeapilty ot tanges. and appliesto singie
or muitiple O-Ring requirements. A seiection of several
standard assemblies is described below:

ASA/API Pipe Flange
Seals

Metaltic O-Rings offer static seal reliabikty and satety for
instaliauon or maintenance of piping. Over long penods
of tme. the ai-metalconstructionof Fluorocarbon tubuiar
Metalic O-Rings angd retainer plaies make them less sus-
ceptibie to relaxaton of sealing siresses—as compared
10 partiaily non-metalic gaskets.

in addition o their natural resikence characteristics,
Matallic O-Rings provide the stability of a metal-to-metal
pipe joint seal.

The natural spnngback of thin-wall metal tubing, and
unique seli-enargizng design faature, create a balance
of mside and outside torces which preventcollapse ot the
tube unger pressure cychng. These same features aliow
Metallic O-Rings 10 respond 10 varations in sealing sur-
facedefiectons withoutcreeporcold fiow. andtoaccom-
modate high and low temperature cycling. For process
plani piping, they withstand lamperaturas from cryogenic
to 1.800° F. (982° C.) and pressures {rom vacuum 1o
50.000 psi (3402 atm).

To maintain seal rsliability, tubuiar Metatic O-Rings re-
aquire less bolt stress than solid. tiber, flat metal. spiral
wound or jacketed gaskets. Lower sea! loads allow 2
preater boltand ftange satetytactor foragiven instaliation.

O-Rings and retainer plates ars available for 250" to
24" (6.4 10 £09.6 mm) pipein all sizes of 150 10 2500 psi
(10.2 10 170.1 atn) flat or raised tace fianges.

4.5-9
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Boss Seals

. Fluorocarpon FIT-O-SEAL tor boss joints combines 8
stainiess siee! retainer and & press fit Matallic O-Ring.
The unit i5 3€ll-positioning, CONIrols ring compression,
and can be reusad. it won't deteriorate with age and [}
not affected by snvironment. Existing boss can be
sasily retrofitiad. It can ssal fuels and chemicais trom
high vacuum to 10.00C pai (680 atm) or higher, and will
endure continuaus temperstures of -452°F. (-269°C.)
t0 1.800°F. (882° C.). Standard seal assembly availabie
for M533656 fitting to MS33649 boss. Modifications
available.

FlangeQO-Seal

The Metallic C-Ring is semi-fastenad into the metal
retainar. The asgembly is used for sealing jat engine
tuel lines and sxotic missile tus! iines from —452° F.
{—259" C,)) 10 1,800°F. (882° C.). ‘

it can be usad for steel fittings MS20757 thru
MS20762 and MS33786 fitting ingtallation. The follow-
ing assemblies are available trom stock:

et e, Port . L1 ‘o L.
=70 - TRED > S0 0 1T -+ B0 L3
~12 -2 M3 1156 210
an o
—16 —18 1.113 1312 20
027 222 3
-17 -7 1113 1404 amn
2.7 892 o
—20 -2 1425 1.858 mn
362 42,06 &8
24 —2 1613 1812 n
40357 4602 588
-32 —32 2300 3 ik &
53.42 $0.33 846

7
L

|
1

™
»
i
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Nuclear Pressure Vessel Seals

The principal applications of Fluorocarbon O-Rings in
nuciear power plants is the ssaling of rsactor pressure
vesse! heads. They are alsc specified tor saling appli-
cations On valves, Staam DENErators. CONCansars.
pumps, piping and other equipment componants
throughout the nuciear fiow charl.

Flucrocarbon O-Rings can easily meet the three
major requiremaents of nuclear appiications: tempen-

ture satings, high pressure ratings. Znd larger than
average nng damaters {see Page 2 for specifics).
Fluorocarban Meatallic O-Rings .otfer other significant
agvantages in Nuclear applications: ey are not nor-
mally aftected by damaging environments of Corro-
sives; they don't deteriomte with age, sven in S1Orage,
and they resist radiation and chloriges.

O-Ring—Alloy 718—DEFLECTION and SPRINGBACK—inches imm)

TABLE 1
Load Forey 375 dis. x D3 wall 500 Gia, x 050 wall B25 tia. x 083 wail
Unrassrained 19.5 x 0.95) (12.7 X 1.2 $15.8x180)
Himear inch § 2500 Iv/in (45 ko/ mm) 2500 1b/in (45 kg) mm) 4000 Bb/in {71.5 kp/mm)
Percentape Defhechon Min. Sprngtack Delbechion Min. Springback Detiection Wi, Sprmgoack
5% J30 (0.78) 008 {0,23) D40 (1,02} £13 (0.33) 250 {1.2n 017 (043
10% D37 (0.94) 008 (0.23) 050 (1.27) 013 {0.33) 062 (15N 017 (D.A3}
12% D45 (3.14) 009 {0.23) D60 (1.52) 13 {0.33) B75 {1.91) 07043
18%" 1 8005 208 (o2 280 {283} 213 {03) 380 (2.58) B17 (0.43)
17% D64 (1.63) 002 (0.2)) 083 (2,16} 013 (6.33) 06 {2,693 M7 10.6)
~Opamem s IT% aey o0 LA i 718, Loag Nross Moy vacy SHphtly BIIOw 17% Mk SOMPSELION.
Media to be Sealed Materials and Piating

Media in the nuciear power piani which Fluorocarbon
O-Rings can succeasiully seal includa: ordinary (light)
waler, haavy water, boiling water, sieam, bormted weter,
carbon dioxide, halium, nitrogen, liquid meais includ-
ing sodium, terpheny) and other phanyl fiuids, and
acids including boric acid.

Flange and Groove Dstails

Fluorocarbon O-Rings do not require expensive groove
preparation and, being flaxibie, are easily instaked. On
preasure vessel head seals, & machined proove is -
quired, the groove diameter being Getarmined by the
iocation of vessel rings 8o that minimum Eft-off exists.

The O-Ring OD must be autficiently large so that upon
compraasion, the ring will sxpand and contact the groove
outer wall. This limits hoop tansion of the ring and pro-
vides & backup that restricts radial outwarc movement
of the ring when the vessei is prassurized. Groove sholild
be sutficiently wide 30 that the O-Ring 1D doss not con-
tact the inside wall when tha ring is compressad. Groove
depth controis the amount of comprassion and the
amount of load required tO seat the ring. Table 1 shows
the amount of tiange load required to saat the asal.

The O-Ring and groove dimensions for intemal anc
external pressure applications may be determined trom
the data on pape 5.

4.5-11

Alioy 718 is the O-Ring matsrial of choice on most nuciear
seating applications. incone! 706 Is also availabie. Alioy
718 used in Fluarocarbon O-Rings is annealed and age
harienad, offers optimum strength anc springback; and
resists chiovides, radiation and comosion. Type 304 stain-
jnsx ateel O-Rings are aisO oftered for applications that
are less critical and where a jess expensive matenat will

suttica.

Both Alioy 718 and Type 304 stainless stee! O-Rings are
available with silver piating ot 004~ — 008" (0, 10 mm—
0, 15 mm) thicknaas. Ring OD can be controlied to 010"
(0,25 mm) tote) tolerance atier silvar piating. The siver
piating assures good adherence and ductility (sofiness)
1o coniorm to groove imegularities. Nicks! plating is .

" recommaendad when sealing sadium.,

O-Ring Fabrication

Fluorocarbon Metallic O-Rings are fabricated by bend-
ing straight meta! tubing into circular or other desired
shapes, The two ends are welced together and the weld
groung fiush.

Where the proposed size of the fabricatad O-Ring
would prohibit shipping, the company offers on-site
welding fabrication that meets the same quality stan-
cards as fabrication performed in our piant.
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Tube and Ring Dimensions

The three most common tube diameters used for
nuclear mpplications are shown below with the rec-
om-aended retgtionship of tube diamster ang yv.ll
thickness to the O-Ring diameter. Other tube diam-

TABLE 4

SLOT or HOLE DIMENSIONS wames (»a:

&

etsrs gre aisc available for nuclear applications. See T- . %
pages 6 and 7. . E w -@-T‘ "%
TABLE 2 ' ' __:g;ub
Thomete: Wl Thiciness 6-Sioy Biamuter - J
raesesron. tandismm dSorbag i : ‘ | s ¥ =00
.3755 a3 Up e 1% ‘ -0
sog 050 120 10 260
2. - —
B25 083 o w _E J75{9.5) SOH12.7) £25015.8)
139 W 315} — 80 013) 063 (1.8)
TABLE 3 S M 375 125) 438011.1)
S [T L T - I L
g 10 144 {3657.6) ] . . ! 428
144 (3657.5) and vb. 12
Suniess OIPETWIsS Specitied
STYLE B STYLEC
i E .
T : e
f‘ ’ - r R o | KI. !
! s
] o i

Retainer Clips

On nuclear pressure vesssl heads, the rings are in-
staliad t0 the underside of the flange on the head.
This requires clips to hold the rings in propar place
and alignment during sssembly of the head to the
vesse!. Siots are provided in the O-Ring to receive
the retaingr clips. in some instances the retainer
clips are weided to the O-Ring. Instead of slots for
ratainer clips, drilled holes with additional self-ener-
gizing holes can be provided. The number of siots

4.5-12
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or holes and thair size varies in relation 10 the ring
and tube diameters {see Tabies 3 and 4). The data
shown assures instaltation without excessive O-Ring
buckling in the groove and without endangering O-
Ring strangth. Ditferent clipping methode are avali-
abla, dapending on vessel design. for both singla and
double ring applications (see drawings above—styles
A,Band C).
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How to Specify O-Rings

Denctes

i Metaliic O-Ring

Tubing OD !

{Thirty-Seconds) |

Wall Thickness
{Thousandths)

l o
2§ 3] 12 gy 03 525
i . ) i }

Type
Materials 8E--Seli-anergizad
1—Alioy T8 7—~Staniess Metallic O-Ring CD on (D
2—Stiniess Steo! 304 {inches) (Thousandths) PF~Pressure filled
Steel 321 B Stainkess - NP—Not sali-
3—Aluminum Stee! 316 energized, not
4-—Copper 8~Swiniass pressure filled
S5=—Alloy 800 Stee! 347 S(')-Sooﬂ g—sm rgized
E=Alloy X750 X~As Specifi
> As hed SX—Selt-enargized
asspec.
Example: j
m“ P
U2312-03625SEA A=Silver .001/.002(0.03/0.05) N—None |

The above sxzmple, UZI12-03825SEA, Indicates
& type 321 stainless sinel O-Ring, $3,° (2.38 mm)
tuts size. Q12 (0.90 mm) wall thicknesz, 3.625°
{92.08 mm) OD, ssit-energized {ID) and ,001-.002°
{0.037/0.05 ram} sliver costing.

B—Silver  _002/.003{0.05/0.08) P—Lead .001/.002(0.03/0,05)
D—Tetion® .001/.009{(0.03/0.08) R-—indium .001/.002 {0.03/0.05)
E-Tefion 003/.004 (0.08/0.10) T~Nickel .0017.002(0.03/0.05)
L-Copper 001/.002{0.03/0.05) v~Gold .0005/.001{0.02/0.03)

X—As Specified

Fluorocarbon Metsllic C-Rings

Fiuorocarbon Metaltic C-Rings (oesignated MCR) are designed
for static seaiing on machinery or equipment and ure available
tor intemal pressure, externa! prassure, or axial pressure
ID/QD applications. Because C-Rings sre designed with an
open side on the pressure sige of the instaliation, the seal is
sali-energizing. Fluorocarbon C-Rings are offerad in round
or irmegular shapes in a broad ranpe Of sizes trom 126
{32 mm) OD x 032" [0,81 mm} tree height 10 over 300" (7620
mm) OD x 2° (50,80 mm) {ree height. They are availabie in a
wide variety of metal alioys and metallic or Tetlon coatings.
Sealing application tempersiure range is from cryogenic to
3.000°F. (1850°C.); pressure tolerances are trom 10** torr to
100000 psi (6804 atm). Where customer reguirements are
inrge, the C-Ring provides the iowest unit prica of any high
pertonmance saial on the markel.

*Yotion s DuPom Regwmred Tracemen.

(© Halicofiex

Components Division Telephone (803) 783-1880
P.O. Box 8889 FAX (803) 7834278
Columbia. South Casoling 28280

4.5-13

FCB290 Prvuss v U.B.A



NAC-STC SAR July 1992
Docket No. 71-9235 Revision 1

452 Blended Polvytetrafluoroethylene (PTFE) O-Rings

This section contains applicable technical data from a typical manufacturer of blended
polytetrafluoroethylene (PTFE) o-rings. The PTFE o-rings used in the NAC-STC port covers are
manufactured from virgin (unreprocessed) polytetrafluoroethylene base material filled with
plastic. One product that satisfies the design requirements is the Fluoroloy K o-ring
manufactured by the Furon Company, which has an operating temperature range of -450°F to
+650°F.

4.5-14
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Seal Jacket Materials
Fluorocarbon Seal Jacket Materials r .-
Fluorocarbon's sasl materiais are Ovar tha years Fluorocarbon has developed " =
compounded and procassad for oppmum over 80 different masesiais for seal use. These X
S POTIONTANCE M A WIOS VANSTY Of S8MINY adgitional cOMEOUNds are svailable shouid they be 3 T
snvironments. The massrials ksied beiow ary raquired in speciti casss, ! in doudt aboit m Ly
buf MOSt COMMONIY FECOMMENKed Coi- setection, contact our Techrucal Service Depart - by
pounas, and are suitabie or most applics- ment for guiiances. 1-800-544-0080 .5 Bl
tons. Mu. : ‘ee
T Hile
e Description Celor Application ] 4%
Excansrt 107 Bt 10 MOGSCE Cynamwc 8nd SIIUC Sevce. Lin- | gape-
01 _ Fluoreioy 0} White nad waar andl el restance. LOW 945 permasbity. Good Ye 19
_ | Virgin PTFE %%:ﬁﬂ.s‘ug;.a -
! Fuoreioy § Nodiad IFTFE with ewiar properties o Fluoroioy Ot sl | *400°
02 Premium PTFE VOUOW, ;g subrsiaraally Improved weer rEssICE, ._.uh. o0
Fuoroloy SL Exveiont guacl et 10F DAL BD WORr TESSINGE. { o0 |
03 Camon/Geaphite Qrey %ﬂ.&igii. T
Filled PTFE Particularly Suitabie for whisr 80 SISHT SATVCS. Prn
| Fluoroioy 06 Tough, Kong wassing, tmad resistant. Siecommandad for g Sl
06 GlassMoly Geuy | PRSI Iauic service. 3isam anc watsr, Caven: Conte | Te )
Fiwed FTFE ADIRSAE TIWING AOMGSS SON MRS &t high Kurtace Spesds. -N0" |
Fioroloy G Extramely tmgh. 100G WHSAng, 1t rrwtsd Pedl and Chemical o390~
08 Propnetaty Goald | Mssiance. PLIOGCUIMY SURDIE 101 ADFasve Ko, Recorm- Yo | .11
! UHMWPE Menaed 101 10N WeBS e UGN sevare condrbons 490° |
Fiuoroioy K Progristary plastic feixiorcad (k) PTFE. Supenor heat and 1o 80°
10 Ekonol Fillsd oty | wedr muszance. Non-srasn. Recommenaed for modersn 0 | ‘e | .15
PTFE figh SDes0 GynETiC SHWCE FURNING apsiast Soft metals ey
Flucroloy 12 Excalent general GUrPOs MaNsiel with gUOC hexl ang weer (007
12 Graphite Fiked Black | resstance. Non-aomsve. Compatoe win al ks | Te | 9
: ! PTFE an maat chemcals. Goad 1 waler snd L [
Fluorogoid . Propnelary Tiber glats filled PTFE with sxcetienl hext. wetr and | o880°
14 Premium Glass wow, be sbrsve gs.uﬁobﬁélisfilﬁ Ts 08 :
Filled PTFE * Excedant malendl 10r BaCk-E NAGL. " BQJ_ '
TheTOOHESC Wi SUDITOF FERILNGS 10 AUCisar TA0RION, But [ €D80° .
23 Fiuoroioy 23 Ciaar | Fmad hedt 300 weat Rsssiance. NOL racommended for geal | Te | .50 .
_ Virgin Teizeid pumase AkTE. an: _
Samear 10 Fioorolay SL MEtngl Bl McTaased Raramess , N
20| coE, || mmm e R e (T o “
| Filled PTFE | tmperstures. Good for back-kp nNgs. monet - | '
Excehont wazt Matetal 107 IORET STRITIUIES, HIFSIUES and :
33| gueer® e e Lo o e S e e [T i,
PTFE agent SN Mmetals. -an W
Fluoroioy 34 ESTOMINc manml with 9ood waar and aDIAsion MESnce, | 300" :
34 Polyester Cream. Dol byvisd chemwcsl and IHMPEMITUA fesistance. Excelien W Te | ke &
Elastomer nycraukc oils 31 witar. Not lecommended f07 Sham. S .m.. __
o T PO T P T T C N P - R
| Gy T -0
1.
Flunrowhite Prop e . \
a9 Proprietay e | et e S e e | T8 g 4!
UHMWP FOA squirements. - (. A
Fisorsloy 55 A high mosulus Matenal with sxoslient Aigh WMEEILY D d o :
55 Virgin Pesk Ten i:ﬁn.guailn.li;ln&. M-oo. o s
BERON 5.4 NONN0 FI0IMENS ot WK Ca. il.ilil!)locl_
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FLUDROCARBON
Devdicany T Excotferer

MECHANICAL SEAL DIVISION
4412 Corporate Center Drive
P.O. Box 520

Los Alamtoes, CA 80720

(213) 584-0841 {744} 995-1818
FAX {714) 761-1270C

TWX 810-341-7672

ta nge withaws notice. €909 The Fruorocaron Campany FCIM67 Prsed i USA
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4.5.3 Expansion Foam

This section contains the manufacturer’s technical bulletin for the material used to allow for the

expansion of the neutron shield as the cask heats up.

4.5-18
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454 Fireblock Protective Coating

This section contains the manufacturer’s technical data for the material used to preclude a lead

melt during fabrication welding or a fire accident.
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5.0 SHIELDING EVALUATION

The NAC-STC uses an optimized multiwall design to provide the most efficient shielding
arrangement possible, and to comply with 10 CFR 71 limits. This chapter provides a description
of the NAC-STC shield design, design basis contents for the shielding evaluation, and the

conservative shielding analyses used to determine the transport dose rates.

The NAC-STC is designed to safely transport spent fuel assemblies in two configurations:
directly loaded and canistered. In the directly loaded configuration, standard PWR fuel
assemblies are placed directly into a fuel basket installed in the cask cavity. In the canistered
configuration, a sealed transportable storage canister loaded with fuel assemblies is placed in an
empty cask cavity with top and bottom spacers. In the directly loaded configuration, the
NAC-STC can transport up to 26 standard PWR fuel assemblies. In the canistered configuration,
the NAC-STC can transport up to 36 Yankee Class fuel assemblies in the Yankee-MPC
configuration or up to 26 Connecticut Yankee fuel assemblies in the CY-MPC configuration.

The design basis fuels for the directly loaded configuration are the Westinghouse 17 x 17 or 15 x
15 PWR fuel assemblies. These fuels bound smaller array Westinghouse, and similar Babcock &
Wilcox, and Combustion Engineering PWR fuel assemblies. The design basis Yankee Class fuel
is the Combustion Engineering, Type A, 16 x 16 PWR fuel assembly. The design basis
Connecticut Yankee fuels are 15 x 15 stainless steel and Zircaloy-clad assemblies.

The NAC-STC can also safely transport Greater Than Class C (GTCC) waste in a canistered
configufation. The Yankee Class GTCC waste, consisting of activated steel, is placed in a
container (see Figure 5.1-4) that is the same size as a Yankee Class fuel assembly. The
Connecticut Yankee GTCC waste, also consisting of activated steel, is also placed in a fuel
assembly-sized can. Up to 24 GTCC containers can be loaded into both the Yankee-MPC and
CY-MPC GTCC canisters.

The NAC-STC is assigned a nominal Transport Index for shielding of 20 (TI = 20) based on the
requirement of 10 CFR 71.4 and the analysis results presented in Section 5.1.4. As shown in
Table 5.1-4, the maximum dose rate at 1 meter from the NAC-STC in normal conditions of
transport is 19.5 mrem per hour. This dose rate is based on the directly loaded design basis fuel.
The actual measured dose rate is expected to be less.
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The shielding evaluation for directly loaded fuel and canistered fuel and GTCC waste
demonstrates compliance with 10 CFR 71 limits. The dose rates for both the canistered Yankee
Class fuel and GTCC waste and Connecticut Yankee Class fuel and GTCC waste are shown to
be significantly less than those for the directly loaded fuel configuration for both normal and

accident conditions.

The shielding evaluation of the directly loaded configuration is performed using the SAS2H
sequence (Hermann, 1990) of the SCALE-4.0 package (SCALE). This sequence uses the
computer code ORIGEN-S (Hermann, 1989) to calculate the source terms. The QAD-CGGP
(QAD-CGGP), XSDRNPM (Greene, 1983), XSDOSE (Bucholz, 1981) and MORSE (West)
computer codes are used to calculate the cask dose rates for normal transport and hypothetical
accident conditions. The shielding analyses show that the dose rates are below regulatory limits.

The shielding evaluation of the Yankee Class canistered fuel and GTCC waste is performed
using SCALE 4.3 for the PC (ORNL, 1995). This code uses SAS2H (Herman, 1995) to calculate
source terms. One-dimensional shielding evaluations were performed using SAS1 (Knight,
1995). The shielding analyses show that the dose rates are well below the regulatory limits stated
in 10 CFR 71 and are well below the dose rates reported for the design basis directly loaded fuel.

The shielding evaluation of the Connecticut Yankee canistered fuel and GTCC waste is
performed using the MCBEND Monte Carlo transport code. Fuel source terms are developed
using the SCALE isotopics sequence SAS2H (Herman, 1995).

Directly Loaded Fuel

As described in Chapter 1 and as shown on the License Drawings in Section 1.3.2, the NAC-STC
directly loaded all-aluminum basket has been modified to incorporate Type 17-4 PH stainless
steel disks and rods as the structural components of the basket. The 26 borated aluminum tubes
have been replaced with fuel tubes manufactured from Type 304 stainless steel sheets encasing
0.075-inch thick BORAL sheets. Twenty 5/8-inch thick aluminum disks are located between the
0.5-inch thick Type 17-4 PH stainless steel support disks to provide improved heat transfer.
Therefore, the overall basket design concept of solid tubes supported by disks is maintained. The
all-aluminum directly loaded basket design and corresponding shielding analysis model
contained 27 aluminum disks. The modified stainless steel/aluminum basket utilizes 33 Type
17-4 PH stainless steel support disks and 20 6061-T651 aluminum heat transfer disks. The
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overall design similarity allows a reasonable comparative analysis to be performed to evaluate
the shielding effectiveness of the original all aluminum and the modified directly loaded basket
designs. The minimum cool time for the design basis PWR fuel assembly has been increased
from 5 years for the all aluminum design, to 6.5 years for the modified basket, which results in
reduced neutron and gamma source terms. The source terms for the longer cooled design basis
fuel assembly are provided in Table 5.1-3. Comparison of 5 and 6.5 years cooled source terms
shows a 15 percent reduction in heat load, approximately 22 percent reduction in fission product
source, a 5 percent reduction in neutron source and a 27 percent reduction in hardware activation
source. All of these reductions in source terms lead to lower dose rates relative to the 5-year

cooled source terms.

Evaluations have been performed to show that the calculated dose rates reported in Tables 5.1-4
through 5.1-6 for the all-aluminum directly loaded basket containing 26 design basis PWR fuel
assemblies cooled for 5 years are representative of, or envelop, the dose rates of the NAC-STC
with the stainless steel/aluminum directly loaded basket containing 26 design basis fuel
assemblies cooled 6.5 years. It should also be noted that the gamma radiation is shielded
primarily by the stainless steel/lead/stainless steel cask body, and the neutron radiation is
shielded primarily by the NS-4-FR neutron shield material located around the cask body and in

the inner lid and cask bottom.

The shielding analysis results for the all-aluminum directly loaded basket models utilized a series
of conservative design bases assumptions to obtain dose rates at the various detector locations.
These original assumptions, which produced conservative dose rate results for the all-aluminum
directly loaded basket model, have been combined with a reduction in the design basis source
term resulting from a longer minimum cooling period (6.5 years). The resulting dose rates for the
modified stainless steel/aluminum directly loaded basket are bounded by those obtained and
presented for the all-aluminum basket. The NAC-STC directly loaded fuel configuration
shielding analysis is based on the following conservative assumptions:

a. The all-aluminum directly loaded basket model dose rates are calculated based on
a burnup of 40,000 MWD/MTU and a cool time of 5 years. The resulting source
terms are higher than those of a fuel assembly that would be loaded in the basket,
which is limited to a decay heat load of 1.0 kilowatt. The neutron and gamma
source terms of the 1.0 kilowatt assembly are lower than those that are used in the
all-aluminum basket shielding analysis.
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b. An axial peaking factor of 1.2 is used in the analyses. A peaking factor of 1.2 is
conservative when compared to the actual peaking factor achieved in PWR power

plant operations of 1.1 or less.

To compare and evaluate the shielding capabilities of the NAC-STC with the steel/aluminum
directly loaded basket model to the all-aluminum directly loaded basket model,
XSDRNPM/XSDOSE and MORSE radial shielding evaluations have been performed for normal
transport conditions for both basket designs. The comparison of the results shows that the dose
rates for the stainless steel/aluminum basket design are bounded by the results previously
reported in Table 5.1-4 for the all-aluminum basket design. Specifically, these calculations show
a 17 percent increase in neutron dose rate, a 31 percent decrease in fuel gamma dose rate and 16
percent decrease in grid (®°Co) dose rate for the new basket design. Overall, the radial midplane
dose rate decreased by 25 percent. Both XSDRNPM and MORSE show consistent results.
Streaming between disks does not appear to significantly increase surface average dose rates or
local dose rates. Thus, the calculated radial dose rates for the all-aluminum directly loaded basket

design are bounding.

As shown in Table 5.1-4, the calculated axial dose rates are very low on the surface of the impact
limiter with the all-aluminum directly loaded basket and 5-year cooled fuel source terms (3.19
mrem/hr). Based on the radial MORSE results, axial dose rates will remain very low with the
stainless steel/aluminum directly loaded basket and source terms based on 6.5 year cooled fuel

source terms.

In the body transition regions above and below the external neutron shield shell, there are no
changes to the cask body shield design. In the upper transition region, the stainless
steel/aluminum directly loaded basket utilizes a stainless steel top weldment as shown on License
Drawing 423-872 in Section 1.3.2. This design includes two 1-inch stainless steel bars and a 0.87
inch stainless steel ring. This top weldment replaces the previous aluminum top plate and
stainless steel basket spacer assembly. The total mass of the stainless steel/aluminum directly
loaded basket is essentially identical to the mass of the all-aluminum directly loaded basket and
fuel/basket spacer assembly. Therefore, the comparative evaluation of the dose rates in the upper
transition region will be dominated by the reduction in the fuel assembly upper hardware gamma
source terms. These source terms have been reduced by approximately 26 percent by the increase
in minimum cooling time of the directly loaded design basis fuel assembly from 5 to 6.5 years.
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This evaluation is also valid for the lower transition where a stainless steel weldment, including

three 1-inch bars, replaces the previous aluminum bottom plate assembly.

It can be concluded that the dose rates reported in Tables 5.1-4 through 5.1-6 for the contact and
2-meter dose rates in the upper and lower transition regions will bound the actual dose rates to be
expected from the stainless steel/aluminum directly loaded basket design containing 26 design

basis fuel assemblies cooled a minimum of 6.5 years.

From the evaluations performed, it can be concluded that the NAC-STC with the stainless
steel/aluminum directly loaded basket containing a full load of design basis fuel assemblies
cooled 6.5 years will have neutron and gamma dose rates that are lower than, or are represented
by, the dose rates reported in Tables 5.1-4 through 5.1-6. Therefore, the changes to this chapter
for the directly loaded basket are limited to those associated with tabulating the revised neutron
and gamma source terms for the longer minimum cooling period specified for the design basis
fuel assembly and comparing these to the source terms utilized to calculate the reported normal

and accident dose rates.

Yankee Class Canistered Fuel and GTCC Waste

The canister containing Yankee Class fuel or GTCC waste is placed in the NAC-STC cavity with
top and bottom spacers. The placement of the canister between the top and bottom spacers
effectively precludes the source regions from streaming through areas above and below the
neutron shield and tapered regions of the lead. In addition to the radial and axial shielding
provided by the cask body and lids, radial and axial shielding is provided by the canister 5/8-inch
shell, the 8 inches of stainless steel from the canister lids and 1 inch of steel from the canister

bottom.

The Yankee-MPC fuel basket is of the same design as the steel/aluminum directly loaded basket
previously described. It has a shorter overall length to accommodate the dimensions of the design
basis Yankee Class fuel, and a smaller diameter to accommodate the inside dimension of the
canister. Consistent with these smaller dimensions, the Yankee-MPC basket also has fewer
support plates and heat transfer disks than the directly loaded basket.

The Yankee-MPC GTCC basket is a simplified tube-and-disk design. The steel tubes holding

the GTCC waste containers are surrounded by a 2.5-inch steel basket support wall and are held in
place by steel support disks. Heat transfer disks are not used.
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Connecticut Yankee Canistered Fuel and GTCC Waste

The canister containing CY fuel or GTCC waste is placed in the NAC-STC cavity with a bottom
spacer. In addition to the radial and axial shielding provided by the cask body and lids, radial
and axial shielding is provided by the canister 5/8-inch shell, the 8 inches of stainless steel from

the canister lids and 1.75 inches of steel from the canister bottom.

The CY-MPC canistered fuel basket is of the same design as the steel/aluminum directly loaded
basket. The basket height is 141.25 inches and has a diameter sized to fit inside the canister,
which has an outer diameter of 70.64 inches. The CY-MPC canister has 27 aluminum heat
transfer disks and 28 stainless steel support disks.

The CY-MPC GTCC basket is a simplified tube-and-disk design. The steel tubes holding the

GTCC waste containers are surrounded by a 2.25-inch octagonal steel basket support wall, which

is held in place by steel support disks. Heat transfer disks are not used.
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5.1 Discussion and Results

The radiation protection provided by the NAC-STC is in the form of solid multi-walled shielding
materials, which totally surround the fuel. These shielding materials include steel and lead for
gamma shielding and a borated polymer (NS-4-FR) for neutron shielding. The multi-walled
arrangement of steel and lead in the NAC-STC provides optimal weight for gamma attenuation.
The NS-4-FR neutron shielding material has a hydrogen density close to that of water and serves
to moderate fast neutrons which are then captured in the boron. Boron capture in the neutron

shield minimizes the contribution of secondary capture gammas to surface dose rates.

The NAC-STC uses a multi-walled arrangement for both radial and axial shields. The
arrangement of the radial gamma shielding in the cask body is a 1.5-inch thick stainless steel
inner shell and a 2.65-inch thick stainless steel outer shell with a 3.70-inch thick lead filled
annulus between them. The radial neutron shield is arranged around the outer steel shell with a
5.5-inch thick NS-4-FR layer which is covered by a 0.25-inch (6 mm) thick neutron shield shell.
The bottom of the cask contains a steel/NS-4-FR/steel shield arrangement with the two stainless
steel components providing 11.65 inches of gamma shielding and 2 inches of NS-4-FR neutron
shielding. The top of the cask has shields in the form of two closure lids. The inner lid also has a
steel/NS-4-FR/steel arrangement with 6.0 inches of steel below 2 inches of NS-4-FR and 1.0 inch
of steel above it. The outer lid is a 5.25-inch thick steel disk.

5.1.1 Design Criteria

The shie'lding design criteria for the NAC-STC meets the requirements of 10 CFR 71 and IAEA
Safety Standard Series No. ST-1. For normal conditions, the dose rate limits specified in 10 CFR
71.47 and paragraph 572 of IAEA Safety Standard Series No. ST-1 for consignments under
exclusive use are: 1,000 mrem/hour on the surface of the enclosed package, 200 mrem/hour on
the outer surfaces of transport vehicle and 10 mrem/hour at 2 meters from the vertical planes
represented by the outer lateral surfaces of the transport vehicle. The design objective for the
NAC-STC limits the radial surface dose rate to 50 mrem/hour. This design objective has been
achieved at all radial surfaces, except at the port covers and at small areas near the top and
bottom of the neutron shield. The surface dose rates at all locations except the port covers are
less than 200 mrem/hour. The dose rate at the personnel barrier, which is the accessible surface
of the package, adjacent to the port cover region, is significantly less than 200 mrem/hr. The 10
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mrem/hour criterion has also been met at all locations 2 meters from the railcar. Under
hypothetical accident conditions, 10 CFR 71.51 and IAEA Safety Standard Series No. ST-1
paragraph 656 specifies a dose rate limit of 1,000 mrem/hour at 1 meter from the surface of the

cask. This criterion has also been met at all locations.

The accessible surface of the package is defined as a personnel barrier that will be on the same
plane as the outer radial surface of the top half of the impact limiters. The personnel barrier will
attach to the edge of the railcar between the impact limiters. The personnel barrier location is
shown in NAC Drawing 423-901 (Section 1.3.2).

5.1.2 Design Basis Fuel

The NAC-STC has two configurations for transport of design basis fuel: directly loaded and
canistered. The design basis fuel for the directly loaded configuration is described in Section
5.1.2.1. There are two canister configurations. The Yankee-MPC for Yankee Class fuel and
GTCC waste and the CY-MPC for Connecticut Yankee Class fuel and GTCC waste. The design
basis fuels for shielding for these configurations are described in Sections 5.1.2.2 and 5.1.2.3,

respectively.

5.1.2.1 Design Basis Directly Loaded Fuel

The NAC-STC can transport up to 26 directly loaded, intact PWR fuel assemblies with a burnup
of 40,000 MWD/MTU and 6.5 years cooling. The design basis directly loaded fuel for the
shielding evaluation is the Westinghouse 17 x 17 PWR assembly with an initial minimum
enrichment of 3.7 wt % 2>°U, a uranium mass of 469 kilograms, a burnup of 40,000 MWD/MTU
and 5.0 years cooling time. The source terms for this Westinghouse 17 x 17 PWR assembly are
higher than the other Westinghouse PWR assemblies, the Combustion Engineering and the
Babcock & Wilcox fuel assemblies to be shipped in the NAC-STC. The design basis fuel
characteristics are given in Table 5.1-1. The design basis fuel physical parameters are presented
in Table 5.1-2. A sketch of the design basis fuel assembly is shown in Figure 5.1-2.

For fuel assemblies with a burnup of 40,000 MWD/MTU, the fuel requires a minimum of 5 years
of cooling after discharge to meet the neutron and gamma source, and the decay heat limits
specified in Table 5.1-3. Table 5.1-3 also contains the source terms for the design basis fuel with
a burnup of 40,000 MWD/MTU and a 6.5-year cool time. This shows that the directly loaded
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fuel shielding design basis fuel bounds the fuel with 6.5 years cooling. Fuel assemblies with
burnups of 45,000 MWD/MTU and 10 years cooling time can also be accommodated in the
NAC-STC. The source characteristics of this fuel are also given in Table 5.1-3. These source
terms were calculated for an initial enrichment of 4.0 wt % 235U, the minimum expected value of
enrichment that will achieve a burnup of 45,000 MWD/MTU.

5.1.2.2 Desien Basis Yankee Class Canistered Fuel and GTCC Waste

The design basis fuel for the Yankee Class canistered configuration for shielding purposes is the
Combustion Engineering (CE), Type A, 16 x 16 PWR assembly with an initial enrichment of 3.7
wt % 233U, a uranium mass of 239.4 kilograms, a burnup of 36,000 MWD/MTU and 8.0-year
cooling time. To meet maximum cask decay heat limits, an 8.1-year cool time is required. The
8.0-year cooled source terms are conservatively used as the shielding design basis. The dose rates
resulting from this assembly are higher than those of the other Yankee Class fuels: CE Type B,
Westinghouse, Exxon, and United Nuclear Type A and B fuel assemblies. The design basis
Yankee Class fuel characteristics are given in Table 5.1-1. The design basis Yankee Class fuel
physical parameters are presented in Table 5.1-2. The design basis canister fuel assembly source
terms are presented in Table 5.1-3, and a sketch of the fuel assembly is shown in Figure 5.1-3.

Source terms and dose rate evaluations concluded that for the Westinghouse, United Nuclear,
and CE Yankee Class fuel assemblies at 32,000 MWD/MTU require minimum cooling times of
19, 11 and 7 years, respectively. The minimum enrichments for these assemblies are 4.94, 4.0
and 3.5 wt % U, respectively. Exxon fuel, with a burnup of 36,000 MWD/MTU and a
minimum initial enrichment of 3.5 wt % ***U, requires a minimum cooling time of 16 years for
assemblies containing steel hardware in the active fuel region, and 9 years for assemblies with
Zircaloy hardware. Combustion Engineering fuel with an initial enrichment of 3.5 wt % U is
limited to 15,000 MWD/MTU at 6.8 years cooling time.

The NAC-STC can also safely transport Yankee GTCC waste. The GTCC waste, consisting of
activated steel, is placed in a container (see License Drawing 455-888 and Figure 5.1-4) that is
the same size as a Yankee Class fuel assembly. Up to 24 GTCC containers can be loaded into
the GTCC canister basket. The GTCC canister is loaded in the NAC-STC for transport.

The design basis gamma source for the Yankee GTCC waste is determined from dose rate
measurements and chemical assay of the GTCC waste. This gamma source is primarily due to
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the activation of the core baffle from 30 years of neutron flux exposure and to a lesser extent
from surface contamination. The design basis source term for the GTCC waste canister is
9.493 x 10" photon/s, which is equivalent to 125,000 curies of ®®Co. The design basis thermal
output is 1.93 kW.

The transportable storage canister may contain one or more Reconfigured Fuel Assemblies. The
Reconfigured Fuel Assembly is designed to confine Yankee Class spent fuel rods, or portions
thereof, which have been classified as failed. Each assembly can accommodate up to a total of
64 fuel pins. Due to the low number of pins, the reconfigured assembly fuel mass is significantly
less than the fuel mass contained in the design basis assemblies described in this section and in
Section 5.1.2.1. Because source term (neutron and gamma) is directly proportional to fuel mass,
for a given burnup, the reconfigured assembly source term is bounded by that of the design basis
Yankee Class fuel assemblies. The lower source term of the 64-rod reconfigured assembly more
than offsets any reduced self shielding associated with its lower mass. In addition, each
Reconfigured Fuel Assembly fuel rod is placed within a steel enveloping rod. Consequently, a
rigorous shielding analysis is not required for the Reconfigured Fuel Assembly.

5.1.23 Design Basis Connecticut Yankee Canistered Fuel and GTCC Waste

The design basis Connecticut Yankee (CY) fuels for the shielding evaluation are stainless steel
and Zircaloy clad 15 x 15 assemblies. The stainless steel clad assemblies have a maximum
burnup of 38,000 MWD/MTU and a minimum of 10-year cool time. The Zircaloy clad
assemblies have a maximum burnup of 43,000 MWD/MTU and a minimum of 10-year cool
time. The characteristics of the Connecticut Yankee fuel assemblies are presented in Table 5.1-1
and the stainless steel and Zircaloy fuel physical parameters are presented in Table 5.1-2. The
fuel assembly source terms are presented in Table 5.1-3. The source regions of the fuel

assemblies are shown in Figure 5.1-5.

The NAC-STC can also safely transport Connecticut Yankee GTCC waste. The GTCC waste,
consisting of activated steel, is placed in a fuel assembly sized can. Up to 24 GTCC containers
can be loaded into the CY-MPC GTCC basket. The CY-MPC GTCC canister is loaded in the
NAC-STC cask for transport.
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The design basis gamma source for CY GTCC waste is due to the activation of the core baffle
during the lifetime of core operation. The design basis source term for the CY-MPC canister is
based on 2.77 x 10° curies of ®°Co. The design basis thermal output is 3.02 kW.

The CY-MPC may contain up to four reconfigured fuel assemblies positioned in the oversized
corner locations in the basket. The CY-MPC reconfigured fuel assembly is designed to confine
individual spent fuel rods or portions thereof, within individual stainless steel tubes. Each
CY-MPC reconfigured fuel assembly can accommodate up to 100 rods in a 10 x 10 lattice, which
is significantly less than the number of fuel rods in an intact assembly. Because the source term
(neutron and gamma) is directly proportional to fuel mass, for a given burnup and enrichment,
the source term produced by the fuel rods within the CY-MPC reconfigured assembly is bounded
by that of a design basis fuel assembly. Consequently, a rigorous shielding analysis is not
required for the CY-MPC reconfigured fuel assemblies.

The CY-MPC may also contain up to four damaged fuel cans positioned in the oversized corner
locations of the basket. The CY-MPC damaged fuel can is designed to contain a complete
Connecticut Yankee fuel assembly. As such, the shielding analysis conservatively assumes that
no damaged fuel cans are present in the canister, as the additional shielding provided by the wall
of the can would serve to reduce external dose rates. The effect of damaged fuel migrating into

the void space in the upper and lower assembly hardware regions is evaluated explicitly.

5.1.3 Shielding Materials

The shielding materials are selected and arranged to minimize cask weight while maintaining
overall shield effectiveness. Lead and steel are chosen as effective gamma radiation shields, and
NS-4-FR is provided to efficiently moderate and absorb the neutron radiation, while minimizing

the generation of secondary gamma radiation.
5.14 Results

For both the directly loaded and the canistered transport configurations, this Section
demonstrates that the NAC-STC satisfies the regulatory criteria of 10 CFR 71.47 and paragraph
572 of IAEA Safety Standard Series No. ST-1 under normal transport conditions; and
10 CFR 71.51(a) and paragraph 656 of IAEA Safety Standard Series No. ST-1 for hypothetical
accident conditions. Specifically, for an exclusive use shipment in an enclosed transport vehicle,
the dose rates remain less than 1,000 mrem/hour on the surface of the package, less than 200
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mrem/hour at all locations on the surface of the personnel barrier and less than 10 mrem/hour at
all locations 2 meters from the edge of the railcar (any point 2 meters from the vertical planes
projected from the outer edges of the conveyance). Also, under hypothetical accident conditions,
the dose rate is less than 1,000 mrem/hr at 1-meter from the surface of the package. Therefore,
the NAC-STC satisfies the shielding criteria of 10 CFR 71 and JAEA Safety Standard Series No.
ST-1.

5.14.1 Results of the Shielding Evaluation for Directly Loaded Fuel

The total neutron and gamma dose rates calculated for the normal transport conditions are shown
in Table 5.1-4. The detector locations are shown in Figure 5.1-1. The design objective of
50 mrem/hour is achieved everywhere, except at the port covers and at small areas above and
below the neutron shield. However, these dose rates do not exceed the regulatory limit for a
closed transport vehicle of 1,000 mrem/hour at the surface of the package. The dose rates at 2
meters from the railcar are also shown in Table 5.1-4 with detector locations indicated on Figure
5.1-1. The dose rates at 2 meters from the railcar comply with the 10 mrem/hour regulatory

limit.

The calculated dose rates for the 45,000 MWD/MTU, 10-year cooled fuel assembly are lower
than those for the 40,000 MWD/MTU, 5-year cooled fuel for all the locations in Table 5.1-4 with
the exception of location 10a (dose rate of 69 mremv/hr). This dose rate is within the surface dose
rate limit of 200 mrem/hour.

Table 5.1-5 provides accident dose rates that could occur in the event of the loss of the neutron
shield. The increased dose rates result from the total removal of NS-4-FR neutron shielding
material from the radial and axial neutron shield regions. Although the neutron shield material
exceeds its safe operating temperature limits in the fire accident, a complete loss of neutron
shielding is not credible for the NAC-STC. Some of the neutron shielding capability may be
lost, however, as a result of the fire accident. Therefore, the shielding calculations conservatively
assume a complete loss of neutron shielding.

In the event of a cask end drop, it is possible for the lead gamma shielding to slump and fill the

annular gap (if one exists) created by the cooling of the lead after fabrication. For worst case
conditions, this accident could create a 1.73-inch gap at the top of the lead annulus. The major
radiation concern in this event is radiation from the activated end-fittings. Therefore, only the
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dose rates from the end-fittings were analyzed. If the cask is subject to a side drop, the lead
gamma shielding could slump and create a void on the upper side of the cask. An evaluation of
this accident shows the lead thickness may be reduced by a maximum of 0.88 inch. The dose
rates for the lead slump accidents are shown in Table 5.1-6 (Section 2.7.1.5 contains details of
the analyses). The dose rates presented in Tables 5.1-5 and 5.1-6 show that neither the loss of the
neutron shielding nor the slumping of the lead will result in a dose rate that exceeds the
hypothetical acéident dose rate limit of 1,000 mrem/hour at 1 meter from the cask surface.

Comparison analyses have been performed using the XSDRNPM and MORSE computer codes
to verify that the dose rates reported for the all-aluminum basket model with 5-year cooled fuel in
Tables 5.1-4 through 5.1-6 will bound the dose rates that would result from the stainless
steel/aluminum basket modification and the reduced source terms that accompany the increase in

the design basis minimum cool time from 5 to 6.5 years.

The cask surface normal transport and hypothetical accident condition dose rates calculated at the
fuel midplane include: (1) neutrons and gammas originating from the fuel; (2) neutrons from
subcritical multiplication; (3) secondary gammas resulting from neutron capture in the neutron
shield and (4) gammas from %Co in the grid spacers. All other dose locations also include the

contribution from the *°Co in the end-fittings and plenum springs.

The maximum normal conditions surface dose rate at the cask radial midplane is 40 mrem/hour.
The highest dose rate, occurring on the surface of the cask at the radial port covers, is 341.59
mrem/hour (location 9a). All cask surface dose rates are much less than 1,000 mrem/hour. As
shown in Table 5.1-4, location 9b, the dose rate is much less than 200 mrem/hour at the
personnel ‘barrier adjacent to the upper forging port covers. Ducting of neutrons through the
copper/stainless steel fins is considered in Section 5.4.4. The results of the ducting evaluation
show that this phenomenon has a very small effect on the cask dose rates at the surface, and at 1
meter from the surface. The effect is to reduce the total dose rates because the neutron dose rate
increase resulting from the ducting is offset by the reduction of the gamma dose rate resulting
from the additional shielding provided by the fins.

Therefore, the NAC-STC fulfills the design criteria of Chapter 1 in that under normal transport
conditions, the maximum dose rates are less than 1,000 mrem/hour on the surface of the package,
less than 200 mrem/hour at all locations at the surface of the personnel barrier, and less than 10
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mrem/hour at all locations 2 meters from the personnel barrier. The cask also satisfies the

hypothetical accident criteria of 1,000 mrem/hour at 1 meter from the cask surface.

5.1.4.2 Shielding Evaluation for Yankee Class Canistered Fuel and GTCC Waste

A 1-D radial and axial shielding analysis was performed for both the canistered Yankee Class
fuel and GTCC waste under normal and hypothetical accident conditions. The dose rates for
canistered fuel (Combustion Engineering, 36,000 MWD/MTU, 8-year cooled) are provided in
Tables 5.1-7 and 5.1-8. These dose rates are provided in Tables 5.1-9 and 5.1-10 for the GTCC
waste. Under normal conditions, the canister is positioned in the cavity with top and bottom
spacers, and the impact limiters are in place on the cask. Under accident conditions (i.e., 30-foot
drop and fire accident), the radial midplane results assume loss of neutron shielding. A complete
loss of neutron shielding is not credible for the NAC-STC. However, because of the elevated fire
accident temperatures, the neutron shields exceed their safe operating limits and some neutron
shielding capability 'may be lost. Also, in the axial models, it is assumed that the cavity spacers
are crushed, the impact limiters are lost, and the canister is positioned at either the top or the
bottom of the cavity.

The maximum calculated dose at the surface of the cask centerline when loaded with canistered
Yankee Class fuel under normal conditions is 10.25 mrem/hour. This is also much less than the
42.77 mrem/hour for the same location with the directly loaded design basis fuel in the cask. In
the accident condition involving loss of neutron shielding and lead slump, a maximum dose rate
of 262.76 mrem/hour is calculated at 1 meter from the radial midplane of the NAC-STC. This is
also much less than the directly loaded design basis fuel accident dose rates shown in Table 5.1-5

and is well below 10 CFR 71 regulatory limits.

The maximum calculated dose at the surface of the cask centerline when loaded with GTCC
waste under normal conditions of transport is 7.03 mrem/hour. This is much less than the 42.77
mrem/hour for the same location with the directly loaded design basis fuel in the cask (Table
5.1-4). In the accident condition, a maximum dose rate of 55.77 mrem/hour is calculated at 1
meter from the radial surface of the NAC-STC. This is also much less than the directly loaded
design basis fuel accident dose rates shown in Table 5.1-5 and is well below 10 CFR 71

regulatory limits.
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5.143 Shielding Evaluation for Connecticut Yankee Class Fuel and GTCC Waste

A three-dimensional radial and axial shielding analysis was performed for both the Connecticut
Yankee fuel and GTCC waste under normal and hypothetical accident conditions. The dose rates
for canistered fuel (stainless steel clad, 38,000 MWD/MTU, 10-year cooled and Zircaloy clad,
43,000 MWD/MTU, 10-year cooled) are provided in Tables 5.1-11 through 5.1-14. The dose
rates for the GTCC waste are provided in Tables 5.1-15 and 5.1-16.

Under normal conditions, the canister is positioned in the canister cavity with a bottom spacer
and the impact limiters are in place on the cask. Under accident conditions (i.e., 30-foot drop
and fire accident), the NAC-STC is modeled without a radial neutron shield and without the
impact limiters. A combined slump of the lead shielding is assumed to be present radially and at
both the top and bottom axial locations. Spacer deformation does not occur and is not modeled.

The maximum calculated dose at the radial surface of the cask with CY-MPC fuel under normal
conditions is 49.1 mrem/hr. In the accident condition involving loss of neutron shielding, a
maximum dose rate of 369 mrem/hr is calculated at 1 meter from the radial midplane of the
NAC-STC. This is also much less than the directly loaded design basis fuel accident dose rates
shown in Table 5.1-5 and is well below 10 CFR 71 regulatory limits. Locations of the maximum

dose rates are documented in Section 5.4.1.

The maximum calculated dose at the radial surface of the cask when loaded with CY-MPC
GTCC waste under normal conditions of transport is 4.2 mrem/hr. This is much less than the 43
mrem/hr at the cask centerline with the directly loaded design basis fuel in the cask (Table 5.1-4).
In the accident condition, a maximum dose rate of 24.4 mrem/hr is calculated at 1 meter from the
radial surface of the NAC-STC. This is also much less than the directly loaded design basis fire
accident dose rates shown in Table 5.1-5 and is well below 10 CFR 71 regulatory limits.

Locations of the maximum dose rates are documented in Section 5.4.1.
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Figure 5.1-1 Detector Locations for One-Dimensional Directly Loaded and Yankee Class Fuel
Shielding Analyses
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Figure 5.1-2 Design Basis Directly Loaded PWR Fuel Assembly
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Figure 5.1-3 Design Basis Yankee Class Combustion Engineering Fuel Assembly

FIGURE WITHHELD AS SENSITIVE
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Figure 5.1-4  Yankee GTCC Waste Container
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UNCLASSIFIED INFORMATION

5.1-13



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-O0A

Figure 5.1-5 Connecticut Yankee Design Basis Fuel Assembly Source Regions and Elevations
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Table 5.1-1  Type, Form, Quantity and Potential Sources of the Fuel Used for Design Basis
Directly Loaded and Canistered Fuel

Design Basis Directly Loaded Fuel Design Basis Yankee Class Canistered Fuel
Fuel Typeand | ¢ PWR, Westinghouse 17 x 17 or e Yankee Class PWR Combustion
Parameters 15x 15 Engineering, 16 x 16 Type A
e 469 kg maximum uranium mass e 2394 kg maximum uranium mass
e 3.7 wt % initial U enrichment' e 3.7 wt % initial 2°U enrichment®

e 40,000 MWD/MTU maximum burnup® | ¢ 36,000 MWD/MTU maximum burnup*
e 0.85 kW per assembly maximum decay | ®  0.347 kW per assembly maximum decay

heat, 22.1 kW per cask for 26 heat, 12.5 kW per cask for 36 assemblies
assemblies
e 6.5 years (or more) decay time after e 8.1 years (or more) decay time after reactor

reactor discharge’ discharge®

Fuel form Intact assemblies Intact assemblies

Quantity 26 design basis fuel assemblies 36 design basis fuel assemblies

Heat Load 22.1 kilowatts, thermal per cask 12.5 kilowatts, thermal per cask

Sources of Commercial PWR nuclear power reactors Commercial Yankee Class nuclear power

Fuel reactors

1. 3.7 wt % *°U was used for the 40,000 MWD/MTU fuel assembly shielding source terms because it yields higher source terms
than the 4.2 wt % ***U used in the criticality analysis. A minimum initial enrichment of 3.7 wt % 35y is expected to be
necessary to achieve a burnup of 40,000 MWD/MTU.

2. Fuel assemblies with burnups as high as 45,000 MWD/MTU, cool times of 10 years and an initial enrichment of 3.9 wt %
350 can also be accommodated in the NAC-STC. A minimum initial enrichment of 4.0 wt % U is expected to be
necessary to achieve a burnup of 45,000 MWD/MTU.

3. 3.7 wt % 25U is used for the 36,000 MWD/MTU fuel assembly shielding source terms. It yields higher source terms than the
3.9 wt % U used in the criticality analysis.

4. Yankee Class Westinghouse, United Nuclear and Combustion Engineering (3.5 wt % 235U) fuel assemblies with burnups up to
32,000 MWD/MTU require minimum cool times of 19, 11 and 7 years, respectively. Exxon assemblies with burnups up to
36,000 MWD/MTU require a minimum cool time of 16 years for assemblies containing steel hardware in the active fuel
region and 9 years for assemblies with Zircaloy hardware.
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Table 5.1-1

Type, Form, Quantity and Potential Sources of the Fuel Used for Design Basis
Directly Loaded and Canistered Fuel (Continued)

Design Basis Stainless Steel Clad Connecticut
Yankee Canistered Fuel

Design Basis Zircaloy Clad Connecticut
Yankee Canistered Fuel

Fuel Type and

e Connecticut Yankee 15 x 15 Stainless Steel

Connecticut Yankee 15 x 15 Zircaloy Clad

Parameters Clad
e 431.7 kg maximum uranium mass e 395.2 kg maximum uranium mass
e 3.65 wt % maximum initial 2°U enrichment | ®  3.59 wt % maximum initial ***U enrichment
s 38,000 MWD/MTU maximum burnup e 43,000 MWD/MTU maximum burnup
e 0.599 kW per assembly maximum decay o 0.628 kW per assembly maximum decay
heat, 15.6 kW per cask for 26 assemblies heat, 16.3 kW per cask for 26 assemblies
e 10 years decay time after reactor discharge | ® 10 years decay time after reactor discharge
Fuel form Intact or damaged assemblies Intact or damaged assemblies
Quantity 26 design basis fuel assemblies 26 design basis fuel assemblies
Heat Load 15.6 kilowatts, thermal per cask 16.3 kilowatts, thermal per cask
Sources of Connecticut Yankee Haddam Neck nuclear Connecticut Yankee Haddam Neck nuclear
Fuel reactor reactor
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Table 5.1-2  Design Basis Directly Loaded and Canistered Fuel - Physical Parameters
Canistered Fuel
CY Stainless CY Zircaloy
PARAMETER Directly Loaded Fuel Yankee Class Steel Clad Clad
Assembly Rod Array 15x 15 17x 17 16x 16 15x 15 15x 15
Assembly Weight, Ib 1,440 1,467 776 1,500 1,380
Assembly Length, in 160 160 111.79 137.1 137.1
Active Fuel Length, in 144 144 91 121.8 121.1
No. of Fuel Rods 264 204 264 231 204 204
Rod Pitch, in 0.563 0.496 0.472 0.563 0.563
Cladding Material Zircaloy-4 Zircaloy-4 Zircaloy-4 Stainless Steel Zircaloy-4
Rod Diameter, in 0.422 0.374 0.365 0.422 0.424
Cladding Thickness, in 0.0243 0.0225 0.024 0.0165 0.025
Pellet Diameter, in 0.3659 0.3225 0.3105 0.3835 0.3680
Pellet Material UQO; (sintered) UQO; (sintered) UQO; (sintered) UQO, (sintered) UO; (sintered)
Maximum Fuel Rod Pressure, psig 500 500 315 475 475
Theoretical Density, percent 95 95 95 95 95
Maximum Initial Enrichment, wt % U*® 4.2’ 4.2 3.9° 4.01° 4.60°
Design Basis Burnup, MWD/MTU 40,000 40,000 36,000 38,000 43,000
Weight of U, kg (typical) 459.1° 461.4° 239.4 4212 386.7
Weight of UO,, kg (typical) 520.7 523.4 271.6 477.8 438.7
Upper End-Fitting, kg/assembly 6.8 6.9 5.5 11.24 11.84
Lower End-Fitting, kg/assembly 5.7 5.9 5.18 8.85 5.44
Upper Plenum Springs, kg/assembly 3.8 342 0.762 A B
Upper Plenum Grid, kg/assembly 5.7 6.3 0.590 3.879* 5.137*
Lower Plenum Grid, kg/assembly NA NA NA NA NA

1 The design basis fuel is the Westinghouse 17 x 17 assembly with the exception of the grid spacers and plenum springs, which use the bounding values of
the Westinghouse 15 x 15 assembly.

A bounding value of 469 kg is used for the total mass of Uranium.

An initial enrichment of 3.7 wt % *°U is used in source term generation to maximize the neutron source.

Upper plenum spring and grid hardware mass is combined.

Initial enrichments of 3.65 wt % 235U and 3.59 wt % 235U for stainless steel and Zircaloy clad fuels, respectively, to maximize the neutron sources.

bW
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Table 5.1-3  Nuclear and Thermal Parameters of the Design Basis Fuels and GTCC Waste
Yankee Class Yankee CY Stainless CY Zircaloy | CY GTCC

Configuration Directly Loaded Fuel Fuel GTCC Waste' | Steel Clad Fuel Clad Fuel Waste
No. of Fuel Assemblies 26 26 26 36 24 26 26 24

or Containers

Burnup, MWD/MTU 40,000 40,000 45,000 36,000 N/A 38,000 43,000 N/A
Cooling Time, years 5 6.5 10° 8 N/A 10 10 10
Decay Heat, kW 26 22.1 20.3 12.5 2.5 15.6 16.3 1.8
Gamma Source, MeV/s | 6.867 x 10" | 5385x 10" | 4397 x 10" | 2.856x 10" 1.16 x 10"

photons/s 1.853x 107 | 1.171x 107 | 0241 x 107 | 6.423x 10'C 9.493 x 10" 7.712 x 10" 8.002 x 10" | 1.025x 10"
Neutron Source, 4.898 x 10° | 4.631x10° | 6.848x 10° 2.415x 10° N/A 3.689 x 10° 5.348 x 10° N/A
neutrons/s

Core Grids, photons/s’ 1516 x 10” | 1.113x 10° | 8.978 x 10" 0.0 N/A 3.879 x 10° 1.974 x 10" N/A
Upper end-fitting 1.297 x 10" [ 9.544 x 10" | 7.683x 10" | 8.330x 10" N/A 1.018 x 10" 1.204 x 10" N/A
%Co Source, photons/s’
Lower end-fitting 2.223x 10" | 1.632x 10" | 1.316 x 10" | 7.876 x 10" N/A 9.926 x 10" 5532 x 10" N/A
%Co Source, photons/s’

Upper Plenum Hardware | 1.831x 10" | 1.344x 10" | 1.084 x 10" | 2.309 x 10" N/A 8.937 x 10" 1.045 x 10" N/A
%Co Source, photons/s5
Lower Plenum NA NA NA 5.242 x 107 N/A N/A N/A N/A

%Co Source, photons/s

W W -

Includes depleted Sb-Be source vanes and core baffle steel.
Shielding désign basis cool time.
Licensing design basi3 cool time.
CY hardware sources include steel guide tubes for Zircaloy clad fuel and steel guide tubes and steel clad for stainless steel clad fuel.
CY upper end-fitting, lower end-fitting, and upper plenum source strengths are total sources, not %Co sources.
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Table 5.1-4  Combined Directly Loaded Fuel Dose Rates for Normal Conditions of Transport
Normal Dose Rate
Location Detector 1.D. Radiation (mrem/hr)
Radial Surface, fuel 1 Neutron 6.58
midplane” Fuel Gamma 29.15
Grid Spacer Gamma _7.04
TOTAL 4277
Radial, 1m from cask 2 Neutron 2.67
surface, fuel Fuel Gamma 13.53
midp]ane* Grid Spacer Gamma 328
TOTAL 19.48
Radial, 2m from 3 Neutron 1.20
transport vehicle, fuel Fuel Gamma 5.43
midplane” Grid Spacer Gamma 1.33
TOTAL 7.96
Bottom impact limiter 4 Neutron 0.01
surface, axial Fuel Gamma 0.94
centerline Grid Spacer Gamma 0.15
End-Fitting Gamma 2.09
TOTAL 3.19
Bottom, 2m from 5 Neutron 0.003
surface of impact Fuel Gamma 0.37
limiter, axial Grid Spacer Gamma 0.06
centerline End-Fitting Gamma 0.82
1.25

TOTAL

Note: Dose rates are based on 26 PWR assemblies, 40,000 MWD/MTU, 5-year cool time.

* A neutron peaking factor of (1.2)*% = 2.15 is applied to the detector locations at or near the radial midplane of

the fuel region.
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Table 5.1-4  Combined Directly Loaded Fuel Dose Rates for Normal Conditions of Transport
(continued)
Normal Dose Rate

Location Detector LD. Radiation (mrem/hr)
Top impact limiter 6 Neutron 0.003
surface, axial centerline Fuel Gamma 0.11
Grid Spacer Gamma 0.009
End-Fitting Gamma 0.23
Plenum Spring Gamma 0.13
TOTAL 0.48
Top, 2m from surface of 7 Neutron 0.001
impact limiter, axial Fuel Gamma 0.04
centerline Grid Space Gamma 0.003
End-Fitting Gamma 0.05
Plenum Spring Gamma 0.09
TOTAL 0.18
Top end fitting 8 Neutron 0.63
midplane, radial surface Fuel Gamma 2.07
Grid Spacer Gamma 0.89
End-Fitting Gamma 5.86
Plenum Spring Gamma - 9.77
TOTAL 19.22
Radial surface, above 9 Neutron 97.62
the neutron and gamma Fuel Gamma 1.36
shields Grid Spacer Gamma 0.20
End-Fitting Gamma 17.76
Plenum Spring Gamma 79.24
TOTAL 196.18
Surface of the interlid 9a Neutron 75.84
and pressure port covers Fuel Gamma 0.17
Grid Spacer Gamma 0.19
End-Fitting Gamma 258.03
Plenum Spring Gamma _71.36
TOTAL 341.59

Note: Dose rates are based on 26 PWR assemblies, 40,000 MWD/MTU, 5-year cool time.
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Table 5.1-4  Combined Directly Loaded Fuel Dose Rates for Normal Conditions of Transport
(continued)
Normal Dose Rate
Location Detector 1.D. Radiation (mrem/hr)
Surface of personnel 9b Neutron 14.76
barrier (32 cm from port Fuel Gamma 1.87
cover surfaces) at Grid Spacer Gamma 0.40
interlid and pressure port End-Fitting Gamma 2232
covers Plenum Spring Gamma 4.48
TOTAL 43.83
Radial surface, midplane 10 Neutron 9.27
of the bottom end- Fuel Gamma 3.02
fittings Grid Spacer Gamma 1.04
End-Fitting Gamma _5.86
TOTAL 19.19
Radial surface above 10a Neutron 48.93
rotation trunnion recess Fuel Gamma 0.64
Grid Spacer Gamma 0.18
End-Fitting Gamma _0.15
TOTAL 49.90
Radial, above the 11 Neutron 1.02
neutron and gamma Fuel Gamma 2.64
shields, 2m from the Grid Spacer Gamma 0.57
transport vehicle End-Fitting Gamma 0.77
Plenum Spring Gamma _0.69
TOTAL 5.69
Radial, below the 12 Neutron 0.52
neutron and gamma Fuel Gamma 2.07
shields, 2m from the Grid Spacer Gamma 0.60
transport vehicle End-Fitting Gamma _0.36
TOTAL 3.55

Note: Dose rates are based on 26 PWR assemblies, 40,000 MWD/MTU, 5-year cool time.

5.1-21




NAC-STC SAR
Docket No. 71-9235

August 2000
Revision STC-00A

Table 5.1-5 Combined Directly Loaded Fuel Dose Rates for Hypothetical Accident —
Conditions-Loss of Neutron Shielding
Normal Dose Rate
Location Detector 1.D. Radiation (mrem/hr)
Radial, 1m from cask 2a Neutron 485.74
surface, fuel midplane, Fuel Gamma 37.33
without neutron shield'? Grid Spacer Gamma _10.49
TOTAL 533.56
Bottom, 1m from cask 4 Neutron 112.30
surface, axial centerline, Fuel Gamma 9.66
without neutron shield' Grid Spacer Gamma 3.02
(assumes loss of impact End-Fitting Gamma _42.11
limiter) TOTAL 167.09
Top, 1m from cask 6 Neutron 52.88
surface, axial centerline, Fuel Gamma 1.24
without neutron shield' Grid Spacer Gamma 0.18
(assumes loss of impact End-Fitting Gamma 4.23 N
limiter) Plenum Spring Gamma _221
TOTAL 60.74

Note: Dose rates are based on 26 PWR assemblies, 40,000 MWD/MTU, 5-year cool time.

1 A complete loss of neutron shielding is not credible for the NAC-STC. However, because of the elevated fire
accident temperatures, the neutron shield material exceeds its safe operating limit and some neutron shielding
capability may be lost.

2 A neutron peaking factor of (1.2)** = 2.15, is applied to the detector locations at or near the radial midplane of

the fuel region.
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Table 5.1-6  Combined Directly Loaded Fuel Dose Rates for Hypothetical Accident
Conditions - Lead Slump

Location Detector L.D. Radiation Normal Dose Rate
(mrem/hr)

Radial, 1m from cask 2 Neutron 2.67
surface, fuel midplane Fuel Gamma 62.10
(side drop) Grid Spacer Gamma 15.06
TOTAL 79.83
Radial, 1m from cask 13 Neutron 7.21
surface, top end-fitting Fuel Gamma 2.77
(end drop) Grid Spacer Gamma 0.80
End-Fitting Gamma 173.15
Plenum Spring Gamma _8.62
TOTAL 192.55

Note: Dose rates are based on 26 PWR assemblies, 40,000 MWD/MTU, 5-year cool time.

1 A neutron peaking factor of (1.2)*? = 2.15 is applied to the detector locations at or near the radial midplane of

the fuel region.
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Table 5.1-7  Combined Top, Radial Midplane, and Bottom Canistered Yankee Class Fuel Dose
Rates for Normal Conditions of Transport
Location Detector 1.D. Radiation Dose Rate (mrem/hr)
Radial Surface, fuel 1 Fuel Gamma 3.89
midplane Fuel Neutron 3.46
(n.y) 2.90
TOTAL 10.25
Radial, 1m from cask 2 Fuel Gamma 1.73
surface, fuel midplane Fuel Neutron 1.29
(n,y) 1.09
TOTAL 4.11
Radial, 2m from 3 Fuel Gamma 0.79
transport vehicle, fuel Fuel Neutron 0.52
|| midplane™ (n,y) 041
TOTAL 1.72
Bottom impact limiter 4 Fuel Gamma 0.09
surface, axial Upper Plenum Gamma 0.13
centerline Top Endfitting Gamma 0.37
Fuel Neutron 0.01
(ny) 0.04
TOTAL 0.64
Bottom, 2m from 5 Fuel Gamma 0.05
surface of impact Upper Plenum Gamma 0.07
limiter, axial Top Endfitting Gamma 0.00*
centerline Fuel Neutron 0.00*
(n,y) 0.02
TOTAL 0.14
Top impact limiter 6 Fuel Gamma 0.00*
surface, axial centerline Upper Plenum Gamma 0.00%*
Top Endfitting Gamma 0.00*
Fuel Neutron 0.00*
@.y) 0.00%
TOTAL 0.00
Top, 2m from surface 7 Fuel Gamma 0.00*
of impact limiter, axial Upper Plenum Gamma 0.00*
centerline Top Endfitting Gamma 0.00*
Fuel Neutron 0.00*
@my) 0.00*
TOTAL 0.00

* Values are less than 0.005.
** A neutron peaking factor of (1.2)** = 2.15 is applied to the detector locations at or near the radial midplane of

the fuel region.
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Table 5.1-8  Combined Top, Radial Midplane, and Bottom Canistered Yankee Class Fuel Dose
Rates for Hypothetical Accident Conditions

Location Detector 1.D. Radiation Dose Rate (mrem/hr)

Radial, 1m from cask 2a Fuel Gamma 32.11*

surface, fuel midplane Fuel Neutron 230.14

without neutron (n,y) __0.50

shield' TOTAL 262.76

Bottom, 1m from 4 Fuel Gamma 0.81

cask surface, axial Upper Plenum Gamma 1.35

centerline, without Top Endfitting Gamma 4.04

neutron shield Fuel Neutron 5.35

(assumes loss of (n,y) 0.10

impact limiter) ' TOTAL 11.65

Top, 1m from cask 6 Fuel Gamma 0.00°

surface, axial Upper Plenum Gamma 0.00°

centerline, without Top Endfitting Gamma 0.00°

neutron shield Fuel Neutron 18.20

(assumes loss of (n,y) _0.01

impact limiter) 2 TOTAL 18.25

1 Assumes complete loss of neutron shielding material.

2 Assumes loss of impact limiters and positioning of the canister either top or bottom of cavity.

3 Values are less than 0.005.

4 Assumes 0.88 reduction in lead shielding due to side drop lead slump.
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Table 5.1-9  Canistered Yankee GTCC Waste Dose Rates for Normal Conditions of Transport

Location Detector 1.D. Radiation Dose Rate(mrem/hr)
Radial Surface, fuel 1 Neutron 0.00
midplane Gamma 7.03
Total 7.03
Radial, Im from cask 2 Neutron 0.00
surface, fuel midplane Gamma 3.17
Total 3.17
Radial, 2m from transport 3 Neutron 0.00
vehicle, midplane Gamma 1.49
Total 1.49
Top impact limiter surface, 6 Neutron 0.00
axial centerline Gamma 0.00
Total 0.0
Top 2m from impact limiter 7 Neutron 0.00
surface, axial centerline Gamma 0.00
Total 0.0
Bottom impact limiter 4 Neutron 0.0
surface, axial centerline Gamma 2.54
Total 2.54
Bottom, 2m from cask 5 Neutron 0.00
surface, axial centerline Gamma 0.46
Total 0.46

5.1-26




NAC-STC SAR August 2000
Docket No. 71-9235 : Revision STC-00A

Table 5.1-10 Canistered Yankee GTCC Waste Dose Rates for Hypothetical Accident

Conditions
Location Detector 1.D. Dose Rate (mrem/hr)
Radial, Im from cask surface, fuel 2a 55.77

midplane, without neutron shielding’

Top surface 1m from cask surface, 6 0.01
axial centerline’
Bottom, 1m from cask 4 22.88

surface, axial centerline,

without neutron shield??

1  Assumes complete loss of neutron shielding material and lead slump. Loss of neutron shielding alone results in
a dose of 12.15 mrem/hr. This dose is increased by a factor of 4.59 to account for a 0.88 inch reduction in lead
thickness due to lead slump.

Assumes loss of impact limiters and positioning of the canister in either the top or bottom of the cavity.

W N

Assumes complete loss of neutron shielding material.

“ g
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Table 5.1-11 Connecticut Yankee Stainless Steel Clad Fuel Maximum Dose Rates for Normal
Conditions of Transport
l Surface 2 meter
l Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Neutron 0.1 0.5% 0.1 2.8%
Gamma 0.1 4.9% 0.1 3.0%
Total 0.3 2.4% 0.1 2.1%
Radial Neutron 30.2 0.5% 0.9 0.6%
Gamma 3.8 2.2% 2.7 1.4%
Total 34.0 0.5% 3.6 1.0%
Bottom Axial Neutron 0.5 0.4% 0.1 1.2%
Gamma 1.2 0.6% 0.2 0.5%
Total 1.6 0.4% 0.3 0.5%
Note:  Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at 2 meter locations axially
are measured from the ends of the impact limiters.
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Table 5.1-12 Connecticut Yankee Zircaloy Clad Fuel Maximum Dose Rates for Normal

Conditions of Transport

Surface 2 meter
Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Neutron 0.2 0.7% 0.1 3.7%
Gamma 0.2 2.0% 0.1 2.1%
Total 04 1.0% 0.2 2.2%
Radial Neutron 43.6 0.4% 1.3 0.5%
Gamma 5.5 5.5% 2.3 1.2%
Total 49.1 0.7% 3.6 0.8%
Bottom Axial Neutron 0.8 0.4% 0.1 0.9%
Gamma 1.2 2.9% 0.2 1.9%
Total 2.0 1.8% 0.3 1.1%

Note:  Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at 2 meter locations axially

are measured from the ends of the impact limiters.
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Table 5.1-13 Connecticut Yankee Stainless Steel Clad Fuel Maximum Dose Rates for

Hypothetical Accident Conditions

Detector Source Surface 1 meter
mrem/hr RSD mrem/hr RSD
Top Axial Neutron 2.1 0.6% 9.5 1.7%
Gamma 0.2 11.8% 1.2 2.5%
Total 2.4 1.3% 10.8 1.5%
Radial Neutron 746 0.6% 234 0.4%
Gamma 60 8.7% 25 1.3%
Total 806 0.9% 259 0.4%
Bottom Axial Neutron 4.7 0.5% 12.3 32%
Gamma 3.8 0.7% 0.8 9.9%
Total 8.5 0.4% 13.0 3.1%

Table 5.1-14  Connecticut Yankee Zircaloy Clad Fuel Maximum Dose Rates for Hypothetical
Accident Conditions
Surface 1 meter
Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Neutron 3.1 0.6% 14.1 1.7%
Gamma 0.3 5.4% 1.3 1.3%
Total 34 0.8% 154 1.6%
Radial Neutron 1,123 0.6% 348 0.4%
Gamma 47 3.9% 21 1.8%
Total 1,170 0.6% 369 0.4%
Bottom Axial Neutron 7.6 0.5% 17.6 3.4%
Gamma 3.7 1.8% 0.9 14.2%
Total 11.3 1.3% 18.5 3.3%
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Table 5.1-15 Connecticut Yankee GTCC Waste Maximum Dose Rates for Normal Conditions

of Transport
Surface 2 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.0 2.0% 0.0 5.9%
Radial 4.2 0.9% 1.0 0.5%
Bottom Axial 4.3 0.3% 0.7 0.3%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at 2 meter locations

axially are measured from the ends of the impact limiters.

Accident Conditions

Table 5.1-16 Connecticut Yankee GTCC Waste Maximum Dose Rates for Hypothetical

Detector Surface 1 meter
mrem/hr RSD mrem/hr RSD
Top Axial 0.0 0.9% 0.3 13.0%
Radial 135.7 10.0% 24.4 6.8%
Bottom Axial 17.4 0.3% 53 0.2%

5.1-31




THIS PAGE INTENTIONALLY LEFT BLANK




NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

5.2 Source Specification

This section presents the source specifications for the directly loaded fuel and for the
Yankee-MPC and CY-MPC fuel and GTCC waste configurations.

5.2.1 Directly Loaded Fuel Source Specification

The directly loaded design basis source terms are based on the Westinghouse 17 x 17 fuel
assembly with a burnup of 40,000 MWD/MTU and 5 years cooling. An enrichment of 3.7 wt %
23(J is used to provide more conservative neutron source terms than the maximum 4.2 wt % Py
enrichment allowed by criticality control. This design basis for shielding purposes bounds the
final licensed post-irradiation cool time of 6.5 years associated with a burnup of 40,000
MWD/MTU. Source terms for a directly loaded fuel assembly with 45,000 MWD/MTU burnup,

10 years cooling time and 4.0 wt % 235U enrichment are also acceptable. |

Neutron and gamma source terms for the directly loaded design basis fuel are calculated with the
ORIGEN-S computer code (Hermann, 1989) as part of the SAS2H sequence (Hermann, 1990) in
the SCALE-4.0 system (SCALE). ORIGEN-S also calculates the gamma spectrum, the neutron
spectrum, and the concentration of radiologically important isotopes such as 3H, ¥'Xe, "1, ¥Kr,

34
B340, ¥7Cs and %co.

The input data for the directly loaded design basis PWR assembly is given in Table 5.2-1. As
shown in this table, the design basis fuel assembly for shielding analyses is the Westinghouse
17 x 17. The Westinghouse PWR assemblies will result in higher source terms than the
Combustion Engineering or the Babcock & Wilcox fuel assemblies. However, for conservatism,
several input values used in the source term calculations are different from the values in Table
5.1-2 for the Westinghouse 17 x 17 fuel. First, the amount of uranium used for source term
calculations is 469 kilograms, a value larger than the 461.4 kilograms given in Table 5.1-2. The
value of 469 kilograms is the maximum possible amount of uranium for the Westinghouse PWR
fuel assemblies to be accommodated in the NAC-STC. In addition, the masses of the grid
spacers and plenum springs for the Westinghouse 15 x 15 assembly were used in the shielding
analyses, since they are larger than those of the Westinghouse 17 x 17 assembly. Finally, the l
conservative initial enrichment used for the source term calculation is 3.7 wt% U for the
40,000 MWD/MTU burnup assembly (Lower enrichments would not be expected to yield
burnups as high as 40,000 MWD/MTU). For the 45,000 MWD/MTU source term calculation, |
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the initial enrichment is taken as 4.0 wt% **U. For a given burnup, the lower the initial
enrichment, the higher the resulting source terms. In summary, the input values used for source
term calculations for directly loaded fuel are conservative. They have been selected to
encompass both the Westinghouse 17 x 17 and 15 x 15 fuel assemblies as well as Combustion
Engineering and Babcock & Wilcox fuel assemblies. Radionuclides other than %Co present as
activation products have short half-lives resulting in rapid decay to negligible concentrations, or
they emit soft X-rays or betas that cannot penetrate the cask shielding. The %Co is present in
significant concentrations, it has a relatively long half-life, and it emits two energetic gammas per
decay with a mean energy of 1.25 MeV. The %9Co is, therefore, the only activation product

considered in the shielding analyses.

The end-fitting, plenum spring and grid spacer activations are calculated by ORIGEN-S using the
same burnup cycle as the fuel. The input data for the activation of the end-fittings is also
provided in Table 5.2-1 for the directly loaded design basis fuel. The grid spacers in the core
region are conservatively assumed to be exposed to 100 percent of the flux in the core. For the
plenum springs, the grid spacers in the plenum region, and the bottom end-fittings, 20 percent of
the flux in the core is used for irradiation purposes. For the top end-fittings, 10 percent of the
flux in the core is used for irradiation purposes. These irradiation values are taken from Luksic.
The amount of >>Co present in the grid spacers and end-fittings was taken as 1.2 gram per
kilogram of material, irrespective of being Inconel or Type 304 stainless steel. However, the
value is conservative for both stainless steel and Inconel, as most nuclear-grade material
specifications require less than 1 gram of Co per kilogram of metal. It is conservatively

assumed that all of the cobalt is *>Co. When *°Co absorbs a neutron, it becomes 0co.

The source terms calculated for the directly loaded 40,000 MWD/MTU burnup, 5-year cooled,
3.7 wt % U initial enrichment fuel assembly and for the directly loaded 45,000 MWD/MTU'
burnup, 10-year cooled, 4.0 wt % 35U initial enrichment fuel assembly are given in Table 5.1-3.
The 45,000 MWD/MTU burnup fuel has a higher neutron source term (39.81% higher), but all
the gamma source terms are lower (33% lower for the fuel gammas and 41% lower for the

hardware gamma).

5.2.1.1 Directly Loaded Fuel Neutron Source

The design basis fuel neutron spectrum for a directly loaded fuel neutron source is shown in

Table 5.2-2. The neutron source results from actinide spontaneous fission and from (¢,n)
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reactions with oxygen in UQ,. The isotopes 222Cm and ***Cm characteristically produce all but a
few percent of the spontaneous fission neutrons and (o,n) source in light water reactor fuel. The
next largest contribution is from (c,n) reactions of 238py with oxygen. The neutron spectrum
from spontaneous fission is based on fission spectrum measurements of 235U and **Cf. Neutron
spectra from (o,n) reactions are based on Po-a-O source measurements. These spectra are
included in the ORIGEN-S nuclear data libraries of the SCALE 4.3 code package. The spectra
are automatically collapsed from the energy group structure of the data library into that of the
SCALE 27 group neutron cross section library.

52.1.2 Directly Loaded Fuel Gamma Sources

The design basis fuel gamma spectrum for directly loaded fuel is shown in Table 5.2-3. Fuel
gamma radiation sources consist primarily of decay gammas from fission products. Actinides
also emit a significant amount of gamma radiation. The gamma source strength depends on the
irradiation period and the cooling time after discharge from the reactor core. Table 5.2-3 gives
the 18-group gamma energy release rate for the directly loaded design basis fuel assembly with
40,000 MWD/MTU burnup and 5 and 6.5 years of cooling time.

An additional source of gamma radiation comes from Co activation in the fuel hardware
materials. The design basis fuel hardware gamma spectrum for directly loaded fuel is shown in
Table 5.2-4. The gamma spectrum for the decay of 9Co in the activated hardware was calculated
using ORIGEN-S. The resulting spectrum is listed in Table 5.2-4 in normalized form for the
directly loaded fuel hardware. The total source in each hardware region depends on the flux used
to irradiate the region and the mass of material in that region. The default gamma energy group
spectrum of the ORIGEN-S code differs from that of the standard 18-group gamma library of the
SCALE-4.0 package. To account for the differences in the energy groups, the source spectra from
the fuel and hardware gamma sources were rebinned to the SCALE-4.0 18-group structure using
ORIGEN-S. This method regroups the source based on the actual energy spectrum of each
specific nuclide, yielding more accurate results than those achieved by simply multiplying the
individual energy group source strength by the ratio of the old to new mean energies of each
respective group. The total number of photons/second, per assembly, presented in Table 5.2-3 is
5.76 x 10"° and 4.51 x 10'° for 5 and 6.5 year cooled fuel, respectively. These values are smaller
than, or equal to, the equivalent values of 7.13 x 10" and 4.51 x 10" per assembly, for the 26
assemblies values presented in Table 5.1-3. This difference is due to the rebinning process.
While the total energy of the rebinned spectrum is conserved, the total number of particles is not

necessarily maintained.
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The hardware gamma spectra contains contributions primarily from %Co due to the activation of
Type 304 stainless steel with 1.2 g/kg Co impurity and with some minor contributions from
Ni and **Fe. The magnitude of these spectra is based on the irradiation of 1 kg of stainless steel
in the incore flux spectrum produced by the SAS2H neutronics calculation.

The activated fuel assembly hardware source terms are found by multiplying the source strength
from 1 kilogram by the kilograms of steel or inconel material in the plenum, upper end fitting or
lower end fitting regions, and by multiplying by a regional flux ratio. The regional flux ratio
accounts for the effects of both magnitude and spectrum variation on hardware activation. These
ratios are based on empirical data (Luksic). A flux ratio of 0.2 is applied to hardware regions
directly adjacent to the active core region (i.e., upper and lower plenum) and a flux ratio of 0.1 is
applied to hardware regions once removed from the active core region (i.e., upper and lower end

fitting region).

52.1.3 Directly Loaded Fuel Source Axial Profiles

The design basis axial burnup profile used in the directly loaded fuel shielding evaluations is
shown in Figure 5.2-1. This burnup profile has a peaking factor of 1.2. Thus, a peaking factor of
1.2 is applied to the radial midplane gamma dose rates reported in Tables 5.1-4 through 5.1-6.
However, a peaking factor of (1.2)** =2.15 is applied to the radial midplane neutron dose rates.
This accounts for the power dependence of the neutron source on burnup. The neutron peaking
factor is based on SAS2H calculations of neutron source magnitude as a function of fuel burnup.

522 Yankee Class Fuel and GTCC Waste Source Specification

The canistered fuel design basis source terms are based on the CE 16 x 16 Yankee Class fuel
assembly with a burnup of 36,000 MWD/MTU and 8.1-year cooling time. An enrichment of 3.7
wt % 23U is selected to maximize the neutron source for this type of fuel. Dose rates associated
with the Yankee Class Westinghouse, United Nuclear, and CE (3.5 wt % 235U) fuel types at
32,000 MWD/MTU are bounded by the canister fuel design basis for cooling times of 19, 11 and
7 years, respectively. Exxon fuel at 36,000 MWD/MTU with steel or Zircaloy fuel hardware is

bounded by the canister fuel design basis for cooling times of 16 and 9 years, respectively.

Neutron and gamma source terms for the canistered design basis fuel are calculated with the
SAS2H code sequence of the SCALE 4.3 code package for the PC. SAS2H includes an
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Neutron and gamma source terms for the canistered design basis fuel are calculated with the
SAS2H code sequence of the SCALE 4.3 code package for the PC. SAS2H includes an
XSDRNPM neutronics model of the fuel assembly and ORIGEN-S fuel depletion/source term
calculations. The canister fuel assembly input data for SAS2H is summarized in Table 5.2-1.
Source terms are generated for both UO, fuel and fuel assembly hardware. The hardware
activation is calculated by light element transmutation using the in-core neutron flux spectrum
produced by the SAS2H neutronics model. The hardware is assumed to be Type 304 stainless
steel with 1.2 g/kg of $Co impurity. The effects of axial flux spectrum and magnitude variation
on hardware activation are estimated by flux ratios based on empirical data (Luksic).

5.2.2.1 Yankee Class Fuel Neutron Source

The design basis fuel neutron spectrum for canistered fuel is shown in Table 5.2-5. The neutron
source results from actinide spontaneous fission and from (c.,n) reactions with oxygen in UQO,.
The isotopes 22Cm and ***Cm characteristically produce all but a few percent of the spontaneous
fission neutrons and (o,n) source in light water reactor fuel. The next largest contribution is from
(c,n) reactions of “*®Pu with oxygen. The neutron spectra from spontaneous fission is based on
fission spectrum measurements of 235U and *Cf. Neutron spectra from (o,n) reactions are based
on Po-0-O source measurements. These spectra are included in the ORIGEN-S nuclear data
libraries of the SCALE 4.3 code package. The spectra are automatically collapsed from the
energy group structure of the data library into that of the SCALE 27 group neutron cross section
library.

5.2.2.2 Yankee Class Fuel and Yankee GTCC Waste Gamma Sources

The design basis Yankee Class fuel gamma spectrum for canistered fuel is shown in Table 5.2-6.
Fuel gamma radiation sources consist primarily of decay gammas from fission products.
Actinides also emit a significant amount of gamma radiation. The gamma source strength
depends on the irradiation period and the cooling time after discharge from the reactor core.

An additional source of gamma radiation is from Co activation in the fuel hardware materials.
The design basis fuel hardware gamma spectrum for canistered fuel is shown in Table 5.2-7. The
gamma spectrum for the decay of ®Co in the activated hardware was calculated using
ORIGEN-S. The total source in each hardware region depends on the flux used to irradiate the
region and the mass of material in that region. The default gamma energy group spectrum of the
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ORIGEN-S code differs from that of the standard 18-group gamma library of the SCALE-4.0
package. To account for the differences in the energy groups, the source spectra from the fuel and
hardware gamma sources were rebinned to the SCALE-4.0 18-group structure using ORIGEN-S.
This method regroups the source based on the actual energy spectrum of each specific nuclide,
yielding more accurate results than those achieved by simply multiplying the individual energy

group source strength by the ratio of the old to new mean energies of each respective group.

The hardware gamma spectra contains contributions primarily from %°Co due to the activation of
Type 304 stainless steel with 1.2 g/kg *Co impurity and with some minor contributions from
'Ni and **Fe. The magnitude of these spectra is based on the irradiation of 1 kg of stainless steel
in the incore flux spectrum produced by the SAS2H neutronics calculation. This activated
hardware spectra is used for the GTCC waste spectra, but the magnitude is scaled up from 103
curies of ®°Co in the 1 kg of activated hardware to 1.25x10° curies *°Co in the GTCC waste.

The activated fuel assembly hardware source terms are found by multiplying the source strength
from 1 kilogram by the kilograms of steel or inconel material in the plenum, upper end fitting or
lower end fitting regions, and by multiplying by a regional flux ratio. The regional flux ratio
accounts for the effects of both magnitude and spectrum variation on hardware activation. These
ratios are based on empirical data (Luksic). A flux ratio of 0.2 is applied to hardware regions
directly adjacent to the active core region (i.e., upper and lower plenum) and a flux ratio of 0.1 is
applied to hardware regions once removed from the active core region (i.e., upper and lower end

fitting region).

52273 Yankee Class Fuel Source Axial Profiles

The design basis Yankee Class fuel axial bumup profile used in the canister fuel shielding
evaluation 1s shown in Figure 5.2-2. This is based on core calculations of Yankee Class fuel in
the range of 30,000 to 36,000 MWD/MTU of burnup. This burnup profile has a peaking factor
of 1.15. Thus, a peaking factor of 1.15 is applied to the radial midplane gamma dose rates and a
peaking factor of (1.15)** = 1.80 is applied to the radial midplane neutron dose rates reported in
Tables 5.1-9 and 5.1-10.

The design basis gamma source profile for Yankee GTCC waste (activated stainless steel core
baffle) is shown in Figure 5.2-3. A GTCC gamma source peaking factor of 1.23 for GTCC waste
is determined from actual dose rate measurements of the GTCC waste containers. This peaking
factor is due to the activation of the core baffle from 30 years of neutron flux exposure. This
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the neutron flux during reactor operation. The GTCC source term includes an estimated

contribution from crud (as surface contamination).

5.2.3 Connecticut Yankee Fuel and GTCC Waste Source Specification

The NAC-STC loaded with the CY-MPC system is designed to safely transport Connecticut
Yankee (CY) fuel assemblies, non-fuel hardware, and GTCC waste. The spent fuel inventory
consists of both stainless steel and Zircaloy clad fuel assemblies. Due to the activation of cobalt
impurities present in the stainless steel cladding, these two fuel types are considered separately in
the analysis. Based on the fuel inventory, the limiting combination of burnup and cool time for

the two fuel types is:

4 Maximum Burnup | Minimum Cool Time
Fuel Type MWD/MTU] [years]
Stainless steel clad 38,000 10
Zircaloy clad 43,000 10

In some cases, additional activated non-fuel hardware, such as Reactor Control Cluster
Assemblies and Flow Mixers, will be inserted in CY fuel assemblies. The fuel assemblies with
inserted components are subject to certain additional constraints on either maximum burnup or
minimum cool time. However, no credit for the reduced source terms of these fuel assemblies 1s
taken here. The non-fuel hardware activation analysis is performed using conservative values for
cumulative lifetime exposure. Each Reactor Control Cluster Assembly is assumed to have been
positioned in the reactor during operation so as to achieve the maximum possible activation of
material throughout its lifetime. Additionally, each flow mixer is assumed to have been in place
in the top nozzle of a fuel assembly for every CY plant cycle.

The design basis CY GTCC waste inventory is analyzed by assuming a fixed mass loading in the
CY-MPC GTCC basket and applying the highest activity of any of the GTCC sources to the mass
loading. The design basis GTCC source is the core baffle, which has a modeled total activity of
3.71 x 10° curies at 10 years from core shutdown (®°Co activity of 1.96 x 10° curies). The GTCC
source is loaded into the four center tubes with a weight of 1300 Ibs and the 20 peripheral waste
tubes with a weight of 800 lbs for a total assumed weight of 21,200 pounds.

An evaluation of the Connecticut Yankee spent fuel inventory establishes the Westinghouse
15 x 15 fuel assembly as the limiting fuel type based on initial mass loading of uranium. The
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An evaluation of the Connecticut Yankee spent fuel inventory establishes the Westinghouse
15 x 15 fuel assembly as the limiting fuel type based on initial mass loading of uranium. The
bounding stainless steel clad fuel in the Connecticut Yankee inventory has a maximum burnup of
38,000 MWD/MTU, minimum initial enrichment of 3.65 wt. % 235U, and a minimum cooling
time of 10 years. Some stainless steel clad fuel assemblies in the Connecticut Yankee inventory
have initial enrichments as low at 3.00 wt % *°U; however, stainless steel clad assemblies with
initial enrichments lower than 3.65 wt % °U also have lower maximum burnups as shown
below.

For Zircaloy clad fuels, the limiting fuel description is based on a maximum burnup of 43,000
MWD/MTU, minimum initial enrichment of 3.59 wt % *°U, and a minimum cooling time of 10
years. Some Zircaloy clad fuel in the Connecticut Yankee inventory have lower initial
enrichments (as low as 2.95 wt % *>U); however, source terms produced by the combination of
burnup and initial enrichment for the limiting Zircaloy clad fuel assemblies bound those of

Zircaloy clad fuel assemblies at lower initial enrichments.

The following table provides the acceptable combinations of maximum burmup and minimum
initial enrichment that are bounded by the design basis stainless steel and Zircaloy clad fuel
assemblies utilized in the dose rate analyses:

Stainless Steel Clad Fuel Zircaloy Clad Fuel
Enrichment Maximum Minimum | Enrichment Maximum | Minimum
Burnup Cool Time Burnup Cool Time
[wt % U] | [MWD/MTU] | [years] [wt % 35U] | [MWD/MTU] | [years]
e>3.65 38,000 10 e>3.59 43,000 10
3.23<e<3.96 34,000 10 3.40<e<3.59 40,000 10
300<e<3.23 30,000 10 295<e<3.40 30,000 10

The SAS2H code sequence (Herman) is used to generate source terms. This code sequence is
part of the SCALE 4.3 code package for the PC (ORNL). SAS2H includes an XSDRNPM
(Greene) neutronics model of the fuel assembly and ORIGEN-S (Herman) fuel depletion/source
term calculations. Reactor operating conditions assumed for the analysis are shown in Table
5.2-8. The SAS2H-generated source spectra are rebinned onto the standard 28 group neutron and
22 group gamma scheme used in MCBEND as shown in Table 5.2-9 and Table 5.2-10,

respectively. Source terms are generated for the fuel and fuel assembly hardware. The hardware
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activation is calculated by light element transmutation using the in-core neutron flux spectrum

produced by the SAS2H neutronics model.

The Connecticut Yankee design basis fuel source terms are presented in Table 5.2-11 and Table
5.2-12. The activated hardware source term is provided on a per unit mass basis. Source
strengths are defined for five source regions: active fuel, upper end fitting, upper plenum, lower
end fitting and lower plenum. The fuel assembly length, active fuel region length and fuel
assembly hardware lengths are shown for the design basis fuel assemblies in Figure 5.1-5.

5.2.3.1 Connecticut Yankee Fuel Gamma Source

The design basis fuel and hardware gamma source spectra are shown in Table 5.2-11 and Table
5.2-12. The fuel gamma source contains contributions from both fission products and actinides.
The spectra are presented in the standard 22 group structure used by MCBEND. The hardware
gamma spectra contains contributions primarily from %Co, due to the activation of Type 304
stainless steel with either 0.5 g/kg for stainless steel clad fuel (Table 5.2-11) or 1.2 g/kg for
Zircaloy clad fuel (Table 5.2-12) $Co impurity and with some minor contributions from **Ni and
>8Fe. The magnitude of this spectra is based on the irradiation of 1 kg of stainless steel in the in-
core flux spectrum produced by the SAS2H neutronics calculation.

The activated fuel assembly. hardware source strength for a given source region is determined as
the product of 1) the hardware source strength per unit mass (from Table 5.2-11 and Table
5.2-12); 2) the mass of hardware present (from Table 5.2-13); 3) a mass scale factor discussed
below (Table 5.2-13); and 4) a regional flux activation ratio (Table 5.2-13). The mass scale
factor simply accounts for the difference in assumed cobalt concentration in the fuel cladding for
stainless steel clad fuels. For stainless steel clad fuel, the SAS2H analysis is conducted based on
a cobalt concentration of 0.5 g/lkg. The hardware source terms in Table 5.2-11 reflect this
assumed cobalt loading. However, this cobalt concentration is used only for the fuel cladding
and end plugs; the remaining hardware source regions are modeled at the standard 1.2 g/kg cobalt
concentration. Hence, a mass scale factor of 1.2/0.5 = 2.4 is applied to these source regions for
the stainless steel clad fuels only. The Zircaloy clad fuel source terms are generated based on an
assumed cobalt concentration of 1.2 g/kg for all fuel hardware, except the Zircaloy cladding
material, so no adjustment is required and the mass factor for Zircaloy clad fuels is unity. The
regional flux activation ratio accounts for the effects of both magnitude and spectrum variation
on hardware activation. These ratios are based on empirical data (Luksic). A flux ratio of 0.2 is
applied to hardware regions directly adjacent to the active core region, i.e., upper and lower
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plenum. A flux ratio of 0.1 is applied to hardware regions once removed from the active core

region, i.e., upper and lower end fitting region.

5.2.3.2 Connecticut Yankee Fuel Neutron Source

The neutron source results from actinide spontaneous fission and from (o,n) reactions with the
oxygen in UO,. The isotopes 22Cm and **Cm characteristically produce all but a few percent of
the spontaneous fission neutrons and (¢.,n) source in light water reactor fuel. The next largest
contribution is from (o,n) reactions from 238py. The neutron spectra from spontaneous fission is
based on fission spectrum measurements of 25U and **Cf. Neutron spectra from (o,n) reactions
is based on Po-a-O source measurements. These spectra are included in the ORIGEN-S nuclear
data libraries of the SCALE 4.3 code package. The spectra is automatically collapsed from the
energy group structure of the data library into that of the MCBEND 28 group neutron cross

section structure.

The effect of subcritical neutron multiplication is not directly computed in the MCBEND
analysis conducted here, due to difficulties in adequately biasing the calculation. Instead,
neutron source rates are scaled by a subcritical multiplication factor based on the system

multiplication factor, Ke:

Scale Factor =
eff

For the dry cask conditions of transport, the system ke is taken as 0.4, with a resulting scale
factor of 1.67.

5.2.3.3 Connecticut Yankee Non-Fuel Hardware Source

Activated non-fuel hardware suitable for in situ storage in the CY-MPC includes Reactor
Control Cluster Assemblies and Flow Mixer hardware. There are no source term constraints on
the selection of the assembly holding these components. In the case of Flow Mixer hardware, a
constraint on the permissible number and location of containing assemblies within the basket is

imposed. No more than eight assemblies containing Flow Mixers can be loaded into a single
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canister, and the assemblies must be loaded into fuel assemblies in the center-most basket
positions 7, 8, 12, 13, 14, 15, 19 and 20 as shown in Figure 6.3-3.

SAS2H models are developed which reproduce the irradiation history of the Reactor Control
Cluster Assemblies (RCCA) and Flow Mixers in the Connecticut Yankee spent fuel pool
inventory. The cycle burnup history for the Connecticut Yankee reactor is shown in Table
5.2-14. The Flow Mixers are conservatively assumed to be present in every cycle of operation.
The Reactor Control Cluster Assemblies are classified into two groups and analyzed separately.
The first set of RCCAs was irradiated during operating cycles 1 through 14. The second, and
more limiting group of RCCAs, was irradiated during operating cycles 15 through 19 and are
assumed to have been partially inserted into the active core during operation. That is, the
bottom-most 9 inches of the RCCA are exposed to 60% of the full power flux for the entire
irradiation history. The source term analysis for the RCCAs considers activation of both Inconel
and Ag-In-Cd material. The resulting source spectra are presented in Table 5.2-15 on a per unit
mass basis. The modeled mass in each source region is shown in Table 5.2-16 for both Reactor

Control Cluster Assemblies and Flow Mixers.

In general, the dose rates resulting from activation of the non-fuel hardware material are
relatively small as compared to that from fuel sources. Results are presented in Section 5.4.

5234 Connecticut Yankee Fuel Source Axial Profile

An enveloping axial burnup shape for three-dimensional shielding and thermal evaluations is
created based on measured burnup profile data for PWR fuel. Neutron and gamma source
profiles are computed based on an assumed relation between burnup, B, and source strength, S,

in the form:
S=aR’

where parameters a and b are determined based on fits to SAS2H computed source rates at
various fuel burnups. The parameter a is simply a scaling factor and is not relevant to the
analysis. For neutron sources parameter b is 4.22. For gamma sources, the relation between
burnup and source rate is linear and b is 1.0. Table 5.2-17 gives the resulting source rate profiles
for stainless steel clad and Zircaloy clad fuel types. The relative source strength in each axial
interval is shown, and these values are used directly in the MCBEND source strength description
by defining an axial source mesh within the fuel region at the indicated elevations for each fuel
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type. A plot of the axial source profiles is shown in Figure 5.2—4. The maximum peaking factors
produced by these profiles is lower than the peaking factors reported for the Yankee Class fuel
assemblies in Section 5.2.2.3 due to the higher burnup of the CY design basis fuel.

5.2.3.5 Connecticut Yankee GTCC Waste Source

The design basis CY GTCC waste source spectrum is shown in Table 5.2-18. The GTCC waste
spectrum is dominated by %Co, with approximately 98% of the total source and 44% of the
initial curie content. No axial profile is applied to the GTCC waste.
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Figure 5.2-1 Directly Loaded Fuel Design Basis Burnup Profile
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Figure 5.2-2 Design Basis Yankee Class Fuel Burnup Profile
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Figure 5.2-3 Yankee GTCC Container Gamma Source Profile Based on Dose Rate
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Figure 5.2-4 Connecticut Yankee Design Basis Fuel Neutron and Gamma Burnup Profiles
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Table 5.2-1  Design Basis Directly Loaded and Yankee Class Fuel Input Parameters for
SAS2H
PARAMETER VALUE

Basket Configuration Directly Loaded Canistered
Fuel assembly type West. Std. 17 x 17 CE 16x16 Yankee Class
Weight of U, kg/assembly' 469.0 2394
In core grids, kg/assembly’ 8.05 2.36 (4 Zirc)
Plenum spring, kg/assembly” 3.8 0.762
Grids in plenum springs, kg/assembly® 1.06 0.590 (Zirc)
Upper end fittings, kg/assembly 6.9 5.5
Lower end fittings, kg/assembly 5.9 5.2
Lower Plenum Hardware, kg/assembly NA 1.73
Fuel enrichment, wt.% U? 37 3.7
Fuel burnup, MWD/MTU 40,000 36,000
Cooling time* 5 and 6.5 years 8
Burnup cycle, power cycles, 3 cycles of 420 days 2 cycles of 496 days
down cycles 2 cycles of 70 days 1 of 60 days
Burnup, MWD/assembly 18,760 8,618
Irradiation power, MW 14.889 8.486
Co-59 concentration in steel hardware, g/kg 1.2 1.2
Irradiation flux, grid spacers in core region 100% 100%

grid spacers in plenum region 20% 20%

upper plenum springs 20% 20%

upper end-fittings 10% 10%

lower end-fittings 20% 10%

lower plenum hardware NA 20%
Fuel temperature, K 800 787
Clad temperature, K 600 600
Coolant temperature, K 550 551
Boron content in coolant, ppm (by weight) 550 800

1. This amount of Uranium is the maximum possible for the Westinghouse PWR fuel assembly and has been conservatively used.
. These values are for the Westinghouse 15 x 15 fuel assembly.
3. For the 40,000 MWD/MTU fuel, the more limiting enrichment of 3.7 wt % ***U is used. For the 45,000 MWD/MTU fuel, the
enrichment used is 4.0 wt % 235U,
4. Source terms have also been calculated for 40,000 MWD/MTU burnup and 6.5 years cooling time as well as 45,000
MWD/MTU burnup. 10 years cooling time and 4.0 wt % **>U initial enrichment.
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Table 5.2-2  Directly Loaded Fuel Neutron Source Spectrum
Neutrons/sec
Energy Boundaries 6.5-Year
Energy Group (MeV) 5-Year Cooled Cooled

1 6.43E+00-2.00E+01 3.474E+06 3.1E+06

2 3.00E+00-6.43E+00 3.953E+07 3.738E+07

3 1.85E+00-3.00E+00 4.385E+07 4.153E+07

4 1.40E+00-1.85E+00 2.467E+07 2.333E+07

5 9.00E-01-1.40E+00 3.335E+07 3.152E+07

6 4.00E-01-9.00E-01 3.636E+07 3.435E+07

7 1.00E-01-4.00E-01 7.118E+06 6.724E+06

8 1.70E-02-1.00E-01 0.0 0.0

9 3.00E-03-1.70E-02 0.0 0.0

10 5.50E-04-3.00E-03 0.0 0.0

11 1.00E-04-5.50E-04 0.0 0.0

12 3.00E-05-1.00E-04 0.0 0.0

13 1.00E-05-3.00E-05 0.0 0.0

14 3.05E-06-1.00E-05 0.0 0.0

15 1.77E-06-3.05E-06 0.0 0.0

16 1.30E-06-1.77E-06 0.0 0.0

17 1.13E-06-1.30E-06 0.0 0.0

18 1.00E-06-1.13E-06 0.0 0.0

19 8.00E-07-1.00E-06 0.0 0.0

20 4.00E-07-8.00E-07 0.0 0.0

21 3.25E-07-4.00E-07 0.0 0.0

22 2.25E-07-3.25E-07 0.0 0.0

23 1.00E-07-2.25E-07 0.0 0.0

24 5.00E-08-1.00E-07 0.0 0.0

25 3.00E-08-5.00E-08 0.0 0.0

26 1.00E-08-3.00E-08 0.0 0.0

27 1.00E-11-1.00E-08 0.0 0.0

TOTAL 1.884E+08 1.781E+08

Conditions: One Design Basis Assembly, 40,000 MWD/MTU and 3.7 wt % 23U enrichment.
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Table 5.2-3  Directly Loaded Fuel Gamma Source Spectrum

Photons/sec per Fuel Assembly

Emean (MeV) 5-Year Cooled 6.5-Year Cooled
9.000 1.07E+05 1.01E+05
7.250 5.04E+05 4.76E+05
5.750 2.57E+06 2.43E+06
4.500 6.40E+06 6.05E+06
3.500 3.20E+09 2.94E+(09
2.750 6.59E+10 2.34E+10
2.250 2.16E+12 6.19E+11
1.830 9.11E+11 3.74E+11
1.500 2.57E+13 1.64E+13
1.165 1.35E+14 ' 1.10E+14
0.900 3.31E+14 2.16E+14
0.700 2.31E+15 1.98E+15
0.500 6.92E+14 4.13E+14
S 0.350 6.09E+13 , 4.40E+13
0.250 9.43E+13 7.16E+13
0.150 3.44E+14 : 2.59E+14
0.075 3.84E+14 2.96E+14
0.030 1.38E+15 1.10E+15
TOTALS (PHOTONS/SEC') 5.76E+15 4.51E+15
(MEV/SEC) 2.63E+15 2.07E+15

Conditions: One Design Basis Assembly, 40,000 MWD/MTU and 3.7 wt % 23U enrichment.

During the rebinning process, the total gamma energy (MeV/sec) source is maintained
within 0.5 percent. To accomplish this, the total gamma (photons/sec) source changes to

- conserve total energy.
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Table 5.2-4

Directly Loaded Fuel Hardware Normalized %Co Gamma Spectrum

SCALE 18-Group Energy Structure

Eean MeV Photons/sec
9.000 0.0
7.250 0.0
5.750 0.0
4.500 0.0
3.500 0.0
2.750 7.969E-09
2.250 5.139E-06
1.830 0.0
1.500 2.166E-01
1.165 7.669E-01
0.900 3.416E-05
0.700 9.061E-07
0.500 2.609E-06
0.350 4.1E-05
0.250 3.146E-05
0.150 6.336E-04
0.075 2.626E-03
0.030 1.317E-02

TOTAL 1.000
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Table 5.2-5

Design Basis Yankee Class Fuel Neutron Source Spectra at 36,000 MWD/MTU
and 8 Years Cooling

GROUP Eu (MeV) ELow (MeV) | Neutrons/Sec-Assembly
1 2.00E+01 6.43E+00 1.2290E+06
2 6.43E+00 3.00E+00 1.4080E+07
3 3.00E+00 1.85E+00 1.5760E+07
4 1.85E+00 1.40E+00 8.7930E+06
5 1.40E+00 9.00E-01 1.1840E+07
6 9.00E-01 4.00E-01 1.2870E+07
7 4.00E-01 1.00E-01 2.5190E+06
8 1.00E-01 1.70E-02 0.0000E+00
9 1.70E-02 3.00E-03 0.0000E+00
10 3.00E-03 5.50E-04 0.0000E+00
11 5.50E-04 1.00E-04 0.0000E+00
12 1.00E-04 3.00E-05 0.0000E+00
13 3.00E-05 1.00E-05 0.0000E+00
14 1.00E-05 3.05E-06 0.0000E+00
15 3.05E-06 1.77E-06 0.0000E+00
16 1.77E-06 1.30E-06 0.0000E+00
17 1.30E-06 1.13E-06 0.0000E+00
18 1.13E-06 1.00E-06 0.0000E+00
19 1.00E-06 8.00E-07 0.0000E+00

20 8.00E-07 4.00E-07 0.0000E+00
21 4.00E-07 3.25E-07 0.0000E+00
22 3.25E-07 2.25E-07 0.0000E+00
23 2.25E-07 1.00E-07 0.0000E+00
24 1.00E-07 5.00E-08 0.0000E+00
25 5.00E-08 3.00E-08 0.0000E+00
26 3.00E-08 1.00E-08 0.0000E+00
27 1.00E-08 1.00E-11 0.0000E+00
TOTAL 6.7090E+07
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Table 5.2-6

Design Basis Yankee Class Fuel Gamma Source Spectra at 36,000 MWD/MTU
and 8 Years Cooling

Em ELow
GROUP (MeV) (MeV) Photons/Sec-Assembly
1 1.00E+01 8.00E+00 3.7701E+04
2 §.00E+00 6.50E+00 1.7759E+05
3 6.50E+00 5.00E+00 9.0547E+05
4 5.00E+00 4.00E+00 2.2566E+06
5 4.00E+00 3.00E+00 6.2676E+08
6 3.00E+00 2.50E+00 5.1211E+09
7 2.50E+00 2.00E+00 1.0789E+11
8 2.00E+00 1.66E+00 9.9933E+10
9 1.66E+00 1.33E+00 4.8070E+12
10 1.33E+00 1.00E+00 3.4718E+13
11 1.00E+00 8.00E-01 6.3503E+13
12 8.00E-01 6.00E-01 8.2333E+14
13 6.00E-01 4.00E-01 1.1897E+14
14 4.00E-01 3.00E-01 1.7831E+13
15 3.00E-01 2.00E-01 2.8386E+13
16 2.00E-01 1.00E-01 1.0201E+14
17 1.00E-01 5.00E-02 1.3136E+14
18 5.00E-02 1.00E-02 4.5899E+14
Total 1.7842E+15
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Table 5.2-7

Design Basis Yankee Class Fuel Hardware and GTCC Waste Gamma Spectra

GROUP Egr MeV) Eiow (MeV) Photons/Sec-kg
1 1.00E+01 8.00E+00 0.0000E+00
2 8.00E+00 6.50E+00 0.0000E+00
3 6.50E+00 5.00E+00 0.0000E+00
4 5.00E+00 4.00E+00 0.0000E+00
5 4.00E+00 3.00E+00 1.0141E-15
6 3.00E+00 2.50E+00 3.3511E+04
7 2.50E+00 2.00E+00 2.1611E+07
8 2.00E+00 1.66E+00 9.5163E-03
9 1.66E+00 1.33E+00 9.1066E+11
10 1.33E+00 1.00E+00 3.2247E+12
11 1.00E+00 8.00E-01 4.3841E+09
12 8.00E-01 6.00E-01 3.8100E+06
13 6.00E-01 4.00E-01 1.0971E+07
14 4.00E-01 3.00E-01 1.7359E+08
15 3.00E-01 2.00E-01 1.3230E+08
16 2.00E-01 1.00E-01 2.6645E+09
17 1.00E-01 5.00E-02 1.1044E+10
18 5.00E-02 1.00E-02 5.5673E+10
TOTAL 4.2095E+12
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Table 5.2-8  Connecticut Yankee Design Basis Fuel Reactor Operating Conditions

Parameter SS Clad Zirc Clad
Assembly Power, MW 12.787 12.787
Fuel Temperature, K 500 900
Clad Temperature, K 620 620
Moderator Temperature, K 580 580
Moderator Density, g/cc 0.725 0.725
Boron, ppm 550 550
Fuel Burnup, MWD/MTU 38,000 43,000
Number of Cycles 3 3
Burnup Cycle, days 427.61 442.99
Down Time, days 60 60
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Table 5.2-9

MCBEND Standard 28 Group Neutron Boundaries

E Lower E Upper E Average
Group [MeV] [MeV] [MeV]

1 1.350E+01 1.460E+01 1.405E+01
2 1.250E+01 1.350E+01 1.300E+01
3 1.125E+01 1.250E+01 1.188E+01
4 1.000E+01 1.125E+01 1.063E+01
5 8.500E+00 1.000E+01 9.250E+00
6 7.000E+00 8.500E+00 7.750E+00
7 6.070E+00 7.000E+00 6.535E+00
8 4.720E+00 6.070E+00 5.395E+00
9 3.680E+00 4.720E+00 4.200E+00
10 2.870E+00 3.680E+00 3.275E+00
11 1.740E+00 2.870E+00 2.305E+00
12 6.000E-01 1.740E+00 1.170E+00
13 3.900E-01 6.000E-01 4.950E-01
14 1.100E-01 3.900E-01 2.500E-01
15 6.740E-02 1.100E-01 8.870E-02
16 2.480E-02 6.740E-02 4.610E-02
17 9.120E-03 2.480E-02 1.696E-02
18 2.950E-03 9.120E-03 6.035E-03
19 9.610E-04 2.950E-03 - 1.956E-03
20 3.540E-04 9.610E-04 6.575E-04
21 1.660E-04 3.540E-04 2.600E-04
22 4.810E-05 1.660E-04 1.071E-04
23 1.600E-05 4.810E-05 3.205E-05
24 4.000E-06 1.600E-05 1.000E-05
25 1.500E-06 4.000E-06 2.750E-06
26 5.500E-07 1.500E-06 1.025E-06
27 7.090E-08 5.500E-07 3.105E-07
28 1.000E-11 7.090E-08 3.546E-08
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Table 5.2-10 MCBEND Standard 22 Group Gamma Boundaries

E Lower E Upper E Average
Group [MeV] [MeV] [MeV]

1 1.200E+01 1.400E+01 1.300E+01
2 1.000E+01 1.200E+01 1.100E+01
3 8.000E+00 1.000E+01 9.000E+00
4 6.500E+00 8.000E+00 7.250E+00
5 5.000E+00 6.500E+00 5.750E+00
6 4.000E+00 5.000E+00 4.500E+00
7 3.000E+00 4.000E+00 3.500E+00
8 2.500E+00 3.000E+00 2.750E+00
9 2.000E+00 2.500E+00 2.250E+00
10 1.660E+00 2.000E+00 1.830E+00
11 1.440E+00 1.660E+00 1.550E+00
12 1.220E+00 1.440E+00 1.330E+00
13 1.000E+00 1.220E+00 1.110E+00
14 8.000E-01 1.000E+00 9.000E-01
15 6.000E-01 8.000E-01 7.000E-01
16 4.000E-01 6.000E-01 5.000E-01
17 3.000E-01 4.000E-01 3.500E-01
18 2.000E-01 3.000E-01 2.500E-01
19 1.000E-01 2.000E-01 1.500E-01
20 5.000E-02 1.000E-01 7.500E-02
21 2.000E-02 5.000E-02 3.500E-02
22 1.000E-02 2.000E-02 1.500E-02
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Table 5.2-11

Connecticut Yankee Design Basis Stainless Steel Clad Fuel Source Term

Fuel Neutron

Fuel Gamma

Fuel Hardware

Group [n/sec/assy] [g/sec/assy] [g/sec/kg]
1 0.0000E+00 0.0000E+00 0.0000E+00
2 9.2580E+03 4.1234E+03 0.0000E+00
3 3.8570E+04 7.9755E+04 0.0000E+00
4 1.2810E+05 3.7568E+05 0.0000E+00
5 2.9120E+05 1.9154E+06 0.0000E+00
6 1.1900E+06 4.7736E+06 0.0000E+00
7 1.8630E+06 2.7498E+08 1.0419E-15
8 6.2330E+06 2.4916E+09 1.1328E+04
9 1.0640E+07 3.6651E+10 7.3057E+06
10 1.4640E+07 9.8663E+10 6.9845E-06
11 3.4830E+07 2.5367E+12 1.9419E+00
12 5.5620E+07 3.6912E+13 6.9208E+11
13 1.1570E+07 1.7642E+13 7.2951E+11
14 4.7980E+06 7.3398E+13 7.7774E+08
15 2.2220E+02 1.3845E+15 1.2880E+06
16 0.0000E+00 1.2185E+14 3.7087E+06
17 0.0000E+00 2.9407E+13 5.8681E+07
18 0.0000E+00 4.7288E+13 4.4724E+07
19 0.0000E+00 1.6792E+14 9.0073E+08
20 0.0000E+00 2.1999E+14 3.7338E+09
21 0.0000E+00 5.0942E+14 1.0749E+10
22 0.0000E+00 3.5520E+14 1.2974E+10
23 0.0000E+00
24 0.0000E+00
25 0.0000E+00
26 0.0000E+00
27 0.0000E+00
28 0.0000E+00

Total 1.4190E+08 2.9661E+15 1.4508E+12

Note: Source Term at 38,000 MWD/MTU at 10 years cool time.
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Table 5.2-12 Connecticut Yankee Design Basis Zircaloy Clad Fuel Source Term

Fuel Neutron

Fuel Gamma

Fuel Hardware

Group [n/sec/assy] [g/sec/assy] [g/sec/kg]

1 0.0000E+00 0.0000E+00 0.0000E+00
2 1.3500E+04 6.0098E+03 0.0000E+00
3 5.6270E+04 1.1624E+05 0.0000E+00
4 1.8690E+05 5.4750E+05 0.0000E+00
5 4.2480E+05 2.7912E+06 0.0000E+00
6 1.7360E+06 6.9554E+06 0.0000E+00
7 2.7180E+06 3.0126E+08 1.6009E-15
8 9.0930E+06 2.6661E+09 3.0554E+04
9 1.5480E+07 3.7772E+10 1.9704E+07
10 2.1080E+07 1.0156E+11 6.8283E-06
i1 5.0140E+07 2.7561E+12 5.2376E+00
12 8.0890E+07 4.0362E+13 1.8666E+12
13 1.6870E+07 1.9175E+13 1.9676E+12
14 6.9950E+06 8.0632E+13 8.8123E+08
15 2.4660E+02 1.4427E+15 3.4738E+06
16 0.0000E+00 1.3283E+14 1.0003E+07
17 0.0000E+00 2.9843E+13 1.5827E+08
18 0.0000E+00 4.8521E+13 1.2063E+08
19 0.0000E+00 1.7307E+14 2.4294E+09
20 0.0000E+00 2.2227E+14 1.0070E+10
21 0.0000E+00 5.2257E+14 2.8855E+10
22 0.0000E+00 3.6263E+14 3.4424E+10
23 0.0000E+00
24 0.0000E+00
25 0.0000E+00
26 0.0000E+00
27 0.0000E+00
28 0.0000E+00

Total 2.0570E+08 3.0776E+15 3.9112E+12

Note: Source Term at 43,000 MWD/MTU at 10 years cool time.
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Table 5.2-13 Connecticut Yankee Design Basis Fuel Assembly Hardware Mass and Mass Scale
Factors by Source Region

Stainless Steel Clad
Mass Mass Activation
Region [kg/assembly] Factor Ratio
Lower Nozzle 8.850 24 0.1
Lower End Plug 2.537 1.0 0.2
Fuel 102.832 1.0 1.0
Upper Plenum 3.879 24 0.2
Upper End Plug 2.537 1.0 0.2
Upper Nozzle 11.240 24 0.1
Zircaloy Clad
Mass Mass Activation
Region [kg/assembly] | Factor Ratio
Lower Nozzle 5.440 1.0 0.1
Lower End Plug 0.000 1.0 0.2
Fuel 19.415 1.0 1.0
Upper Plenum 5.137 1.0 0.2
Upper End Plug 0.000 1.0 0.2
Upper Nozzle 11.840 1.0 0.1
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Table 5.2-14 Connecticut Yankee Reactor Operational Cycle History

Cycle Core Avg Cycle
Cycle End | Length | Loading Burnup
Cycle Date (days) | MTU) | MWD/MTU)

1 04/17/70 838 65.9 16,965
2 04/16/71 295 65.3 7,602

3 06/10/72 382 64.7 10,201
4 07/08/73 359 64.4 9,157

5 05/17/75 519 64.6 13,152
6 05/18/76 323 64.6 8,738

7 10/15/77 454 64.6 12,283
8 01/27/79 423 64.6 11,105
9 05/03/80 418 64.7 11,044
10 09/26/81 427 64.7 11,342
11 01/22/83 437 64.7 11,081
12 08/01/84 479 64.6 12,987
13 01/04/86 422 64.5 10,987
14 07/18/87 435 64.5 10,039
15 09/02/89 526 64.5 12,982
16 10/17/91 428 64.8 10,095
17 05/15/93 426 62.5 12,035
18 01/28/95 558 59.9 13,588
19 07/22/96 461 58.5 13,844
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Table 5.2-15 Connecticut Yankee Design Basis Non-Fuel Assembly Hardware Source Spectra

Flow Mixer
RCCA Upper Plenum | End Fitting
Group [y/kg/sec] [y/kg/sec] [y/kg/sec]

1 0.0000E+00 0.0000E+00 0.0000E+00
2 0.0000E+00 0.0000E+00 0.0000E+00
3 0.0000E+00 0.0000E+00 0.0000E+00
4 0.0000E+00 0.0000E+00 0.0000E+00
5 0.0000E+00 0.0000E+00 0.0000E+00
6 0.0000E+00 0.0000E+00 0.0000E+00
7 1.3895E-09 6.3717E-17 3.1859E-17
8 1.6188E+03 1.0762E+04 5.3810E+03
9 9.9426E+05 6.9405E+06 3.4702E+06
10 3.2170E+06 1.1419E-06 5.7094E-07
11 1.8234E+09 1.8449E+00 9.2243E-01
12 9.0559E+10 6.5749E+11 3.2874E+11
13 9.2794E+10 6.9304E+11 3.4652E+11
14 1.1895E+10 1.5598E+08 7.7991E+07
15 4.1816E+12 1.2236E+06 6.1180E+05
16 1.8817E+12 3.5233E+06 1.7617E+06
17 2.4186E+09 5.5747E+07 2.7874E+07
18 3.6601E+09 4.2489E+07 2.1244E+07
19 1.2166E+10 8.5571E+08 4.2785E+08
20 1.9099E+11 3.5472E+09 1.7736E+09
21 1.0140E+12 1.0238E+10 5.1192E+09
22 3.3857E+10 1.2439E+10 6.2194E+09
Total 7.5175E+12 1.3779E+12 6.8894E+11
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Table 5.2-16 Connecticut Yankee Design Basis Non-Fuel Hardware Masses

Reactor Control Cluster Assemblies

Mass Activation Modeled
Source kgl Region Source Region
Inconel 625 1.50 Active Core | Fuel (bottom 18 in)
(60% Flux)
Ag-In-Cd 5.00 Active Core | Fuel (bottom 18 in)
(60% Flux)
Total 13.00 - --
Flow Mixers
A Mass Activation and Modeled
Source kgl Source Region
St. Steel 1.80 Upper Fitting
Inconel 0.42 Upper Fitting
Total Fitting 222 --
St. Steel 2.70 Upper Plenum
Total Plenum 2.70 -
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Table 5.2-17 CY-MPC Axial Gamma and Neutron Source Profiles — Design Basis Stainless
Steel and Zircaloy Clad Fuels
SS Clad | Zirc Clad

% Core | Elevation | Elevation | Burnup | Gamma | Neutron

Height [em] [cm] Profile Interval | Interval
0.0 14.2824 14.2824 0.5470 - -
2.5 22.0167 21.9723 0.6358 | 5.914E-01 | 1.132E-01
5.0 29.7510 29.6621 0.7247 | 6.803E-01 | 2.024E-01
7.5 37.4853 37.3520 0.8135 |7.691E-01 | 3.377E-01
10.0 | 45.2196 45.0418 0.9023 | 8.579E-01 | 5.333E-01
12.5 52.9539 52.7317 0.9912 |9.468E-01 { 8.057E-01
15.0 60.6882 60.4215 1.0800 |1.036E+00}1.173E+00
85.0 277.2486 | 275.7373 1.0800 |1.080E+00(1.384E+00
87.5 2849829 | 283.4272 0.9912 |1.036E+00|1.173E+00
90.0 2927172 | 291.1170 0.9023 |9.468E-01 | 8.057E-01
92.5 300.4515 | 298.8069 0.8135 | 8.579E-01 | 5.333E-01
95.0 308.1858 | 306.4967 0.7247 |7.691E-01 | 3.377E-01
97.5 3159201 | 314.1866 0.6358 | 6.803E-01 | 2.024E-01
100.0 323.6544 | 321.8764 0.5470 |5.914E-01 | 1.132E-01
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Table 5.2-18 Connecticut Yankee GTCC Waste Source Term at 10 Years’ Cool Time ~
GTCC Waste
Group [g/sec]
| 0.0000E+00
2 0.0000E+00
3 0.0000E+00
4 0.0000E+00
5 0.0000E+00
6 0.0000E+00
7 0.0000E+00
8 8.0085E+07
9 5.1648E+10
10 0.0000E+00
11 1.3728E+04
12 4.8928E+15 ~—’
13 5.1573E+15
14 1.5175E+12
15 4.8847E+10
16 2.6219E+10
17 4.1485E+11
18 3.1620E+11
19 6.3680E+12
20 2.6399E+13
21 7.5986E+13
22 9.1670E+13
Total 1.0253E+16
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53 Model Specification

The radiation protection provided by the NAC-STC is in the form of solid multi-walled shielding
materials which totally surround the fuel. These shielding materials include steel and lead for
gamma shielding and a borated polymer (NS-4-FR) for neutron shielding. The multi-walled
arrangement of steel and lead in the NAC-STC provides optimal weight for gamma attenuation.
The NS-4-FR neutron shielding material has a hydrogen density close to that of water and serves
to moderate fast neutrons which are then captured in the boron. Boron capture in the neutron
shield minimizes the contribution of secondary capture gammas to surface dose rates.

The NAC-STC uses a multi-walled arrangement for both radial and axial shields. The
arrangement of the radial gamma shielding in the cask body is a 1.5-inch thick stainless steel
inner shell and a 2.65-inch thick stainless steel outer shell with a 3.70-inch lead annulus between
them. The radial neutron shield is arranged around the outer steel shell with a 5.5-inch
minimum, 5.925-inch maximum thickness of NS-4-FR that is covered by a 0.236-inch (6 mm)
thick neutron shield shell. The bottom of the cask contains a steel/NS-4-FR/steel shield
arrangement with the two stainless steel components providing 11.65 inches of gamma shielding
and 2 inches of NS-4-FR neutron shielding. The top of the cask has shields in the form of two
closure lids. The inner lid also has a steel/NS-4-FR/steel arrangement with 6.0 inches of steel
below 2 inches of NS-4-FR and 1.0 inch of steel above it. The outer lid is a 5.25-inch thick steel
disk.

5.3.1 Directly Loaded Fuel] Model Specification

5.3.1.1 Directly Loaded Fuel Radial Shielding Models

Four radial models are used to perform the shielding analyses for the NAC-STC with directly
loaded fuel. The first model is a one-dimensional radial model of the cask at the active fuel
midplane. This model is used to determine the dose rates along the fuel midplane. The second
and third models are three-dimensional radial models of the cask along the entire fuel assembly
length. These models are used to determine the axial peaking factors and heterogeneous basket
correction factors. The fourth model is a three-dimensional, fully detailed model of the
NAC-STC. This model is used to calculate the dose rates at the upper and lower radial transition

regions of the cask.

5.3-1



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

The one-dimensional radial model consists of a series of infinitely long, concentric cylinders,
representing the cross-section of the NAC-STC at the fuel midplane. A representation of the
model is shown in Figures 5.3-1 and 5.3-2. The 26 fuel assemblies and the basket are modeled as
two regions inside the cask cavity. The innermost region consists of the fuel and the surrounding
basket materials. The radius of the fuel region is determined by assuming that the area of the fuel
region in the model is equivalent to the area of the 26 assemblies in the actual basket
configuration. This equivalent circularized cylindrical source is shown in Figure 5.3-3. The
annulus between the fuel region and the inner shell is filled with homogenized aluminum
conserving the total mass of the aluminum basket disks. The remaining cask body regions are
modeled using the exact dimensions of the cask except for the radial neutron shield. Its thickness
varies as a result of its polygon shape. An equivalent thickness of 5.71 inches is modeled to
conserve the actual neutron shield volume. This one-dimensional model is used for all radial
dose rate calculations at the fuel midplane, including the loss of neutron shield accident dose

calculation, in which the radial neutron shield region is replaced by a void.

Three three-dimensional models were used to evaluate NAC-STC dose rates. One of the models
details the entire cask along the length of the fuel assembly, including explicit modeling of the
basket disks. A representation of this model produced using the PICTURE computer program is
shown in Figure 5.3-4 (see Section 5.4.1.1 for a discussion of the PICTURE computer code). The
equivalent fuel radius used in the previous one-dimensional radial model is also used here, with
the annulus between the fuel region and the inner shell filled with the basket disks, and void
assumed between the disks. All other details of the cask are modeled as in the one-dimensional
radial model. The axial flux profile of the fuel, shown in Figure 5.2-1, is also included in the
model. A second three-dimensional radial model was developed using a homogeneous basket
disk region and flat axial flux distribution. These models are used to determine the

heterogeneous-to-homogeneous ratios used to correct one-dimensional calculations.

The last three-dimensional model depicts the entire cask and its contents, with explicit detail in
the upper and lower transition regions. The impact limiters are not included in this model, as they
do not have an influence on the dose locations of interest. A representation of this model is
shown in Figures 5.3-5 and 5.3-6 for the upper and lower transition regions, respectively. This
model also uses the effective fuel radius, and models every basket disk explicitly. The lead taper
regions are modeled conservatively, assuming that the lead is reduced to its thinnest at the
beginning of the transition regions. The radial ports are modeled explicitly with their port covers

to determine the maximum dose rate above the neutron shield. In addition, the bottom trunnion
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recess region is modeled explicitly to determine the highest dose rates below the neutron shield.
This model was used to determine the dose rates along the midplanes of the upper and lower
end-fittings, as well as above and below the radial neutron shield. A modification of this model
with reduced lead height was used for the lead slump (end drop) accident. Figure 5.3-7 shows the

lead slump model.

Dose points for the normal transport conditions are chosen and placed at various locations of
interest for the NAC-STC. Thus, dose points are placed at the fuel midplane on the surface of the
neutron shield skin and at 2 meters from the personne! barrier, as illustrated in Figure 5.1-1. Also
of interest are doses at the top and bottom of the radial neutron and lead shields and at the upper
and lower end-fitting midplanes. Dose points are placed at 1 meter from the surface for the
hypothetical accident evaluation, as well. The accidents affecting shielding consist of the loss of
neutron shielding accident and the lead slump accident (tipover or end drop). The limiting dose
for the end drop lead slump accident occurs at Detector 13, shown in Figure 5.1-1.

53.1.2 Directly Loaded Fuel Axial Shielding Models

Two axial models are used to perform the NAC-STC shielding analyses with directly loaded fuel.
The first model is a one-dimensional model of the top end of the cask along the centerline. The
second model is a one-dimensional model of the bottom end of the cask along the centerline.
These models are used to calculate the dose rates along the fop and bottom of the NAC-STC.

The one-dimensional model of the top end of the cask consists of a series of infinite slabs
representing the thicknesses of the cask materials along the centerline of the cask from the

bottom of the active fuel region to the top end of the cask.

The model of the top axial region of the cask is shown in Figure 5.3-8. The shielding includes a
total of 13.73 inches (34.89 centimeters) of steel, 2 inches (5.08 centimeters) of NS-4-FR neutron
shielding, 30 inches (76.2 centimeters) of redwood, and 1.5 inches (3.81 centimeters) of balsa
wood, in addition to the self shielding provided by the fuel, the plenum springs and the
end-fittings.

The one-dimensional model of the bottom end of the cask also consists of a series of infinite

slabs, representing the thicknesses of the cask materials along the centerline of the cask from the

top of the active fuel region to the bottom end of the cask.
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The shielding model used for the bottom region of the cask is shown in Figure 5.3-9. The
shielding includes 12.15 inches (30.86 centimeters) of steel, 2 inches (5.08 centimeters) of
NS-4-FR neutron shielding, 30 inches (76.2 centimeters) of redwood, and 1.5 inches
(3.81 centimeters) of balsa wood, as well as the self-shielding provided by the fuel and the end-

fitting regions.

5.3.13 Cask Regional Material Compositions - Directly Loaded Fuel

The shielding calculations are performed for a directly loaded Westinghouse 17 x 17 fuel
assembly with a mass of 469 kilograms of uranium. The densities of the materials where
radioactive sources exist are calculated using the effective fuel radius. An explanation of the
determination of the effective fuel radius is included in Section 5.3.1. The radioactive source
regions include the fuel, the grid spacers, the plenum springs and the top and bottom end-fittings.
All fuel, plenum spring, and end-fitting region densities are homogenized. The portion of the
basket disks located between the effective fuel region and the cask shell is modeled explicitly in
the three-dimensional radial model. However, the disks are homogenized in the one-dimensional
radial and axial shielding models. The grid spacers are homogenized in the effective fuel region

of all of the shielding models.

The fuel region densities, which include the homogenized basket disks and the grid spacers, are
presented in Table 5.3-1. The homogenized fuel region includes all of the materials shown in
Table 5.3-1. The plenum spring and end-fitting (upper and lower) densities are presented in
Table 5.3-2.

All cask shielding materials and their densities are included in Table 5.3-3. The steel, aluminum
and iron densities are found in the Book of Standards, The Metals Handbook, Alcoa Aluminum
Handbook, and the Standard Handbook for Civil Engineers (Merritt). The densities reported for
the NS-4-FR neutron shielding material are obtained from BISCO Products, Inc., in the technical

specifications for the material. The aluminum density is reported for both a solid heterogeneous
aluminum disk and for the homogenized basket. The redwood and balsa wood densities are taken
from the Standard Composition Library of the SCALE-4.0 code package (SCALE).
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53.2 Y ankee-MPC Fuel and GTCC Waste Model Specifications
5.3.2.1 Y ankee-MPC Fuel and GTCC Waste Radial Shielding Models

One-dimensional cylindrical SAS1 models are used to evaluate radial midplane dose rates for the
NAC-STC containing Yankee-MPC design basis fuel and GTCC waste. In both cases, the
source region is transformed into an equivalent cylindrical volume. In the case of the canister
fuel region, this volume is based on the periphery of the fuel basket tubes and has an equivalent
radius of 30.63 inches (77.80 cm). The fuel assembly source regions are homogenized into the
volumes defined by the fuel/basket equivalent radius and the fuel regional elevations defined in
Figure 5.1-3. Since the canister basket contains an explicit heat transfer region with aluminum
heat transfer disks, an additional middle fuel region is defined with this material for the radial
midplane evaluation. The remaining cask body regions are modeled using the exact dimensions
of the cask, except for the radial neutron shield. Its thickness varies as a result of its polygon
shape. An equivalent thickness of 5.52 inches (14.02 cm) is modeled to conserve the actual
neutron shield volume (see Figure 5.3-10). To account for axial leakage, an axial buckling
equivalent to the active fuel height is applied. In the accident situation, the neutron shield
material, NS-4-FR, is voided. An axial peaking factor of 1.15 and 1.80 is applied to the radial
midplane gamma and neutron results, respectively, to account for the axial burnup profile as
described in Section 5.2.2. Radial models are also constructed for the Westinghouse, United
Nuclear and Exxon fuel types to determine minimum cool time based on shielding constraints.
By performing shielding analysis rather than source term magnitude comparisons, spectrum
differences are taken into account. Shielding analysis of the Exxon assembly at 10 years’ cooling
is not required, since its neutron and gamma source is lower in each energy group and its mass

(and therefore its self-shielding) is identical to the design basis assembly.

In the case of the GTCC waste, the volume is based on the interior periphery of the GTCC basket
support wall and has an equivalent radius of 23.47 inches (59.61 cm). The GTCC source region
is homogenized into the volume defined by the GTCC basket interior periphery and the container
height of 98.25 inches (249.56 cm [See Figure 5.1-4]). This gives a GTCC source volume of
170,023 inches® (2.786 x 10°® cm®). The GTCC basket support wall is also cylindrical with a
2.5-inch (6.35-cm) thickness. The remaining cask body regions are modeled using the exact
dimensions of the cask, except for the radial neutron shield that is again modeled with an
equivalent thickness of 5.52 inches (14.02 cm [See Figure 5.3-13]). To account for axial leakage,
an axial buckling equivalent to the container height of 98.35 inches is applied. In the accident
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situation, the neutron shield material, NS-4-FR, is voided. An axial peaking factor of 1.23 is
applied to the radial midplane results to account for gamma source peaking as described in
Section 5.2.2.3.

5322 Yankee-MPC Fuel and GTCC Waste Axial Shielding Models

One-dimensional slab SAS1 models are used to evaluate top and bottom dose rates for the
NAC-STC containing design basis Yankee-MPC fuel and GTCC waste. The top axial model
begins at either the active fuel or homogenized GTCC waste canister source midplane and
proceeds along the cask centerline to the surface of the top impact limiter. Similarly, the
NAC-STC bottom axial model begins at either the canistered fuel or homogenized GTCC waste
canister center and ends at the bottom impact limiter. See Figures 5.3-11 and 5.3-12 for the
canister fuel axial shielding model and Figures 5.3-14 and 5.3-15 for the canister GTCC waste
axial shielding models. To account for transverse radial leakage, radial bucklings equal to the
equivalent diameter of the source regions are applied. In the accident situation, the impact
limiters are lost, the canister is positioned on either the top or bottom cavity surface, and the
NS-4-FR neutron shield material, including that in the bottom forging, is considered to be lost.

5.3.2.3 Cask Regional Material Compositions - Yankee Class Fuel and GTCC Waste

The densities of the materials used in the shielding evaluations for canister fuel and GTCC waste
are calculated using the effective fuel radius and source regional elevation. See Figure 5.1-3 for
the design basis canistered fuel source zones and elevations. In the case of the canistered Yankee
Class fuel, the homogenized source regions include a top fuel, middle fuel (heat transfer zone),
bottom fuel, top plenum, bottom plenum, and the top and bottom end-fittings. The structural and
heat transfer disks exterior to the fuel/basket region are also homogenized in the one-dimensional

radial models. Similarly, the GTCC waste density is based on homogenizing the mass of GTCC

waste into the volume defined by the equivalent radius and the height of the container. The

homogenized densities and nuclide concentrations are shown in Table 5.3-4.

5.3.3 CY-MPC Fuel and GTCC Waste Model Specifications

MCBEND three-dimensional shielding analysis allows detailed modeling of radiation source
(either fuel assemblies or GTCC waste), basket, and cask shield configuration, including
streaming paths. For fuel assembly sources, some fuel assembly detail is homogenized in the
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model to simplify model input and improve computational efficiency. Thus, the three-
dimensional models represent the various fuel assembly source regions as homogenized zones
within the fuel tubes in the basket, but explicitly model the axial extent of the source regions.

For the GTCC waste source, the waste is homogenized using the mass of waste to be loaded in
conjunction with the available volume in the GTCC waste tubes. The basket details, including
support disks, heat transfer disks, and top and bottom weldments are explicitly modeled.

The fuel and hardware source regions of each assembly are homogenized within the volumes
defined by the periphery of the fuel assembly and the source region axial extents. Cask body
details include the true axial extent of the cask shield as described by the drawings in Section
1.3.2.

The geometric description of a MCBEND model is based on the Fractal Geometry combinatorial
geometry system embedded in the code. In this system, bodies such as cylinders and rectangular
parallelpipeds, and their logical intersections and unions, are used to describe the extent of

material zones.

MCBEND employs an automated biasing technique for the Monte Carlo calculation based on a
three-dimensional adjoint diffusion calculation. Mesh cells for the adjoint solution are selected

based on half value thicknesses for each material.

MCBEND Monte Carlo calculations are performed for each source type present in each source
region. This approach entails seven separate analyses, encompassing fuel neutron, fuel gamma,
fuel n-gamma (secondary gammas arising from neutron interaction in the shield), fuel hardware,
uppef plenum, and upper and lower end-fitting gamma sources. Typically, a total of some 5 to
20 million histories are tracked to yield dose rate profiles for each model. These cases are
analyzed for both radial and axial detector locations and for normal and hypothetical accident

conditions. Similar analyses are also conducted for GTCC waste.

5.3.3.1 Connecticut Yankee Fuel Assembly Model

Based on the fuel parameters provided in Table 5.1-2, homogenized treatments of the stainless
steel and Zircaloy clad fuel assembly source regions are developed. The homogenized fuel
assembly is represented in the model as a stack of boxes with width equal to the fuel assembly
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width. The height of each box corresponds to the modeled height of the corresponding assembly

region, shown in Figure 5.1-5.

The active fuel region homogenizations for stainless steel and Zircaloy clad fuel are shown in
Tables 5.3-5 and 5.3-6, respectively. The interstitial material is void under the dry canister
conditions of transport. The clad region is either stainless steel (density 7.92 g/cm3) or Zircaloy
(density 6.55 g/cm3) depending on the fuel type. The resulting regional compositions on an

atom/barn-cm basis are shown in Table 5.3-7.

Fuel assembly non-fuel regions are homogenized as shown in Tables 5.3-8 and 5.3-9 for stainless
steel and Zircaloy clad fuel types, respectively. The only material included in the homogenized
region is stainless steel. Volume fractions of material are based on the modeled regional volume
and the volume of stainless steel present as computed from the modeled mass and density (7.92
g/cm®). Although the geometry of the fuel end plug regions is modeled explicitly, the radiation
source from activated fuel pin end plug material is assigned to adjacent source regions. For
upper end plugs, the activation source term is assigned to the upper plenum source region, and
for lower end plugs, the source term is assigned to the lower nozzle source region. This
simplifying assumption reduces the number of source cases required and has little impact on

computed dose rates.

5.3.3.2 CY-MPC Canister and Basket Mode]

For a given fuel type, the MCBEND description of the canister and basket elements forms a
common sub-model employed in the transport cask analysis. The key features of the model are
the detailed representation of fuel tubes, basket support and heat transfer disks, and weldment
structures; the inclusion of the vent and drain ports in the canister shield lid; and explicit
modeling of the shielding installed beneath the lid ports.

The vent and drain ports in the canister shield lid are modeled as a series of three stacked
cylinders. The port cover is also modeled, and is in place for all transport analyses. The port

cover is modeled as a solid piece of stainless steel.

The CY-MPC canister is shown in Figure 5.3-16.
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5.3.33 Description of CY GTCC Waste, Basket, and Canister Model

A homogenized treatment of GTCC waste is developed based on loading 800 Ibs. of GTCC
waste into each GTCC tube and calculating a volume fraction of stainless steel over the length of
the GTCC fuel assembly size can (GTCC can) that holds the waste. The loading of 1300 lbs. in
the center four tubes is accomplished by scaling the source strength in those locations internally
in MCBEND. The calculated volume fraction based on a tube width of 8.72 in. and a GTCC can
height of 133.50 in., is 0.2760.

The 24 stainless steel GTCC waste tubes are surrounded by a stainless steel octagonal shell
weldment that retains the GTCC waste and provides additional shielding. The GTCC basket
support disks are not modeled. The GTCC canister is modeled as identical to the fuel canister.

A schematic of the GTCC basket is shown in Figure 5.3-18.

5334 Description of MCBEND NAC-STC Model

The three-dimensional model of the NAC-STC cask containing design basis fuel assemblies or
GTCC waste is based on the following features:

Normal conditions:

e Lower rotating trunnions

e Annular void below the neutron shield

e Radial neutron shield and shield shell

e Radial neutron shield heat fins

e All balsa upper and lower impact limiters (simplified to a length of 33.50 in.)
Accident conditions:

e Top axial lead slump

e Bottom axial lead slump

¢ Radial lead slump

¢ Loss of radial neutron shield and shield shell

e Loss of upper and lower impact limiters
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Features common to both the normal and accident conditions models are the inner lid vent and
drain ports, the inner lid neutron shield, the bottom forging neutron shield, and the canister
spacer below the CY-MPC canister.

Detailed model parameters used in creating the three-dimensional model are taken directly from
the drawings in Section 1.3.2. Elevations associated with the transport cask three-dimensional
features are established with respect to the center bottom of the canister for the MCBEND

combinatorial model. The three-dimensional NAC-STC model is shown in Figure 5.3-17.

5334 CY-MPC Shield Regional Densities

Based on the homogenization described in Section 5.3.3.1, the resulting active fuel regional
densities are shown in Table 5.3-7 for stainless steel and Zircaloy clad fuel types. Material
compositions for remaining structural and shield materials and GTCC waste are shown in Table
5.3-10. Compositions for fuel assembly non-fuel regions are equivalent to the stainless steel
composition in Table 5.3-10 scaled by the material volume fractions shown in Tables 5.3-8 and
5.3-9.
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Figure 5.3-1 One-Dimensional Radial Model Showing Region Radii - Directly Loaded Fuel

FIGURE WITHHELD AS SENSITIVE
UNCLASSIFIED INFORMATION
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Figure 5.3-2 One-Dimensional Radial Model Showing Region Thickness - Directly Loaded
Fuel

FIGURE WITHHELD AS
SENSITIVE UNCLASSIFIED
INFORMATION
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Figure 5.3-3 Equivalent Circularized Cylindrical Source — Directly Loaded Fuel

FUEL BASKET OUTER DIAMETER

ACTUAL FUEL
EFFECTIVE RADIUS = 77.80 cm
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Figure 5.3-4 PICTURE Representation of the Three-Dimensional Radial Model — Directly
Loaded Fuel
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Figure 5.3-5 Upper Transition Region Three-Dimensional Shielding Model - Directly Loaded
Fuel

FIGURE WITHHELD AS SENSITIVE
UNCLASSIFIED INFORMATION
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Figure 5.3-6 Lower Transition Region Three-Dimensional Shielding Model - Directly Loaded
Fuel
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Figure 5.3-8 One-Dimensional Top Axial Model - Directly Loaded Fuel

FIGURE WITHHELD AS
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INFORMATION
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Figure 5.3-9 One-Dimensional Bottom Axial Model - Directly Loaded Fuel
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Figure 5.3-10 One-Dimensional Radial Shielding Model with Canistered Yankee Class Fuel
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UNCLASSIFIED INFORMATION
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Figure 5.3-11 One-Dimensional Axia Shielding Model with Canistered Y ankee Class Fuel

FIGURE WITHHELD AS SENSITIVE
UNCLASSIFIED INFORMATION

5.3-21



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-O0A

Figure 5.3-12 One-Dimensional Top Axial Model with Canistered Y ankee Class Fuel
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Figure 5.3-13 One-Dimensiona Radial Shielding Model with Canistered Yankee GTCC Waste

FIGURE WITHHELD AS SENSITIVE
UNCLASSIFIED INFORMATION

5.3-23



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Figure 5.3-14 One Dimensional Bottom Axial Model with Canistered Yankee GTCC Waste
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Figure 5.3-15 One-Dimensional Top Axial Model with Canistered Yankee GTCC Waste
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Figure 5.3-16 CY-MPC Three-Dimensional Canister Model Detail
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Figure 5.3-17 Three-Dimensional NAC-STC Model for CY-MPC Analysis
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Figure 5.3-18 Three-Dimensional Model of CY-MPC GTCC Basket
1 175.64
I
|
154.48

(Dimensions in ¢m)

5.3-28



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Table 5.3-1  Directly Loaded Fuel Region Material Compositions

Density

Material Region Element (g/cc) (atoms/barn-cm)
Fuel Assemblies 35y 0.0648 1.662E-4
BBy 1.687 4.269E-3
0 0.235 8.858E-3
Zr 0414 2.741E-3
Basket and Tubes ‘ Al 0.452 1.01E-2
105 0.002 1.07E-4
Grid Spacers Fe 0.005 5.04E-5
Cr 0.004 4.47E-5
Ni 0.01 9.90E-5
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Table 5.3-2  Directly Loaded Fuel Hardware Regions - Material Compositions

Density
Material Region Element (g/ee) (atoms/barn-cm)
Plenum Springs Zr 0.415 2.75x 107
Cr 0.067 7.77x 10
Fe 0.222 239x 107
Ni 0.062 6.36 x 10™
1B 0.0018 1.07 x 10
Al 0.451 1.01 x 107
Upper End Fitting Cr 0.136 1.58 x 107
Fe 0.492 5.29 x 107
Ni 0.064 6.55 x 10"
198 0.0018 1.07 x 10
Al 0.71 1.58 x 107
Lower End Fitting Cr 0.141 0.63 x 107
Fe 0.514 5.53x 107
Ni 0.067 6.84 x 10
;! 0.0018 1.07 x 10
Al 0.827 1.84 x 107
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Table 5.3-3  Directly Loaded Fuel Shielding Material Compositions

Density
Material Region Element (g/ce) (atoms/barn-cm)
Aluminum Al
heterogeneous 2.70 6.02E-2
homogeneous 1.123 2.511E-2
Stainless Steel Fe 5.513 5.929E-2
Cr 1.518 1.758E-2
Ni 0.719 7.341E-3
Lead Pb 11.34 3.30E-2
Neutron Shield H 0.097 5.854E-2
C 0.451 2.264E-2
O 0.693 2.609E-2
108 0.0014 8.553E-5
g 0.0063 3.442E-4
N 0.0324 1.394E-3
Al 0.348 7.763E-3
Redwood H 0.0278 1.67E-2
O 0.222 8.34E-3
Balsa Wood C 0.0555 2.79E-3
H 0.0078 4 .67E-3
@] 0.0618 2.32E-3
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Table 5.3-4  Yankee Class Fuel and Yankee GTCC Material Compositions

Zone/Material Density (g/cc) Nuclides Density (atom/b-cm)
Middle Fuel Zone
U0, 2.2769 24y 2.79304E-07
35y 3.65635E-05
B8y 5.04141E-03
0 1.01565E-02
Zircaloy 0.6417 Zr 4.23638E-03
$S304 0.3420 Cr 7.52598E-04
Mn 7.49779E-05
Fe 2.56318E-03
Ni 3.33394E-04
Aluminum 0.1091 Al 2.43503E-03
B.C 0.0101 g 8.76394E-05
g 3.52760E-04
C 1.10100E-04
Middle Basket/Disk
Zone
$S304 0.9543 Cr 2.10001E-03
Mn 2.09215E-04
Fe 7.15218E-03
Ni 9.30286E-04
Aluminum 0.2920 Al 6.51722E-03
Top Fuel/Basket Zone
UO, 2.2769 Sy 2.79304E-07
5y 3.65635E-05
28y 5.04141E-03
0 1.01565E-02
Zircaloy Zr 4.04558E-03
$S304 0.3084 Cr 6.78658E-04
Mn 6.76116E-05
Fe 2.31136E-03
Ni 3.00639E-04
Aluminum 0.0622 Al 1.38826E-03
B4C 0.0101 ) 8.76394E-05
) 3.52760E-04
C 1.10100E-04
Top Plenum Zone
Zircaloy 0.5718 Zr 3.77491E-03
$S304 0.4821 Cr 1.48517E-03
Mn 1.05692E-04
Fe 3.61319E-03
Ni 4.69968E-04
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Table 5.3-4  Yankee Class Fuel and Yankee GTCC Material Compositions (Continued)

Material/Zone Density (g/cc) Nuclides Density (atom/b-cm)
Top End Fitting Zone
3$5304 0.6749 Cr 1.74286E-02
Mn 1.47961E-04
Fe 5.05816E-03
Ni 6.57917E-04
Bottom Fuel/Basket
Zone
U0, 2.2769 By 2.79304E-07
=y 3.65635E-05
iy 5.04141E-03
0 1.01565E-02
Zircaloy 0.6128 Zr 4.04558E-03
S$S304 0.2350 Cr 6.49170E-04
Mn 6.46739E-05
Fe 2.21093E-03
Ni 2.87577E-04
Aluminum 0.0622 Al 1.38826E-03
B.C 0.0101 g 8.76394E-05
) 3.52760E-04
C 1.10100E-04
Bottom Plenum Zone
Zircaloy 0.6128 Zr 4.0455E-03
SS304 1.0529 Cr 2.31699E-03
Mn 2.30831E-03
Fe 7.89115E-03
Ni 1.02640E-03
Bottom Endfitting
Zone
SS304 0.9664 Cr 2.12664E-03
Mn 2.11867E-04
Fe 7.24287E-03
Ni - 9.42082E-04
GTCC Waste and
Container
SS304 3.29 Cr 7.2399E-03
Mn 7.2128E-04
Fe 2.4658E-02
Ni 3.2072E-03
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Table 5.3-5 Connecticut Yankee Stainless Steel Clad Fuel Region Homogenization
Volume Fraction of Components
Component U0, Void Clad Interstitial
Fuel 3.3010E-01 - - -
Gap - 9.5568E-03 - -
Clad - - 6.0055E-02 -
Guide Tube -- -- 5.6120E-03 --
Instrument Tube -- -- 2.9439E-04 --
Inside Tubes -- -- -- 6.0931E-02
Interstitial - - - 5.3345E-01
Total 3.3010E-01 | 9.5568E-03 | 6.5962E-02 | 5.9438E-01
Table 5.3-6 Connecticut Yankee Zircaloy Clad Fuel Region Homogenization
Volume Fraction of Components
Component U0, Void Clad Interstitial
Fuel 3.0394E-01 - - -
Gap - 9.0410E-03 - --
Clad - - 8.9574E-02 -
Guide Tube -- -- 7.7242E-03 --
Instrument Tube -- -- 3.8621E-04 --
Inside Tubes -- -- -- 5.7525E-02
Interstitial -- -- -- 5.3181E-01
Total 3.0394E-01 | 9.0410E-03 | 9.7684E-02 | 5.8934E-01
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Table 5.3-7 Connecticut Yankee Homogenized Fuel Regional Densities
Stainless Steel Clad Zircaloy Clad
Density Density

Element [atom/b-cm] Element [atom/b-cm]

Cr 1.08911E-03 Cr 7.41045E-06

Fe 4.16871E-03 Fe 1.37989E-05

Ni 4.28815E-04 Hf 2.15875E-07

0 1.53301E-02 Ni 6.56487E-07

U 7.66861E-03 0 1.41392E-02

-- -- Sn 4.86877E-05

- -- U 7.06088E-03

-- -- Zr 4.14273E-03

Table 5.3-8  Connecticut Yankee Stainless Steel Clad Fuel Assembly Hardware Region
Homogenization
Mass SS | SS Volume Height Volume Volume
Region [kg/cask] [em’] [cm] [em’] Fraction

Lower Nozzle 230.10 [2.9053E+04| 8.0975 9.6963E+04 | 2.9963E-01
Lower End Plug 65.96 8.3277E+03 1.7399 2.0834E+04 | 3.9971E-01
Fuel Hardware 2673.64 |3.3758E+05| 309.3720 | 3.7045E+06 | 9.1126E-02
Upper Plenum 100.85 |1.2734E+04| 9.0162 1.0796E+05 | 1.1795E-01
Upper End Plug 65.96 8.3277E+03 1.7399 2.0834E+04 | 3.9971E-01
Upper Nozzle 20224 |3.6899E+04| 17.2466 | 2.0652E+05 | 1.7867E-01
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Table 5.3-9  Connecticut Yankee Zircaloy Clad Fuel Assembly Hardware Region
Homogenization

Mass SS | SS Volume Height Volume Volume

Region fkg/cask] [cm3] [cm] [cm3 1 Fraction
Lower Nozzle 141.44 |1.7859E+04 8.0975 9.6963E+04 | 1.8418E-01
Lower End Plug 0.0 0.0000E+00 1.7399 2.0834E+04 | 0.0000E+00
Fuel Hardware 504.79 |6.3736E+04| 307.5940 | 3.6832E+06 | 1.7304E-02
Upper Plenum 133.56 |1.6864E+04| 10.7942 1.2925E+05 | 1.3047E-01
Upper End Plug 0.0 0.0000E+00 1.7399 2.0834E+04 | 0.0000E+00
Upper Nozzle 307.84 |3.8869E+04| 17.2466 2.0652E+05 | 1.8821E-01
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Table 5.3-10

Regional Densities for CY-MPC Structural and Shield Materials

Density
Material Element [atom/b-cm]
Stainless Steel Cr 1.65112E-02
Fe 6.31986E-02
Ni 6.50094E-03
BORAL Aluminum Clad Al 3.35910E-02
B 4.63378E-02
C 1.21776E-02
Aluminum Al 6.02626E-02
Lead Pb 3.20871E-02
NS-4-FR Al 7.80000E-03
B 4.27500E-04
C 2.26000E-02
H 5.85000E-02
N 1.39000E-03
0O 2.61000E-02
Heat Fin Cu 3.62309E-02
Fe 3.61117E-02
Cr 9.43448E-03
Ni 3.71464E-03
Balsa C 2.78553E-03
H 4.64261E-03
O 2.32135E-03
GTCC Waste Cr 4.55708E-03
Fe 1.74428E-02
Ni 1.79426E-03
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5.4 Shielding Evaluation

The techniques used to perform gamma and neutron dose rate calculations for the NAC-STC in
the directly loaded and canistered configurations are described below, including descriptions of

the computer codes and methods that were used in the shielding analyses of the cask.

54.1 Computer Code Descriptions and Results

54.1.1 Directly Loaded Fuel Configuration

The computer codes used in the shielding evaluation of the NAC-STC with directly loaded fuel
are XSDRNPM, XSDOSE, QAD-CGGP, MORSE and PICTURE.

XSDRNPM (Greene, 1983) is a one-dimensional, discrete ordinates, multigroup computer code
developed by Oak Ridge National Laboratory (ORNL) that is widely used for shielding
calculations. In this case, it is used to perform shielding analyses by solving the Boltzmann
transport equation. The P5Sg approximation is used in these analyses for an accurate dose rate
calculation. XSDRNPM is used for calculating neutron, gamma, and secondary gamma fluxes at
the cask surface. The code includes subcritical multiplication automatically; associated gammas
are represented in the transfer matrix. The SCALE-4 27-neutron/18-gamma group coupled cross-
section master library is processed with NITAWL (Greene, 1989) for self-shielding resonance
treatment. This step is necessary to generate the working data library format required as input for
XSDRNPM to perform dose rate calculations.

XSDRNPM has proven to be an accurate shielding code; however, because it is a
one-dimensional code, it is somewhat limited. For radial calculations, cylindrical geometry is
used to calculate dose rates along the fuel midplane. The radial thicknesses of the cask materials
are used as input. The axial dimension of the cask (height) is approximated by using an axial
buckling factor. For axial calculations, slab geometry is used. The thicknesses of the different
layers of the cask along the cask centerline are used. The radial leakage of these layers are

accounted for by using buckling factors in the “X” and “Y” directions.
XSDOSE (Bucholz, 1981), a computer code also developed by ORNL, is used to compute the

resulting dose rates from the fluxes calculated by XSDRNPM. XSDOSE can use several
different source geometries. For radial calculations, a finite cylinder is used to model the cask.
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For axial calculations, a circular disk is used to model the top or bottom of the cask. The code

can calculate dose rates on the surface and at points away from the surface of the cask.

For the radial midplane calculations, the one-dimensional XSDRNPM computer code 1s used to
calculate surface fluxes. XSDOSE then calculates the surface, one meter, and two meter dose
rates. Because XSDRNPM is a one-dimensional computer code, a flat axial source distribution
must be assumed, and all the regions considered in these radial calculations must be
homogeneous. The one-dimensional radial geometry used with XSDRNPM is described in
Section 5.3-1. The material densities used are described in Section 5.3-3. The cavity is modeled
as two regions: the fuel region, using the effective fuel radius; and the homogenized basket disk
region, comprising the annulus between the fuel region and the inner shell. Separate runs are
needed for the fuel neutrons and gammas and for the grid spacer gammas. Dose rates are
calculated on the surface of the cask, at one meter away from the surface (Locations 1 and 2 in
Figure 5.1-1) and at two meters from the personnel barrier (Location 3 in Figure 5.1-1). In
actuality, the fuel source has an axial cosine distribution, with the peak around the fuel midplane,
as shown in Figure 5.3-5 and detailed in Table 5.4-1. This axial peaking results in higher dose
rates near the cask midplane that can be accounted for by a correction factor. These factors can

be determined by the use of a three-dimensional code.

The QAD-CGGP code (QAD-CGGP) has been used extensively for three-dimensional dose rate
calculations and yields satisfactory results. The most current version of QAD, QAD-CGGP,
incorporates an improved buildup factor calculational method. The Geometric Progression (GP)
buildup factors are better than those calculated by the method used in QAD-CG (Cain), the

previous version of the code.

The QAD-CGGP code is used to calculate the flux peaking and heterogeneous basket correction
factors used with the one-dimensional XSDRNPM/XSDOSE radial dose rate calculations. The
QAD-CGGP code is used for this purpose by calculating homogeneous-to-heterogeneous
geometry and axial peaking-to-flat flux correction factors, which are used to correct the
XSDRNPM/XSDOSE results. The iron buildup factor was used in all of the QAD-CGGP
calculations. Two QAD-CGGP runs are performed. The first run is performed using a flat axial
source distribution and homogeneous modeling of the basket disk region. .The second run is
performed with a discrete axial source distribution and heterogeneous modeling of the basket
disk region. The correction factors are determined by dividing the heterogeneous peaked source
dose rates by the homogeneous flat source dose rates. The previously calculated
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XSDRNPM/XSDOSE dose rate contributions from fuel neutrons, fuel gammas, and grid spacer
gammas are multiplied by these source-specific correction factors to calculate conservative dose

rates at locations along the midplane of the cask.

The loss of neutron shield radial calculations were performed using the same one-dimensional
radial model and methodology described for normal transport conditions but with the radial
neutron shield region voided. The higher neutron dose rates that resulted from this calculation

are shown in Table 5.1-5.

The MORSE computer program (West) is a three-dimensional code, which uses the Monte Carlo
“random walk” technique. This code is used to calculate doses at the transition region where a
three-dimensional code is required. MORSE is better suited than QAD for these calculations

because MORSE is able to more accurately calculate neutron doses.

The radial transition region dose rate calculations are performed using MORSE. An explicitly
detailed three-dimensional model of the NAC-STC is developed, including the port cover void in
the upper transition region, and the rotation trunnion recess in the lower transition region. The
basket disks are modeled explicitly in the basket disk region of the model, and the fuel source
region is conservatively assumed to have a flat axial distribution. Two series of runs are
performed to determine the dose rates around the upper and lower transition regions. For the
dose points near the upper transition regions, five separate runs are performed. The runs
performed are for the fuel neutron, fuel gamma, grid spacer gamma, plenum spring gamma, and
upper end-fitting gamma source terms. The results of each of these runs are summed to
determine the total dose rate at each detector location. For the lower transition region
calculation, four runs were needed. The runs modeled the fuel neutron, fuel gamma, grid spacer
gamma, and lower end-fitting gamma source terms. Additional detectors are located along the
cask midplane. These dose locations were used to compare the MORSE dose rates with the
corrected XSDRNPM/XSDOSE dose rates to verify consistency in the calculational techniques.
The dose rates calculated by the different methods agreed well, with differences typically less
than 5%. The end drop lead slump accident was also analyzed using the MORSE computer code
and the three-dimensional model described in Section 5.3.1 (Figure 5.3-7). The results are
presented in Table 5.1-6.
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The PICTURE computer code (Emmett) is used to verify the geometry of both QAD-CGGP and
MORSE models. PICTURE uses the QAD-CGGP or MORSE input to produce a printer plot,

which depicts the different materals.

The one-dimensional XSDRNPM computer code was used to calculate fluxes in the axial
directions. The top and bottom geometry models and the densities used are described in Section
5.3.1. A buckling factor, equal to the diameter of the cask, is used in the XSDRNPM input to
account for the particle leakage associated with the finite radial dimensions of the cask not
described in an infinite slab model. For the top axial model, separate runs are performed for the
fuel neutron, fuel gamma, grid spacer gamma, plenum spring gamma, and upper end-fitting
gamma source terms. For the bottom axial model, separate runs are performed for the fuel
neutron, fuel gamma, grid spacer gamma, and lower end-fitting gamma source terms. The fuel
region sources in both models are conservatively assumed to have a flat axial profile.

The fluxes calculaied by XSDRNPM are then used in XSDOSE to calculate dose rates at the
surface, and two meters away from the surface of the top and bottom impact limiters (positions 4
through 7 of Figure 5.1-1 and Table 5.1-4). XSDOSE uses a circular disk source for both the top
end and bottom end calculations, with the actual diameter of the cask as the diameter of the disk
source. The results obtained from these calculations were compared to results calculated by the
QAD-CGGP and MORSE three-dimensional codes. The results of these three-dimensional
calculations showed good agreement with those calculated using XSDRNPM/XSDOSE. In all
cases, as would be expected, the one-dimensional analyses resulted in higher dose rates than

those calculated using the three-dimensional codes.
The loss of neutron shielding calculations were performed using similar models to those used for
the normal transport conditions, but with the top and bottom neutron shielding regions assumed

to be voids. Results are detailed in Table 5.1-5.

54.1.2 Canistered Yankee Class Fuel and GTCC Waste

Shielding evaluations of canistered Yankee Class fuel and GTCC waste are performed with
SCALE 4.3 for the PC (ORNL, 1995). In particular, SCALE 4.3 shielding analysis sequence
SAS2H (Herman, 1995) is used to generate source terms for the design basis fuel and GTCC
waste hardware and SAS1 (Knight, 1995) is used to perform one-dimensional radial and axial
shielding analysis. Transverse leakage is accounted for by the use of radial and axial bucklings.

5.4-4



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

The 27 group neutron, 18 group gamma, coupled cross section library (27N-18COUPLE) based
on ENDF/B-IV (Jordan, 1995) is used in all shielding evaluations. Fuel source terms include fuel
neutron, fuel gamma, and activated hardware gamma. GTCC waste hardware source terms are
based on core baffle activated hardware characterization from dose rate measurements and baffle
material chemical assay. Dose rate evaluations include the effect of fuel burnup peaking on fuel

neutron and gamma source terms.

54.13 Canistered CY-MPC Fuel and GTCC Waste

The shielding evaluations of the NAC-STC with canistered CY-MPC fuel or GTCC waste are
performed with MCBEND version 9E (MCBEND). For the fuel evaluations, source terms
include fuel neutron, fuel gamma and gamma contributions from activated hardware. As
described in Section 5.2.3.4, these evaluations include the effect of fuel burnup peaking on fuel
neutron and gamma source terms. The resulting dose rate profiles' are reported as a function of
distance from the radial and axial surfaces of the NAC-STC cask.

The MCBEND shielding models described in Section 5.3.3 are utilized with the source terms
described in Section 5.2.3 to estimate the dose rate profiles along the surfaces of the transport
cask. The method of solution is continuous energy Monte Carlo with an adjoint diffusion
solution for generating importance meshes. Radial biasing is performed within the MCBEND
code to estimate dose rates on the side of the transport cask, and axial biasing is performed to

estimate dose rates on the top and bottom surfaces of the cask.

MCBEND Flux-to-Dose Conversion Factors

The ANSI/ANS 6.1.1-1977 flux-to-dose rate conversion factors are used in all CY-MPC
shielding evaluations. Tables 5.4-2 and 5.4-3 show the regrouped flux-to-dose conversion

factors on the MCBEND standard 28 group neutron and 22 group gamma energy boundaries.

CY-MPC Three-Dimensional Dose Rates

The CY-MPC three-dimensional model dose rates are presented in Figures 5.4-3 through 5.4-8
for the stainless steel clad fuel at 38,000 MWD/MTU and 10-year cool time and the Zircaloy clad
fuel at 43,000 MWD/MTU and 10-year cool time. CY GTCC three-dimensional model dose
rates are presented in Figures 5.4-9 through 5.4-10 for the design basis core baffle source at 10-
year cool time. As described in Section 5.1.4.3, dose rates due to the canistered Connecticut
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Yankee fuel are summarized in Tables 5.1-11 through 5.1-14. Dose rates due to canistered
GTCC waste are summarized in Tables 5.1-15 and 5.1-16. Dose rates at specified detector
locations are presented in Tables 5.4-8 through 5.4-11 for stainless steel and Zircaloy clad fuel.
For GTCC waste, the maximum and average dose rates at specified detector locations are
presented in Tables 5.4-12 though 5.4-15.

For the design basis fuel sources, the maximum normal conditions surface dose rate is 49
mrem/hr at an axial elevation between the radial neutron shield and the upper impact limiter.

The maximum normal conditions dose rate at two meters from the cask railcar is 3.6 mrem/hr
and occurs at the cask midplane. The maximum accident conditions dose rate at one meter from
the cask is 369 mrem/hr and occurs at the cask midplane. The top and bottom axial dose rates

are small when compared to the radial dose rate for the same transport conditions.

Damaged fuel dose rates are calculated using the design basis Zircaloy clad fuel as a basis and
filling the void regions in the fuel assembly non-fuel regions with UO,. This moves a significant
neutron and gamma source close to the positions of least shielding. For damaged fuel sources,
the maximum normal conditions surface dose rate increases to 110 mrem/hr, also at the gap
between the radial neutron shield and the upper impact limiter. The maximum normal conditions
dose rate at two meters from the cask increases to 3.8 mrem/hr. The maximum accident
conditions dose rate at one meter from the cask increases to 376 mrem/hr. An increase in the top
axial and bottom axial dose rates is observed; however, the top and bottom axial dose rates
remain small when compared to the radial dose rates.

For the design basis GTCC waste, the maximum normal conditions radial surface dose rate is 4.2
mrem/hr and occurs at the cask midplane (the bottom axial surface dose rate is 4.3 mrem/hr).
The maximum normal conditions dose rate at two meters from the cask is 1.0 mrem/hr and also
occurs at the cask midplane (the bottom axial dose rate is 0.7 mrem/hr). The maximum accident
conditions dose rate at one meter from the cask is 24.4 mrem/hr and occurs at the axial elevation
of the modeled bottom axial lead slump due to gamma streaming and the minimal shielding of
the canister bottom plate. Top axial dose rates are small in comparison to the radial and bottom
axial dose rates because of the stainless steel lid structure.

The dose rate contributions from the activated Reactor Control Cluster Assemblies are small

compared to those from the fuel sources. A full complement of 26 Reactor Control Cluster

Assemblies cooled to a minimum of 10 years leads to an additional maximum radial surface dose

5.4-6



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

rate of 0.6 mrem/hr for normal conditions and 3.2 mrem/hr for accident conditions at an axial
position adjacent to the bottom of the fuel. The contribution to the Reactor Control Cluster
Assemblies to the dose rate at an axial position adjacent to the fuel midplane is less than 1
mrem/hr for both normal and accident conditions. Hence, no significant increase in cask radial
maximum dose rate occurs due to the inclusion of the cluster assemblies. Since the activated
portion of the Reactor Control Cluster Assemblies resides in the bottom of the fuel, no

significant increase in top axial dose rates is observed.

Additional dose rates due to inclusion of up to eight activated flow mixers inserted into the top
nozzles of fuel assemblies in the center-most basket locations (positions 7, 8, 12, 13, 14, 15, 19,
and 20) is small. The radial surface dose rate contribution from the flow mixers is a maximum of
0.4 mrem/hr for normal conditions and 7.2 mrem/hr for accident conditions. The top axial
surface dose rate contribution from the flow mixers is less than 1 mrem/hr for both normal and
accident conditions. The small dose rate increase is due to the effective self-shielding of the
material by the surrounding fuel assemblies and the limited radial extent of the material with

respect to the canister lids.

542 Ducting Through Fins

The fin is 5.5 inches long and approximately 0.55 inch (14 mm) wide. The fin is composed of an
8-millimeter thick stainless steel sheet that is explosively bonded to a sheet of copper, which is 6
millimeters thick. The fin provides gamma shielding, however it allows neutrons to pass through
(duct) with less attenuation than would occur in the NS-4-FR neutron shielding material. The
dose rate on the surface of the cask is closely balanced between the neutron and gamma
contributions, so that an increase in neutron dose rate in the area of the fin is compensated for by

a decrease in gamma dose rate.

The effect of ducting on the cask surface dose rate may be approximated by the following

process:
1. Calculate the cask surface neutron and gamma dose rates with the NS-4-FR
neutron shielding material present over 100 percent of the cask surface (no fins).
2. Calculate the cask surface neutron and gamma dose rates with steel present over

100 percent of the cask surface (all fins). Copper and steel are relatively poor
neutron shields because they do not contain hydrogen or other light elements.
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Steel gives slightly higher dose rates than copper; therefore, the fin may be
conservatively treated as being steel only.

Calculate the percentage of neutrons entering the fin at angles that permit ducting
to occur. Neutrons that enter the base of the fin with angles from O degrees to
5.72 degrees are assumed to pass through the fin without encountering the
NS-4-FR and its hydrogen component. Such neutrons are, thus, not attenuated by
the NS-4-FR neutron shielding, since they passed through the “duct”. The fin acts
as a narrow “window” for neutrons to duct through.

Calculate the maximum cask surface dose rate at the fin and the average cask
surface dose rate. The maximum dose rate of the fin is calculated by first
multiplying the “all fins” neutron and secondary gamma dose rates by the
percentage of neutrons which duct through the fin and adding that to the product
of the “no fins” neutron and secondary gamma dose rate times the percentage that
do not duct through the fin. Then, this total is added to the fuel and grid spacer
gamma dose rates calculated for the “all fins” model. The average dose rate is
computed by multiplying the NS-4-FR dose rates by the fraction of the cask
surface shielded by the NS-4-FR and adding the product of the ducted dose rate
times the fraction of the cask surface affected by the fins.

~ Neutrons entering the base of the fin at one side may have angles up to 5.72 degrees and

successfully pass through the duct. The dose rate calculations that follow use 5.72 degrees as the

angular extent of the fin for conservatism, causing the neutron dose rate contribution to be

overestimated by about a factor of two. Such conservatism is justifiable for an approximation of

the ducting effect. Figure 5.4-1 shows the fin geometry.

54.2.1

54.2.1.1

Dose Rate Calculations

No Fins

The cask surface dose rates with NS-4-FR neutron shielding are:

Neutron: 3.67 mrem/hour
Secondary Gamma: 3.74 mrem/hour
Primary Gamma: 25.41 mrem/hour
Grid Spacer Gamma: 7.04 mrem/hour
Total: 39.86 mrem/hour
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54.2.1.2 All Fins

The cask surface dose rates with steel shielding (no NS-4-FR) are calculated by using the
XSDRNPM computer code. The 5.5-inch thick NS-4-FR layer is replaced with stainless steel and
the dose rates are computed. The neutron dose rate significantly increases, as expected, and the
primary gamma dose rate essentially disappears. The secondary gamma dose rate decreases
because neutron interactions that produce the secondary gammas have decreased. The cask

surface dose rates with steel in place of the neutron shielding are:

Ratio
(All Fins/No Fins)
Neutron: 269.42 mrem/hour 73.4
Primary and
Secondary Gammas: 2.09 mrem/hour 0.072
Grid Spacer Gamma: 0.11 mrem/hour 0.016
Total: 271.62 mrem/hour

54.2.1.3 Angular Distribution

The fraction of neutrons with angles that permit passage through a fin is calculated by evaluating
the angular distribution of the neutrons at the outer surface of the 2.65-inch thick stainless steel
outer shell of the cask. The XSDRNPM code computes the angular distribution of neutrons as
part of the solution of the Boltzmann Transport Equation. The code tabulates this distribution as
a function of angle for each radial location and energy group. Inspection of the energy group
structure of the dose rate calculations shows that energy group 6 contributes over 30% of the total
dose rate by itself; the other 26 groups contribute the remainder. The angular distribution for
energy group 6 is representative of the distribution of all energy groups and is shown in Figure
5.4-2. The angles at which computations are made are marked on a polar projection, and the flux
at each angle is plotted. The percentage of neutrons with angles between O degrees (radially
outward) and 5.72 degrees may be obtained by measuring the area of the 0-degree to 5.72-degree
part of the distribution and dividing by the total area. The result is that 10.5% of the neutrons
have angles that permit them to duct through a fin.
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542.14 Maximum Cask Surface Dose Rate

The dose rate on the cask surface at the location of a fin may be calculated by combining the dose
rate with fins weighted by the percentage of neutrons that pass through the duct and the dose rate
without fins weighted by the percentage of neutrons that do not pass through the duct.

Neutron: 269.42 x 0.105 + 3.67 x 0.895 = 31.57
Secondary Gamma: 2.09 x 0.105 + 3.74 x 0.895 = 357
Primary Gamma: = ~0.00
Grid Gamma: 0.11x1.0 = 0.11
Total (mrem/hr): 35.25

This calculation demonstrates that the dose rate on the cask surface at a fin is lower than the
39.86 mrem/hour with the NS-4-FR only.

54.2.1.5 Average Cask Surface Dose Rate

The percentage of the cask surface occupied by fins is obtained by dividing the total fin width (24

fins) by the circumference of the cask.

Fins: 24 x 14 mm (6 mm steel plus 8 mm copper) = 336 mm = 33.6 cm
Circumference: 2 x 7 x 125.21 cm =786.7 cm
Fin Percentage: 33.6/786.7 = 0.0427 = 4.27 percent
NS-4-FR Percentage: 95.73 percent
Combined Cask Surface Dose Rate:
35.25(0.0427) + 39.86(0.9573) = 39.66 mrem/hour

5422 Conclusions for the Ducting Analysis

The average dose rate on the cask surface, accounting for the fins, is lower by 0.5 percent as
compared to the dose rate without considering the fins. This occurs because the reduction of the
gamma dose rate resulting from the fins' shielding is more important than the increase in neutron
dose rate resulting from ducting through the fins. In any case, the difference is insignificant.
Calculations were also performed with the three-dimensional computer code, MORSE, and no

significant differences were noted in comparing the dose rate results with and without the fins.

5.4-10



NAC-STC SAR August 2000
Docket No. 71-9235 Revision STC-00A

Figure 5.4-1 Fin Geometry
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Figure 5.4-2  Angular Flux Distribution
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Figure 5.4-3 NAC-STC Radial Dose Rate Profile — Normal Conditions — Design Basis
Connecticut Yankee Stainless Steel Clad Fuel
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Figure 5.4-4 NAC-STC Radial Dose Rate Profile — Normal Conditions — Design Basis
Connecticut Yankee Zircaloy Clad Fuel
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Note: The surface peak dose rate is due to neutrons streaming through the gap in neutron

shielding between the neutron shield and the top impact limiter.

5.4-14



NAC-STC SAR
Docket No. 71-9235

August 2000
Revision STC-00A

Figure 5.4-5 NAC-STC CY-MPC Azimuthal Heat Fin Dose Rate Variations — Normal
Conditions — Design Basis Stainless Steel Clad Fuel
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Figure 5.4-6 NAC-STC CY-MPC Azimuthal Heat Fin Dose Rate Variations — Normal

Conditions — Design Basis Zircaloy Clad Fuel
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Figure 5.4-7 NAC-STC CY-MPC Radial Dose Rate Profile — Accident Conditions — Design
Basis Stainless Steel Clad Fuel
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Figure 5.4-8 NAC-STC CY-MPC Radial Dose Rate Profile — Accident Conditions ~ Design
Basis Zircaloy Clad Fuel
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Figure 5.4-9 NAC-STC CY-MPC Radial Dose Rate Profile — Normal Conditions — GTCC
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Figure 5.4-10
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Surface peak is due to gamma streaming through the void created by the modeled bottom

axial lead slump and minimal shielding of the canister bottom plate. A similar peak is

not observed near the top of the transport cask because of the additional shielding of the

canister lids.
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Table 5.4-1  Discrete Axial Source Distribution
Axial Location em Axial Location cm
Above Bottom of Relative Axial Above Bottom of Relative Axial
Active Fuel Length Source Strength Active Fuel Length Source Strength

0.0 0.35 99.72 1.20
5.54 0.45 105.26 1.20
11.08 0.563 110.80 1.20
16.62 0.685 116.34 1.20
22.16 0.768 121.88 1.20
27.70 0.843 127.42 1.20
33.24 0.909 132.96 1.20
38.78 0.965 138.50 1.20
44.32 1.015 144.04 1.20
49.86 1.039 149.58 1.20
55.40 1.074 155.12 1.20
60.94 1.103 160.66 1.20
66.48 1.1 166.20 1.20
72.02 1.148 171.74 1.20
77.56 1.166 177 1.20
83.10 1.175 182.82 1.20
88.64 1.20 188.36 1.20
94.18 1.20 193.90 1.187

5.4-21




NAC-STC SAR
Docket No. 71-9235

August 2000
Revision STC-00A

Table 5.4-1

Discrete Axial Source Distribution (continued)

Axial Location cm

Axial Location cm

Above Bottom of Relative Axial Above Bottom of Relative Axial
Active Fuel Length Source Strength Active Fuel Length Source Strength
199.44 1.175 8.08 1.04
204.98 1.175 293.62 0.934
210.52 1.175 299.16 0.88
216.06 1.175 304.70 0.88
221.60 1.152 310.24 0.88
227.14 1.14 315.78 0.88
232.68 1.14 321.32 0.88
238.22 1.14 326.86 0.88
243.76 1.14 332.40 0.839
249.30 1.14 337.94 0.769
254.84 1.14 343.48 0.665
260.38 1.089 349.02 0.591
265.92 1.04 354.56 0.513
271.46 1.04 360.10 0.523
277.00 1.04 365.75 0.301

2.54 1.04
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Table 5.4-2

CY-MPC Neutron Flux-to-Dose Conversion Factors

Upper E | Lower E Response
Group [MeV] [MeV] [(mrem/hr)/ (n/cmzlsec)]

1 1.46E+01 | 1.36E+01 2.0533E-01
2 1.36E+01 | 1.25E+01 1.8999E-01
3 1.25E+01 | 1.13E+01 1.7250E-01
4 1.13E+01 | 1.00E+01 1.5399E-01
5 1.00E+01 | 8.25E+00 1.4700E-01
6 8.25E+00 | 7.00E+00 1.4700E-01
7 7.00E+00 | 6.07E+00 1.4929E-01
8 6.07E+00 | 4.72E+00 1.5348E-01
9 4.72E+00 | 3.68E+00 1.4580E-01
10 3.68E+00 | 2.87E+00 1.3478E-01
11 2.87E+00 | 1.74E+00 1.2657E-01
12 1.74E+00 | 6.40E-01 1.2570E-01
13 6.40E-01 | 3.90E-01 8.8205E-02
14 3.90E-01 | 1.10E-O1 4.6004E-02
15 1.10E-01 | 6.74E-02 1.8108E-02
16 6.74E-02 | 2.48E-02 1.0774E-02
17 2.48E-02 | 9.12E-03 " 4.9057E-03
18 9.12E-03 | 2.95E-03 3.6168E-03
19 2.95E-03 | 9.61E-04 3.7152E-03
20 9.61E-04 | 3.54E-04 3.8611E-03
21 3.54E-04 | 1.66E-04 4.0252E-03
22 1.66E-04 | 4.81E-05 4.1919E-03
23 4.81E-05 | 1.60E-05 4.3795E-03
24 1.60E-05 | 4.00E-06 4.5200E-03
25 4.00E-06 | 1.50E-06 4.4895E-03
26 1.50E-06 | 5.50E-07 4.3924E-03
27 5.50E-07 | 7.09E-08 3.9685E-03
28 7.09E-08 | 0.00E+00 2.3759E-03
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Table 5.4-3

CY-MPC Gamma Flux-to-Dose Conversion Factors

Upper E | Lower E Response
Group [MeV] [MeV] [(mrem/hr)/(y/cmzlsec)]

1 1.40E+01 | 1.20E+01 1.1728E-02
2 1.20E+01 | 1.00E+01 1.0225E-02
3 1.00E+01 | 8.00E+00 8.7164E-03
4 8.00E+00 | 6.50E+00 7.4457E-03
5 6.50E+00 | 5.00E+00 6.3551E-03
6 5.00E+00 | 4.00E+00 5.3991E-03
7 4.00E+00 | 3.00E+00 4.5984E-03
8 3.00E+00 | 2.50E+00 3.9449E-03
9 2.50E+00 | 2.00E+00 3.4485E-03
10 2.00E+00 | 1.66E+00 2.9982E-03
11 1.66E+00 | 1.44E+00 2.6706E-03
12 1.44E+00 | 1.22E+00 2.3929E-03
13 1.22E+00 | 1.00E+00 2.1055E-03
14 1.00E+00 | 8.00E-01 1.8164E-03
15 8.00E-01 | 6.00E-01 1.5143E-03
16 6.00E-01 | 4.00E-01 1.1686E-03
17 4.00E-01 | 3.00E-01 8.6947E-04
18 3.00E-01 | 2.00E-01 6.2398E-04
19 2.00E-01 | 1.00E-01 3.8050E-04
20 1.00E-01 | 5.00E-02 2.7163E-04
21 5.00E-02 | 2.00E-02 5.8620E-04
22 2.00E-02 | 1.00E-02 2.3540E-03
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Table 5.4-4 NAC-STC CY-MPC Detector Maximum Dose Rates Normal Conditions —
Design Basis Stainless Steel Clad Fuel

Surface 2 meter
Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Fuel Neutron 0.1 0.5% 0.1 2.8%
Fuel Gamma 0.0 4.5% 0.0 7.1%
Fuel Hardware 0.0 3.4% 0.0 4.6%
Fuel N-Gamma 0.1 5.3% 0.0 7.3%
Upper Plenum 0.0 1.9% 0.0 2.0%
Upper Nozzle 0.0 1.0% 0.0 0.9%
Lower Nozzle 0.0 0.0% 0.0 0.0%
Total 0.3 2.4% 0.1 2.1%
Radial Fuel Neutron 30.2 0.5% 0.9 0.6%
Fuel Gamma 0.0 14.0% 0.9 0.7%
Fuel Hardware 0.1 16.6% 1.5 0.8%
Fuel N-Gamma 14 5.9% 0.2 14.9%
Upper Plenum 0.3 1.6% 0.0 0.5%
Upper Nozzle 2.1 0.6% 0.0 0.4%
Lower Nozzle 0.0 58.0% 0.0 0.9%
Total 34.0 0.5% 3.6 1.0%
Bottom Axial | Fuel Neutron 0.5 0.4% 0.1 1.2%
Fuel Gamma 0.1 1.0% 0.0 0.9%
Fuel Hardware 0.1 1.2% 0.0 1.0%
Fuel N-Gamma 0.3 1.6% 0.0 1.6%
Upper Plenum 0.0 0.0% 0.0 0.0%
Upper Nozzle 0.0 0.0%. 0.0 0.0%
Lower Nozzle 0.6 0.6% 0.1 0.5%
Total 1.6 0.4% 0.3 0.5%

Note:

Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at 2

meter locations axially are measured from the ends of the impact limiters.
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Table 5.4-5 NAC-STC CY-MPC Detector Maximum Dose Rates — Normal Conditions -
Design Basis Zircaloy Clad Fuel

Surface 2 meter
Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Fuel Neutron 0.2 0.7% 0.1 3.7%
Fuel Gamma 0.0 6.5% 0.0 5.0%
Fuel Hardware 0.0 7.7% 0.0 3.9%
Fuel N-Gamma 0.2 2.1% 0.0 3.9%
Upper Plenum 0.0 2.1% 0.0 2.4%
Upper Nozzle 0.0 0.6% 0.0 0.6%
Lower Nozzle 0.0 0.0% 0.0 0.0%
Total 04 1.0% 0.2 2.2%
Radial Fuel Neutron 43.6 0.4% 1.3 0.5%
Fuel Gamma 0.0 11.4% 1.0 0.9%
Fuel Hardware 0.0 18.1% 0.8 0.7%
Fuel N-Gamma 2.8 10.9% 03 7.5%
Upper Plenum 0.3 1.6% 0.0 0.4%
Upper Nozzle 2.4 0.6% 0.1 0.3%
Lower Nozzle 0.0 100.0% 0.0 0.8%
Total 49.1 0.7% 3.6 0.8%
Bottom Axial | Fuel Neutron 0.8 0.4% 0.1 0.9%
Fuel Gamma 0.1 0.8% 0.0 0.7%
Fuel Hardware 0.1 1.1% 0.0 0.9%
Fuel N-Gamma 0.6 6.2% 0.1 ‘ 4.4%
Upper Plenum 0.0 0.0% 0.0 0.0%
Upper Nozzle 0.0 0.0% 0.0 0.0%
Lower Nozzle 0.4 0.6% 0.1 0.5%
Total 2.0 1.8% 0.3 1.1%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at 2 meter

locations axially are measured from the ends of the impact limiters.
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Table 5.4-6 NAC-STC CY-MPC Detector Maximum Dose Rates — Accident Conditions —
Design Basis Stainless Steel Clad Fuel

Surface 1 meter

Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Fuel Neutron 21 0.6% 9.5 1.7%
Fuel Gamma 0.0 5.1% 0.1 30.0%

Fuel Hardware 0.0 2.6% 0.1 12.8%

Fuel N-Gamma 0.2 11.8% 0.0 7.0%

Upper Plenum 0.0 7.1% 0.2 5.7%

Upper Nozzle 0.0 6.5% 0.8 0.9%

Lower Nozzle 0.0 0.0% 0.0 0.0%

Total 24 1.3% 10.8 1.5%

Radial Fuel Neutron 746 0.6% 234 0.4%
Fuel Gamma 21 5.4% 9 2.4%

Fuel Hardware 31 2.8% 14 1.3%

Fuel N-Gamma 9 59.3% 1 15.2%

Upper Plenum 0 0.0% 0 2.1%

Upper Nozzle 0 0.0% 0 1.2%

Lower Nozzle 0 0.0% 0 3.6%

Total 806 0.9% 259 0.4%

Bottom Axial | Fuel Neutron 4.7 0.5% 12.3 3.2%
Fuel Gamma 0.3 1.0% 0.0 12.8%
Fuel Hardware 0.4 1.1% 0.1 14.3%
Fuel N-Gamma I.1 1.9% 0.1 32.3%

Upper Plenum 0.0 0.0% 0.0 0.0%

Upper Nozzle 0.0 0.0% 0.0 0.0%
Lower Nozzle 2.0 0.7% 0.5 12.0%

Total 8.5 0.4% 13.0 3.1%
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Table 5.4-7 NAC-STC CY-MPC Detector Maximum Dose Rates — Accident Conditions —
Design Basis Zircaloy Clad Fuel
Surface 1 meter

Detector Source mrem/hr RSD mrem/hr RSD
Top Axial Fuel Neutron 3.1 0.6% 14.1 1.7%
Fuel Gamma 0.0 2.1% 0.1 10.9%

Fuel Hardware 0.0 4.4% 0.1 18.5%

Fuel N-Gamma 0.3 5.4% 0.1 6.3%

Upper Plenum 0.0 4.6% 0.2 2.6%

Upper Nozzle 0.0 4.6% 1.0 1.0%

Lower Nozzle 0.0 0.0% 0.0 0.0%

Total 34 0.8% 154 1.6%

Radial Fuel Neutron 1,123 0.6% 348 0.4%
Fuel Gamma 23 3.3% 10 1.6%

Fuel Hardware 19 3.2% 8 1.6%
Fuel N-Gamma 5 31.0% 2 13.7%

Upper Plenum 0 0.0% 0 2.1%

Upper Nozzle 0 0.0% 0 1.7%

Lower Nozzle 0 0.0% 0 7.1%

Total 1,170 0.6% 369 0.4%

Bottom Axial Fuel Neutron 7.6 0.5% 17.6 3.4%
Fuel Gamma 0.4 1.1% 0.2 43.1%
Fuel Hardware 03 0.8% 0.1 12.3%
Fuel N-Gamma 1.7 3.9% 0.3 25.8%

Upper Plenum 0.0 0.0% 0.0 0.0%

Upper Nozzle 0.0 0.0% 0.0 0.0%

Lower Nozzle 1.3 0.7% 0.4 12.1%

Total 11.3 0.7% 18.5 3.3%
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Table 5.4-8 NAC-STC CY-MPC Detector Average Dose Rates — Normal Conditions — Design
Basis Stainless Steel Clad Fuel
Surface 2 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.2 2.3% 0.1 3.4%
Radial 14.3 6.3% 1.6 5.3%
Bottom Axial 0.7 1.5% 0.2 3.2%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at

2 meter locations axially are measured from the ends of the impact limiters.

Table 5.4-9 NAC-STC CY-MPC Detector Average Dose Rates — Normal Conditions — Design
Basis Zircaloy Clad Fuel
Surface 2 meter
Detector mrem/hr RSD - mrem/hr RSD
Top Axial 0.3 1.4% 0.1 2.8%
Radial 15.5 1.2% 1.7 1.0%
Bottom Axial 1.0 2.0% 0.2 2.7%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at

2 meter locations axially are measured from the ends of the impact limiters.
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Table 5.4-10 NAC-STC CY-MPC Detector Average Dose Rates — Accident Conditions —
Design Basis Stainless Steel Clad Fuel

Surface 1 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 1.5 1.0% 4.3 2.3%
Radial 444 0.8% 125 0.6%
Bottom Axial 5.0 0.6% 5.8 5.9%

Table 5.4-11 NAC-STC CY-MPC Detector Average Dose Rates — Accident Conditions —
Design Basis Zircaloy Clad Fuel

Surface 1 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 2.1 0.9% 6.2 2.3%
Radial 636 0.6% 178 0.6%
Bottom Axial 6.9 1.0% 8.3 4.5%
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Table 5.4-12 NAC-STC CY-MPC Detector Maximum Dose Rates — Normal Conditions —

Design Basis GTCC Waste
Surface 2 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.0 2.0% 0.0 5.9%
Radial 4.2 0.9% 1.0 0.5%
Bottom Axial 4.3 0.3% 0.7 0.3%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at

2 meter locations axially are measured from the ends of the impact limiters.

Table 5.4-13 NAC-STC CY-MPC Detector Maximum Dose Rates — Accident Conditions —

Design Basis GTCC Waste
Surface 1 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.0 0.9% 0.3 13.0%
Radial 135.7 10.0% 244 6.8%
Bottom Axial 17.4 0.3% 53 0.2%
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Table 5.4-14 NAC-STC CY-MPC Detector Average Dose Rates — Normal Conditions — Design

Basis GTCC Waste
Surface 2 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.0 2.9% 0.0 25.2%
Radial 33 1.2% 0.5 0.6%
Bottom Axial 1.2 0.5% 0.2 1.0%

Note: Dose rates at 2 meter location radially are 2 meters from the railcar. Dose rates at

2 meter locations axially are measured from the ends of the impact limiters.

Table 5.4-15 NAC-STC CY-MPC Detector Average Dose Rates — Accident Conditions —
Design Basis GTCC Waste

Surface 1 meter
Detector mrem/hr RSD mrem/hr RSD
Top Axial 0.0 1.8% 0.1 18.6%
Radial 31.6 11.3% 10.1 6.7%
Bottom Axial 6.0 0.5% 24 8.6%
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6.0 CRITICALITY EVALUATION
6.1 Discussion and Results

The NAC-STC is designed to safely transport spent fuel in two configurations. Fuel assemblies
may be placed directly into a fuel basket installed in the cask cavity (directly loaded) or may be
sealed in a transportable storage canister (canistered). In the directly loaded configuration, the
NAC-STC can transport 26 PWR fuel assemblies. The design basis fuels for the directly loaded
configuration are the Westinghouse, Babcock & Wilcox, and Combustion Engineering PWR fuel
assemblies described in Table 6.2-1. In the canistered configuration, the NAC-STC can transport
up to 36 Yankee Class fuel assemblies or up to 26 Connecticut Yankee fuel assemblies. The
canistered configuration containing Yankee Class fuel is referred to as the Yankee-MPC. The
canistered configuration containing Connecticut Yankee fuel is referred to as the Connecticut
Yankee MPC (CY-MPC). The Yankee Class fuel assemblies are described in Table 6.2-2. The

Connecticut Yankee fuel assemblies are described in Table 6.2-4.

The NAC-STC can also transport canistered Greater Than Class C (GTCC) waste. Since the

GTCC waste does not contain fissionable isotopes, a criticality evaluation is not required.

This chapter demonstrates that the NAC-STC with the design basis spent fuel meets the
criticality requirements of 10 CFR 71 Sections 71.55 and 71.59 [1], and IAEA Safety Series ST-1
[2]. As demonstrated by the criticality analyses presented in Section 6.4 and summarized below,
the NAC-STC remains subcritical under all conditions and is assigned a nuclear criticality
control transport index of 0 (N = 0) in accordance with 10 CFR 71.59(b).

6.1.1 Directly Loaded Fuel

The NAC-STC is designed to transport 26 directly loaded design basis PWR fuel assemblies with
an initial enrichment of 4.2 wt% “U. Criticality control in the NAC-STC is achieved using a
flux trap principle. Each of the basket tubes in the NAC-STC is surrounded by four BORAL
sheets which are held in place by steel cladding. The BORAL sheets have a minimum 0.02 g
""B/cm® loading in the core. The spacing of the basket tubes is maintained by the steel support
disks. These disks provide water gap spacings between tubes of 1.64 inch and 3.46 inch. When

the cask is flooded with water, fast neutrons leaking from the fuel assemblies are thermalized in
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the water gaps and are absorbed in the BORAL sheets before causing a fission in an adjacent fuel
assembly.

The SCALE 4.3 CSAS25 [3] calculational sequence is used to perform the NAC-STC criticality
analysis. This sequence includes KENO-Va [4] Monte Carlo analysis to determine the
NAC-STC effective neutron multiplication factor (keg) under normal and accident conditions.
The 27 group neutron library is used in all calculations, including those used to evaluate the
sensitivity of the package to a range of moderator density and center-to-center spacing. The
principal characteristics of the directly loaded assemblies are shown in Table 6.2-1. The most
reactive directly loaded fuel assembly is the Westinghouse 17 x 17 OFA. The analyses yielded

the following maximum results:

Normal Conditions: Keff + © ks
Loading - Moderator inside and outside 0.91291 = 0.00086 0.9270

Transport - Dry Inside and moderator outside 0.40955 + 0.00094 0.4234

Hypothetical Accident Conditions:
Moderator inside and outside 0.91902 = 0.00085 0.9331

Conservatisms contained in these analyses included: (1) most reactive PWR fuel assembly class
with maximum U loading; (2) 75 percent of the specified minimum '°B loading in the BORAL,;
(3) infinite array of casks in the X-Y plane; (4) infinite fuel length with no inclusion of end
leakage effects; (5) no structural material present in the assembly; (6) no dissolved boron in the
cask cav'ity or surrounding loading or storage area; (7) no credit taken for fuel burmup or for the
buildup of fission product neutron poisons; and (8) moderator in the pellet to fuel rod clad gap

during accident evaluations.

6.1.2 Canistered Yankee Class Fuel

The NAC-STC may transport a Yankee-MPC transportable storage canister containing up to 36
design basis Yankee Class fuel assemblies. Criticality control in the canister basket is also
achieved using the flux trap principle. Each of the basket tubes in the canister basket are
surrounded by four BORAL sheets, which are held in place by steel cladding. The BORAL
sheets have a minimum 0.01 g "“B/em? loading in the core. The spacing of the basket tubes is
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maintained by the steel support disks. These disks provide water gap spacing between tubes of

0.75, 0.81 or 0.875 inches, depending on the tube placement within the basket.

The Yankee-MPC may contain one or more Reconfigured Fuel Assemblies. The Reconfigured
Fuel Assembly is designed to confine the Yankee Class spent fuel rods, or portions thereof,
which are classified as failed fuel. The total number of full-length rods in a reconfigured fuel
assembly is less than the number contained in a Yankee Class fuel assembly (maximum of 64
versus 256 rods). Consequently, the reactivity of the Reconfigured Fuel Assembly, even with the
most reactive fuel rods, is less than the design basis fuel assembly used in criticality (see Section

6.4.3.1).

The SCALE 4.3 CSAS25 calculational sequence is used to perform the Yankee-MPC canistered
fuel criticality analysis, based on the use of the most reactive Yankee Class fuel assembly. This
sequence includes KENO-Va Monte Carlo analysis to determine the effective neutron
multiplication factor (kes) under normal and accident conditions. The 27 group ENDF/B-IV
neutron cross-section library is used in all calculations, including those used to evaluate the
sensitivity of the package to a range of moderator density and center-to-center spacing. The most
reactive Yankee Class fuel is the United Nuclear Type A. The principal characteristics of this
assembly are shown in Table 6.2-2. Normal and accident conditions were evaluated as shown
below. The wet loading condition results are shown for information only. In normal loading of
canistered fuel into the NAC-STC transport cask, the canister will be dry inside and out. Fuel
loading in the canister will take place in the transfer cask. The analyses yielded the following

maximum results:

Yankee-MPC, Normal Transport kett+ o ks
Loading - Moderator inside and dry outside 0.8761 = 0.0007 - 0.8942
Transport - Dry Inside and moderator outside 0.4580 = 0.0006 0.4760

Yankee-MPC. Hypothetical Accident
Fully Moderated 0.8834 +0.0008 0.9014

Fully moderated includes water inside and outside of the cask, including the neutron shield
region, and inside and outside of the fuel, including the fuel pellet and cladding gaps.
Conservatisms contained in these analyses included: (1) most reactive Yankee Class fuel
assembly class with maximum U loading; (2) 75 percent of the specified minimum g loading in
the BORAL; (3) infinite array of casks in the X-Y plane; (4) infinite fuel length with no inclusion
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of end leakage effects; (5) no structural material present in the assembly; (6) no dissolved boron
in the cask cavity or surrounding loading or storage area; (7) no credit taken for fuel burnup or
for the buildup of fission product neutron poisons; and (8) moderator assumed in the gap

between the pellet and fuel rod clad.

6.1.3 Canistered Connecticut Yankee Fuel

The NAC-STC may also transport a CY-MPC canister containing up to 26 Connecticut Yankee
fuel assemblies. The criticality evaluation of the NAC-STC containing the CY-MPC is
performed with the MONKS&a [5] Monte Carlo Program for Nuclear Criticality Safety Analysis.

This code employs the Monte Carlo technique in combination with JEF 2.2-based point energy
neutron libraries to determine the effective neutron multiplication factor (kesr). MONKSa, with
the JEF 2.2 neutron cross-section libraries, is benchmarked by comparison to critical experiments
relevant to Light Water Reactor fuel in storage and transport casks as shown in Section 6.5.2.

The NUREG/CR-6361 [6] method-based verification performed for MONKS&a has established an
upper subcritical limit as a function of system parameters. For the Connecticut Yankee
canistered fuel, the upper subcritical limit is 0.9425 (Section 6.5.2).

Criticality control in the CY-MPC basket is achieved using geometric control of the fuel
assemblies along with the flux trap principle. Each of the fuel tubes in the basket is surrounded
by four BORAL sheets with a core areal density of 0.02g '“B/cm?” (minimum). The sheets are
held in place by stainless steel cladding. The center-to-center spacing of the fuel tubes is

maintained by the stainless steel support disks.

Two configurations of the CY-MPC basket are available for loading: the standard 26-assembly
basket configuration, and a 24-assembly basket configuration where two of the basket openings
are blocked. The 26-assembly basket is analyzed for Zircaloy-clad assemblies with an initial

233 and for stainless steel clad assemblies with an initial

enrichment of up to 3.93 wt %
enrichment of up to 4.03 wt % 23U, These stainless steel clad fuel assemblies may be loaded in
the 24-assembly basket, which also allows the loading of Zircaloy-clad assemblies with an initial
enrichment of up to 4.61 wt % 231, The 24-assembly design is, therefore, required for the 53
Westinghouse Vantage 5H fuel assemblies in the Connecticut Yankee spent fuel inventory. The

remaining inventory may be loaded in either of the basket configurations.
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Evaluation of the CY-MPC reactivity is performed using the transfer cask shield geometry and
considers the normal and accident conditions of transport. The reactivity of the transfer cask
loaded with fuel is assumed to accurately represent the reactivity of the NAC-STC loaded with
the same fuel. Additional conservative conditions and assumptions considered include the most
reactive Connecticut Yankee fuel assembly type, 75% of the specified minimum '%B Joading in
the BORAL, no credit taken for fuel burnup or for the buildup of fission product neutron
poisons; worst case mechanical basket configuration, optimum moderation, including moderation
in the gap between the pellet and fuel rod clad, and an infinite three-dimensional array of casks.
The most reactive Connecticut Yankee fuel loading occurs with the 24-assembly basket fully
loaded with Zircaloy-clad fuel assemblies with a maximum enrichment of 4.61 wt % 50U, The
24-assembly basket configuration loaded with the most reactive fuel bounds the most reactive

26-assembly basket loading.

The maximum effective neutron multiplication factor from this loading is 0.3715 under dry
conditions and 0.9313 under the postulated transport accident conditions involving full
moderator intrusion. Including two standard deviations establishes a system reactivity threshold,
ker + 26, of 0.9329, which is less than the subcritical limit of 0.9425. Consequently, the most
reactive configuration of the canistered Connecticut Yankee fuel in the NAC-STC, containing the
most reactive fuel assemblies in the most reactive configuration, is well below the regulatory
criticality safety limit, including all biases and uncertainties under normal and accident

conditions.
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