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3.0 THERMAL EVALUATION

This chapter presents the thermal design and analyses of the Universal Transport Cask for the 10
CFR 71 normal conditions of transport and hypothetical accident conditions. The analyses
include consideration of design basis PWR and BWR fuel. Results of the analyses demonstrate
that with the design basis payloads, the Universal Transport Cask meets the thermal performance
requirements of 10 CFR 71 [1] and IAEA Safety Series No. 6[2].

3.1 Discussion

The Universal Transport Cask is designed to transport one of three classes of PWR fuel or one of
two classes of BWR fuel, which are already sealed in a Transportable Storage Canister (canister).
Only the bounding evaluation for the PWR and BWR classes of fuel is reported herein. The
bounding case is represented by a configuration consisting of the shortest canister, shortest fuel
tube, and shortest fuel assemblies with the lowest effective thermal conductivity. The fuel
assemblies are confined within the fuel basket. The shortest fuel basket contains the fewest
support disks and longest space in the bottom of the cask cavity. The result is greater
concentration of heat and maximized thermal resistance for rejection of heat through the cavity

top and bottom. The shorter fuel tube results in reduced axial conductance.

The design basis heat loads are 20 kW for up to 24 PWR assemblies and 16 kW for up to 56
BWR fuel assemblies. The individual PWR assembly decay heat is limited to 0.83 kW and the
individual BWR assembly decay heat load is limited to 0.29 kW. As shown in Section 3.4.6, the
thermal analysis considers a range of fuel assembly burnup and cool times for both fuel types to
establish the allowable cladding temperatures. These limits are used to establish the allowable
decay heat loads for fuel having cooling times of 5 years or more.

The thermal analyses presented in the following sections use helium as the cover gas in the cask

cavity and in the canister.

3.1-1
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Heat transfer from the Universal Transport Cask to the environment 1s by passive means only.
No forced cooling is necessary. Conduction and radiation are the means by which heat is
transferred from the fuel assemblies to the fuel tubes and through the tubes to the support disks
and heat transfer disks. Heat is transferred through the support disks and heat transfer disks by
conduction and radiation. Radiation and conduction are the means by which heat is transferred
from the support disks and heat transfer disks to the canister wall and then to the cask cavity
inner wall. From the Universal Transport cask cavity inner shell surface, heat is conducted

through the lead (gamma shield) and then through the cask outer shell.

The neutron shield region surrounding the outer shell along most of the cask’s length conducts
heat to the neutron shield shell, primarily through the Cuw/SS fins located within the NS-4-FR
radial neutron shield material. The stainless steel shell that encloses the radial neutron shield is
exposed to the environmental ambient temperature. Heat is removed from the surface of the
neutron shield shell by convection and radiation. Heat transfer through the cask lid at the top of
the cask und through the bottom forging and enclosed neutron shield material at the bottom of the
cask is by conduction. Because of the insulating characteristics of the impact limiters, essentially
no heat 1s removed from the ends of the cask. The bounding thermal conditions for the analysis
required by 10 CFR 71 and [AEA Safety Series No. 6 under normal conditions of transport are

presented in Table 3.1-1.

During normal conditions of transport and hypothetical accident conditions, the cask must reject
the fuel decuy heat to the environment without exceeding the operational temperature ranges of
the cask scals or other components important to satety. In addition. to maintain fuel rod integrity
for normal conditions of transport the fuel must be maintained at a sufficiently low temperature
in an inert atmosphere such that thermally induced fuel rod cladding deterioration is precluded.
To preclude fuel degradation, a maximum allowable cladding temperature of 716°F (380°C) is
used for normal conditions of transport for 5-year cooled PWR and BWR fuel. Finally, the
thermally induced stresses, in combination with pressure and mechanical load stresses, must be

below allowable stress levels,

The temperatures for the various components of the fuel, canister, basket, and cask during normal
conditions of transport and hypothetical accident condition fire are calculated by using finite

element methods. For both normal conditions and the hypothetical accident conditions, the cask
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32273 Radiation Across Gaps Within the Cask

The gaps represented in the cask model are small compared with the surfaces separated by the
gap. These gaps for both the PWR and the BWR casks are provided in Table 3.2-14.

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

Qi =qr+ gk

where g is specified as shown for the radiation heat transfer and qy, which is the heat transfer by

conduction, is expressed as

KA
G =~ (T, - Tp

o

where:
g = gap distance (between two surfaces defined by nodes i and j)
K = conductivity of gas in gap
A =cross sectional area for heat conduction
By combining the two expressions (for g, and q;) and factoring out the term A(T; - T))/g,
Q. =[goeF(T" + TPUTHT) + KJA(T; - T))/g]
or
Qu = KerA(T: - Ty/g
where Ken= goeF(T + T)(THT) + K.
The material conductivity used in the analysis for the elements that constitute the gap includes

the heat transfer by both conduction and radiation. Because the gap is small compared with the

disk thickness, the form factor (F) is taken to be unity.
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3.2.24 Radiation from the Top of the Canister

The radiation heat transfer from the top of the canister is based on the expression:
q- =OeAF(T - T

where the area (A) corresponds to the basket, lids, and spacer areas, and (€) corresponds to the

emissivities.

On the basis of the preceding equation, the radiation heat transfer is modeled by using radiation

link elements in the cask three-dimensional model for the following locations:

I. From top of fuel region to bottom surface of canister shield lid;

2. From bottom of fuel region to top surface of canister bottom plate; and,

3. From exterior surfaces of the fuel tubes to the inner surface of the canister shell.
323 Convective Properties

A convective heat transfer coefficient, h., i1s associated with each surface where convection
operates. Several surfaces must be considered. Surfaces vary by shape and orientation. Only the
cylindrical surface of the cask takes part in the heat removal process, because the ends of the cask

are thermally “insulated” from the environmental ambient thermal sink by the impact limiters.
The cask body surface is represented by a horizontal cylinder in air. From the Standard
Handbook for Mechanical Engineers [16, Eq. 4.4.124, Page 4-88], the heat transfer coefficient,
he, 1s:

he =0.19 AT® BTU/hr-ft>-°F, for D*AT > 100 [16, Eq. 4.4.12d, Page 4-88]

where:

AT =temperature difference between surface and air, °F

D =cylinder diameter, ft
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For D = 7.667 ft and AT > 100°F, the value of D’AT > 45,000 is significantly larger than 100.

The expression can be converted into:

h. = 0.00132 AT'? Btu/hr-in*-°F.

3.2-5
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Table 3.2-1  Thermal Properties of Solid Neutron Shield (NS-4-FR)

Property (units) Value

Conductivity (Btu/hr-in-°F) [6] 0.0311

Density (Borated) (Ibm/in’) [6] 0.0589

Specific heat (Btu/lbm-°F) [6] 0.39
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the cask (the sections of the cask body covered by the impact limiters are modeled as adiabatic).
The three-dimensional finite element model for the cask loaded with PWR fuel is described in
Section 3.4.1.1.1. The three-dimensional finite element model for the cask loaded with BWR

fuel is described in Section 3.4.1.2.1.

The models of the cask/internal components (both PWR and BWR) are constructed of ANSYS
three-dimensional, solid brick, thermal conduction elements (SOLID70) to model heat
conduction/combined conduction and thermal radiation, as well as two-node thermal radiation
link elements (LINK31) to model thermal radiation. The analyses of the cask models correspond

to steady-state conditions.

In the three-dimensional cask models, the fuel assemblies are modeled as homogeneous regions
with effective temperature-dependent thermal conductivity. The effective thermal conductivity
of the fuel region in the plane perpendicular to the major axis of the cask is determined for each
fuel (PWR and BWR) by using two-dimensional finite element models representing the cross-
section of a single fuel assembly. The two-dimensional finite element models of the fuel
assemblies consist of the UO, fuel pellets; Zircaloy cladding; and gas between the fuel pellets
and cladding and between the fuel rods (fuel pellet/cladding). Heat generation rates (multiplied
by the respective peaking factors for each fuel) are applied to the elements representing the UO;
and an isothermal temperature condition is applied to the edges of the model representing the
outer surfaces of the fuel assembly. The effective conductivity of the fuel assembly is then
calculated by determining the maximum temperature in the fuel and using a closed form
expression for a square with uniform heat generation. The two-dimensional finite element model
of the PWR fuel is also described in Section 3.4.1.1.2. The two-dimensional finite element
model of the BWR fuel is also described in Section 3.4.1.2.2.

The models of the fuel assemblies are constructed of ANSYS two-dimensional thermal elements
(PLANES55) to model heat conduction and two-node thermal radiation link elements (LINK31) to

model thermal radiation. The analyses of the fuel assemblies models are steady-state.

Additionally, the fuel tube walls and BORAL plate are modeled in the three-dimensional

cask models as homogeneous regions by using effective thermal conductivity properties. The

3.4-3



SAR-UMS® Universal Transport Cask November 2001
Docket No. 71-9270 Revision UMST-01D

effective thermal conductivity of the fuel tube walls and BORAL plate is determined for each
fuel tube (PWR and BWR) by using two-dimensional finite element models representing the
cross-section of a typical fuel tube. The two dimensional models of the fuel tube walls and
BORAL plate consist of the stainless steel tube wall; the BORAL sheet, which is composed of a
sheet of boron sandwiched between aluminum sheets; the stainless steel sheet covering the
BORAL plate; and the gaps separating these components. A heat flux is applied to the inner face
of the composite tube wall while a temperature is applied to the outer face. The change in
temperature is then used to calculate the effective thermal conductivity. This method treats the
thermal resistance of the different layers as being in series. The effective thermal conductivity
for heat condition parallel to the axis of the cask is computed as a weighted average based on the
thickness of each layer. The two-dimensional finite element model of the PWR fuel tube is
described in Section 3.4.1.1.3. The two-dimensional finite element model of the BWR fuel tube
is described in Section 3.4.1.2.3.

The models of the tube wall and BORAL plate are constructed of ANSYS two-dimensional
thermal elements (PLANESS) to model heat conduction and two-node thermal radiation link
elements (LINK31) to model thermal radiation. The analyses of the fuel tube and BORAL plate
models are steady-state.

A separate thermal analysis from the cask models is performed to determine the volumetric
average temperature of the cask impact limiters. The impact limiters are not explicitly modeled
in the cask thermal analyses previously discussed—the cask surfaces covered by the impact
limiters are modeled as adiabatic. The impact limiter thermal model consists of an axis-
symmetric finite element model of one impact limiter, the cask lid, the cask upper forging, the
fire block inside the impact limiter shell, and the  gap between the cask upper forging and the

impact limiter.

34.1.1 Analvtical Models: Cask with PWR Fuel Canister

The thermal analysis of the cask transporting PWR fuel uses three finite element ANSYS models
as previously described. A three-dimensional model is employed to evaluate the cask in a
horizontal position with the basket in contact with the canister, which, in turn, is in contact with

3.4-4
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the cask inner shell. The fuel regions and the fuel tubes with BORAL plates in this model are
modeled by using effective conductivities. 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
effective conductivities of the fuel tube wall and BORAL plate are calculated by using a third
model, which is a two-dimensional thermal model of the fuel tube. The three ANSYS thermal

models are described in the following paragraphs.

34.1.1.1 Three-Dimensional Cask Model: Cask with PWR Fuel Canister

The three dimensional Universal Transport Cask model is a half-symmetry finite element model
constructed by using ANSYS Revision 5.5. The model considers the fuel assemblies, fuel tubes,
stainless steel support disks, aluminum heat transfer disks, canister shell, lids and bottom plate,
spacers at the bottom of the canister, cask inner shell, lead, outer shell, neutron shield, and
neutron shield shell. The gaps between the individual components are also considered. The
ANSYS model is shown in Figure 3.4-1. As shown in Figure 3.4-1, the internal cavity of the
canister contains the active fuel region: the top and bottom end fittings of the fuel assemblies,
fuel tubes enclosing the fuel assemblies and the top and bottom end fittings, and the bottom

weldment.

The gas inside the canister is modeled as helium. The gas inside the cask cavity is modeled as
helium, because the cavity will be backfilled with helium following fuel loading prior to
transport. The finite element model is constructed of ANSYS three-dimensional, solid brick,
thermal conduction elements (SOLID70) to model heat conduction/combined conduction and
thermal radiation and two-node thermal radiation link elements (LINK31) to model thermal
radiation. The principal gaps applied to the model are shown in Figure 3.1-1 and described in
Section 3.2.2.3. In establishing these gaps, the differential thermal expansion between the

components i1s considered. The gap values selected are conservative.

Because the canister is in the horizontal position during transport, the elements for the canister
shell are shifted downwards to simulate contact with the inner shell of the cask. Similarly, the
support disks and the heat transfer disks are shifted downward to simulate contact with the

canister shell. As shown in Figure 3,1-1, a 24degfeé contact is considered for the gaps between

3.4-5
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becaﬁSe the th1ckness of the elementj only 0. 005;‘ The aluminum heat transfer disks are

assumed to have only a line contact with the canister shell because the heat transfer disks are not

subjected to any loads other than their own weight.

To account for differential thermal expansion, gaps within the model are adjusted on the basis of
temperature and defined physical contact conditions. Solar insolance and ambient temperature
conditions are applied to the neutron shield shell when appropriate. Insolance is used at the
exterior surface of the cask and is based on the amount of insolation required by 10 CFR 71 to be
applied over a 12-hr period evaluated in the steady state (applied over 24 hr simulating 12-hr
period of solar exposure and 12-hr period of no solar exposure). The heat flux resulting from

insolation on a curved surface is calculated as follows:

Btu 12 hr 1 ft°
1475 - X X =0.427 Btuwhr-in?
12 hr-ft” 24 hr 144 in*

Multiplying this value by the emissivity of the cask surface, € = 0.36, gives a heat flux resulting
from insolance on curved surfaces of 0.154 Btuw/hr-in%. Using the same method and a heat flux of
2,950 Btu/12 hr-ft* (0.853 Btu/hr-in®) gives a heat flux resulting from insolance on flat surfaces
of 0.307 Btu/hr-in’. Applying one-half of the required 12-hr insolance over a 24-hr period to
achieve a steady state solution, as has been done previously in transport cask licensing, is

conservative.
The model is analyzed to determine the maximum temperatures for the basket, canister, cask

shells, radial shielding, and surface conditions under normal conditions of transport. All material
properties are shown in Tables 3.2-1 through 3.2-13.

3.4-6
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The fuel regions (inside tubes) are modeled as homogeneous regions with effective
conductivities, determined by the two-dimensional fuel model as described in Section 34.1.1.2.
The fuel assembly tube and the BORAL plate, including  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 by using the two-dimensional tube
model discussed in Section 3.4.1.1.3. Only the spacer plate is modeled with the spacer
concentric cylinders. Therefore, only conduction through the helium (modeled using SOLID70

elements) and radiation from the spacer plate to the cask bottom (modeled using LINK31 thermal

radiation links) are conservatively modeled.

The neutron shield of the Universal Transport Cask, consisting of NS-4-FR, steel, and Cu/SS
fins, is also modeled with effective conductivities. The radial neutron shield effective
conductivity is calculated using an electrical resistance analogy. The equivalent circuit

corresponding to Cu/SS, fin, NS-4-FR and silicon foam is shown below.

Rns Rsi
. Neutron Shell
gﬁ:ff -—/ VW Surface
Surface
Rcu o—@
I—w’\/\/‘ Rs

Rss

Rns = NS-4—-FR material
Rgi = silicon foam belween N5-4-FR
and neutron shield shell

Rcu = 6 mm copper plate
Res = & mm staoinless steel

Re = staoinless steel connection to neutron
shield shell

3.4-7
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The axial conductivity, specific heat, and density are calculated on the basis of a weighted
average of the axial cross sectional area and property. Conductivity of the neutron shield
material NS-4-FR (0.031 Btu/hr-inch-°F) is used as the conductivity in the circumferential

direction. The effective thermal conductivities for the neutron shield are i

Temperature 100°F 225°F 350°F
Radial Conductivity (Btw/hr in °F) 0.380 0.382 0.383
Axial Conductivity (Btu/hr in °F) 0.425 0.424 0.421
Specific heat (Btu/hr in °F) 0.39 0.39 0.39

Density (Ibm/in’) 0.0589 | 0.0589 0.0589

In the model, radiation heat transfer is considered from the top of the fuel region to the bottom
surface of the canister shield lid, from the bottom of the fuel region to the top surface of the
canister bottom plate, and from the exterior surfaces of the fuel tubes to the inner surface of the

canister shell. This radiation is modeled by using LINK31 radiation elements. Radiation across

using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated on the basis of the formula shown in Section 3.2.3. Effective emissivities are used for
all radiation calculations, with the form factor taken to be unity. Effective emissivity is

computed by using the following formula [9] based on corresponding material emissivities:
Cer = 1/ (M/ey+1/e5-1)

Solar insolance is applied to the neutron shield shell surface for the “Hot” condition (ambient

temperature = IOOOF) A cosine distribution is con51dered for the heat ﬂu '"smce the‘)c sk 51de

surface is subjected to maximum insolation at ;hfc,htgp_and_;nynlmum‘,(zero)_.._l_g lation' at the
bottom while in the horizontal position. The heat flux is determined based on the average valte
of 0.154 Btu/hr-in® for the curved surface discussed previously,

Volumetric heat generation (Btu/hr-inch?) is applied to the active fuel region on the basis of a

total heat load of 20 kW, with an active fuel rod length of 144 inches, and an axial power

3.4-8
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the corresponding total heat is only 15.7 kW and the heat density is 88% of the 20 kW over 144

inches. The 20kW over 144 inches is considered to be controlling.

A sensitivity study was performed to assess the effect of variations in emissivity and convection
heat transfer coefficient on temperature results. Two thermal analyses were performed using the
thermal model described in this section with the following changes: The first analysis considered
a 10% reduction of the emissivity of the transport cask inner and outer shells, the canister shell,
and the basket (including support disks, heat transfer disks and fuel tubes); the second analysis
considered a 10% reduction in the convection heat transfer coefficient at thé ftranspért cask outer
surfaces. The analysis results indicate that the increase in the maximum fuel cladding and
basket temperature is < 6°F for both the reduced emissivity and reduced convection coefficient
cases. Therefore, the effect of variation in‘emissivitky and convection heat transfer coefficient on

temperature results is not significant.

34.1.1.2 Two-Dimensional Fuel Assembly Model: PWR Fuel

The effective conductivity of the fuel is determined by a detailed two-dimensional finite element
thermal model of the PWR 14x14 fuel assembly. Taking advantage of the symmetry of the
cross-section of the fuel, the finite element model represents a one-quarter section of the fuel.
The model includes the fuel pellets, cladding, gas 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. The model i1s shown in
Figure 3.4-3. Thermal analyses of the other PWR fuel assemblies (i.e., 17x17, 16x16, and
15x15) are performed; however, because the PWR 14x14 fuel assembly results in the lowest
effective thermal conductivities, only the analysis of that fuel assembly is presented in this

section.

ANSYS PLANE 55 conduction elements and LINK31 radiation elements are used in the model,
which includes a total of 49 fuel rods (representing a total of 196 fuel rods for the full cross-
section). 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 the fuel rods, is
modeled as * -+ helium Radiation elements are defined between rods and from rods to the

boundary of the model (inside surface of the fuel tube). Radiation across the gap between the
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boundary of the model (inside surface of the fuel tube). Radiation across the gap between the
pellet and clad is conservatively ignored. Effective emissivities are determined by using the

formula shown in Section 3.4.1.1.1.

The effective conductivity for the fuel is determined by using a two-step procedure. Using the
fuel assembly model, a uniform temperature is applied to the exterior of the model (see Figure
3.4-3) in conjunction with the volumetric heat generation. From this analysis, the maximum
temperature located at the center of the fuel assembly is determined. This maximum temperature

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

A Sandia National Laboratory Report [10] defines an expression for use in determining the
maximum temperature of a square cross section of an isotropic homogeneous fuel with 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:

T =T, +0.20468 24 |
chf
where:
T. =temperature at center of fuel (°F)
T. =temperature applied at exterior of fuel (°F)
Q = volumetric heat generation rate (Btu/hr-in”)
a = half-length of square cross section of fuel (inch)
Ker = effective thermal conductivity for 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 preceding expression is used to determine the K.y for an isotropic

homogeneous representation of the fuel assembly.

Volumetric heat generation based on the design heat load of 20 kW with a peaking factor of 1.1
1s applied to the fuel pellets. The temperature at the boundary of the model is constrained to be
uniform. The effective conductivity is determined on the basis of the heat generated and the
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temperature difference from the center of the model to its edge. The temperature-dependent
effective properties are established by using different boundary temperatures. The effective
conductivity in the axial direction of the fuel assembly is calculated on the basis of a weighted

average of the axial cross sectional area.

34.1.1.3 Two-Dimensional Fuel Tube Model: PWR Fuel

The effective conductivity of the fuel tube and BORAL plate, which is used in the three-
dimensional canister model, is determined by the two-dimensional fuel tube model. As shown in
Figure 3.4-4, this model includes the fuel tube, the BORAL plate (including the core matrix
sandwiched by aluminum claddings), | gaps on both sides of the BORAL plate, and a u gap
between the stainless steel cladding for the BORAL plate and the support disk or heat transfer
disk. The BORAL plate in the PWR fuel tube is composed of 62.34% B.C and 37.66%

aluminum.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used to construct
the model, which consists of eight layers of conduction elements and six radiation elements that
are defined at the ~ 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 that the fuel tube is located at the center of the disk slot). The tolerance
of the BORAL plate core thickness, 0.003 inch, is used as the gap size for both sides of the
BORAL plate. The model height is defined to be the same dimension as the model thickness.

A 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 on the basis of design heat load of 20 kW
with a peaking factor of 1.1. The maximum temperature of the model (at the left boundary where
the heat flux is applied) is calculated by using ANSYS. The effective conductivity through the

thickness of the tube is determined by using the following equation:

q = Ke(A/L) AT
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or Kerr = qL/(A AT)

where;
q = heat rate applied to inner surface of fuel tube (Btu/hr)
A = area (inz)
L = thickness of composite tube model (in)
AT = temperature difference across the model (°F)

Kesr = effective conductivity (Btu/hr-in-°F).

The temperature-dependent conductivity for heat conduction through the wall (Key) is
determined by varying the temperature constraint at the boundary of the model and then re-
solving for the temperature difference. The effective conductivity for heat conduction parallel to
the axis of the cask body or in the plane of the tube wall is calculated on the basis of the weighted
average of the thickness and conductivity of the individual layers.

34.1.2 Analvtical Models: Cask with BWR Fuel Canister

The finite element ANSYS models used in the thermal analysis of the cask transporting BWR
fuel are similar to those used in the thermal analysis of the cask with PWR fuel canister
discussed in previous sections. A three-dimensional model is employed to evaluate the cask in a
horizontal position with the basket in contact with the canister, which, in turn, is in contact with
the cask inner shell. The fuel regions and the fuel tubes with BORAL plates are modeled by
using effective conductivities. A detailed two-dimensional thermal model of the fuel assembly is
used to determine the effective conductivity of the fuel. A two-dimensional thermal model of the
fuel tube is used to calculate the effective conductivities of the fuel tube wall and BORAL plate.
Another two-dimensional thermal model for the fuel tube is used to calculate the effective
conductivity of the fuel tube wall with no BORAL plate present. These four ANSYS thermal

models are described in the following sections.
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34.1.2.1 Three-Dimensional Cask Model: Cask with BWR Fuel Canister

The three dimensional Universal Transport Cask model is a half-symmetry finite element model
constructed by using ANSYS Revision 5.5. The model considers the fuel assemblies, fuel tubes,
stainless steel support disks, aluminum heat transfer disks, canister shell, lids and bottom plate,
spacers at the bottom of the canister. cask inner shell, lead, outer shell. neutron shield. and
neutron shield shell. The ANSYS model is shown in Figure 3.4-5. As shown in the figure, the
internal cavity of the canister contains the active fuel region: the top and bottom fittings of the

fuel assemblies, fuel tubes enclosing the top and bottom fittings, and the first stainless steel

support.

For the BWR configuration, the gas inside the canister and the cask cavity is modeled as helium
because the cavity will be backfilled with helium prior to transport. Conduction and radiation are
modeled by using ANSYS “SOLID70" and “LINK31" elements, respectively. The principal
aaps applied to the model are shown in Figure 3.1-2 and are described in Section 3.2.2.3. In
establishing these gaps, the differential thermal expansion between the components is

considered.

Because the canister is in horizontal position during transport, the elements for the canister shell
are shifted downwards to simulate contact with the inner shell of the cask. Similarly, the support
disks and the heat transfer disks are shifted downward to simulate contact with the canister shell.
As shown in Figure 3.1-2, a 2-degree contact is considered for the gaps between the canister shell
and the cask inner shell and between the support disk and the canister shell. This contact is
simulated by using appropriate conductivity (100 Btu/hr-inch-°F) for elements at the contact
locations. The aluminum heat transfer disks are assumed to have only a line contact with the
canister shell because the heat transfer disks are not subjected to any loads other than their own

weight.
To account for differential expansion, gaps within the model are adjusted on the basis of

temperature and defined physical contact conditions. Solar insolance and ambient temperature

conditions are applied to the neutron shield shell when appropriate. Insolance is used at the
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exterior surface of the cask and is based on the amount of insolation required by 10 CFR 71 to be
applied over a 12-hr period evaluated in the steady state (applied over 24 hr simulating 12-hr
period of solar exposure and 12-hr period of no solar exposure). The heat flux resulting from

insolation on a curved surface is calculated as follows:

Bt 12h =
75— 2 1 407 Brw/hein?
12 hr-ft~ 24 hr 144 in~ -

Multiplying this value by the emissivity of the cask surface, € = 0.36, gives a heat flux resulting
from insolance on curved surfaces of 0.154 Btu/hr-in. Using the same method and a heat flux of
2,950 Btu/12 hr-ft* (0.853 Btu/hr—inz), gives a heat flux resulting from insolance on flat surfaces
of 0.307 Btw/hr-in®.

The model is analyzed to determine the maximum temperatures for the basket, canister, cask
shells, radial shielding, and surface conditions under normal conditions of transport. All material
properties are shown in Tables 3.2-1 through 3.2-13.

The fuel regions (inside tubes) are modeled as homogeneous regions with effective
conductivities determined by the two dimensional fuel model as described in Section 3.4.1.2.2.
All sides of the BWR fuel tubes do not contain the BORAL plate. Therefore, two different two-
dimensional BWR fuel tube models are analyzed to establish the effective conductivities used in
the three dimensional analysis of the cask with BWR fuel. The models consist of the BORAL
plate (where applicable), including gas gaps on both sides of the BORAL sheet (where
applicable), and the gap between the stainless steel cladding for the BORAL and the support
disks and heat transfer disks. These models are discussed in Section 3.4.1.2.3.

The radial neutron shield of the transport cask for the BWR configuration is identical to PWR
configuration. The modeling of the radial neutron shield is described in Section 3.4.1.1.
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In the model, radiation heat transfer is considered from the top of the fuel region to the bottom
surface of the canister shield lid, from the bottom of the fuel region to the top surface of the
canister bottom plate, and from the exterior surfaces of the fuel tubes to the inner surface of the

canister shell. This radiation is modeled by using LINK31 radiation elements. Radiation across

Radiation at the neutron shield shell surface to ambient is combined with the convection effect by
using the method described in Section 3.2.2.2. The convection heat transfer coefficient is
calculated on the basis of the formula shown in Section 3.2.3. Effective emissivities are used for
all radiation calculations, with the form factor taken to be unity. Effective emissivity 1s

computed by using the following formula [9] based on corresponding material emissivities:
€ = L/ (e +1/62-1)

Solar insolance is applied to the neutron shield shell surface for the “Hot”condltlon (ambient
temperature = 100°F) . A value of 0.154 Btu/hr-inch” is used as the heat flux at the neutron
shield shell surface on the basis of the 1,475 Btu/hr-ft* heat flux for a curved surface.

Calculation of the heat flux resulting from insolation on a curved surface is discussed earlier in

this section.

Volumetric heat generation (Btu/hr-inch’) is applied to the active fuel region on the basis of a
total heat load of 16 kW, a shortest active fuel rod length of 144 inches, and an axial power with

a peaking factor of 1.22 as shown in Figure 3.4-6.

34.1.2.2 Two-Dimensional Fuel Assembly Model: BWR Fuel

The effective conductivity of the fuel is determined by a detailed two-dimensional finite element
thermal model of the BWR 9x9 fuel assembly. Taking advantage of the symmetry of the cross-
section of the fuel, the finite element model represents a one-quarter section of the fuel. The
model includes the fuel pellets, cladding, gas 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. The model is shown in
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Figure 3.4-7. Thermal analyses of the other BWR fuel assemblies (i.e., 7x7 and 8x8) are
performed; however, because the BWR 9x9 fuel assembly results in the lowest effective thermal

conductivities, only the analysis of that fuel assembly is presented in this section.

ANSYS PLANESS conduction elements and LINK31 radiation elements are used in the model,
which includes a total of 20.25 fuel rods (representing a total of 81 fuel rods for the full cross-
section). 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 the fuel rods, is
modeled as ~ helium. Radiation elements are defined between rods and from rods to the
boundary of the model (inside surface of the fuel tube). Radiation effect at the gaps between the
pellet and clad 1s conservatively ignored. Effective emissivities are determined by using the

formula shown in Section 3.4.1.1.1.

The effective conductivity for the fuel is determined by using a two-step procedure. Using the
fuel assembly model, a uniform temperature is applied to the exterior of the model (see Figure
3.4-7) in conjunction with the volumetric heat generation. From this analysis, the maximum
temperature located at the center of the fuel assembly 1s determined. This maximum temperature

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

A Sandia National Laboratory Report [10]} defines an expression for use in determining the
maximum temperature of a square cross section of an isotropic homogeneous fuel with 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:

T =T, 4020468 2%

Kesr
where:
= temperature at center of fuel (°F)

T,
Te =temperature applied at exterior of fuel (°F)
Q

= volumetric heat generation rate (Btu/hr-in3)
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portion of the model corresponding to the cask surface constrains both the horizontal and vertical

components of the velocity to be zero.

The cask and personnel barrier are not explicitly modeled in this analysis—only the air
surrounding the cask is modeled. It is conservative thatthepemopnglbamer 1sn0texphcltly
modeled because it will not have a temperature greater than the temperature of the air in contact
with it. The temperatures of nodes in the model that correspond to the air adjacent to the cask
surface are constramed as boundary condmons of the model The temperature is con“' w;red ,to be
lmearly dlstmbuted W1th the bottom and top temperatures equal to 267°F and 244°F

respectively.

Since the personnel barrier is not explicitly modeled, its temperature is considered to be the
temperature of the air at coordinates that correspond the location of the personnel barrier surface.
The maximum temperature of the personnel barrier occurs at the top most location at the
centerline of the model. The temperatures at key points from the analysis using the model
described above are shown in Figure 3.4-12;

34.1.5 Test Model
The methods previously described have been used in previous transport cask licensing and are

sufficient to show that the Universal Transport Cask meets the criteria set forth in Section 3.4.

Therefore, no thermal test model is created.
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342 Maximum Temperatures

Using the thermal models described in Sections 3.4.1.1 and 3.4.1.2, temperatures for the PWR and
BWR cask body, canister, basket, and fuel rod ciadding are determined for three normal conditions
of transport: (1) maximum decay heat, 100°F ambient temperature, and solar insolance; (2)
maximum decay heat, -40°F ambient temperaturc. and no insolance; and (3) no decay heat, -40°F
ambient temperature, and no insolance. The maximum temperatures of the principal PWR and
BWR cask components, canister, basket components, and fuel rod cladding are shown in Tables
3.4-1 and 3.4-2 for the first two environmental conditions listed above. For the third environmental
condition (i.e., no decay heat, -40°F ambient temperature, and no insolance), no analysis is
necessary because all package temperatures will equilibrate to -40°F. The cask body maximum
allowable component temperatures are shown in Section 3.3.2 and Table 3.4-3.

Using the thermal model described in Section 3.4.1.3, the volumetric average temperature of the

redwood in the impact limiters is 135°F,

3473 Minimum Temperatures

The minimum temperatures of the cask and components occur with no heat load and -40°F.
These conditions yield a uniform -40°F temperature throughout the Universal Transport Cask
package. All package components are capable.

344 Maximum Internal Pressures

In the following sections, the maximum internal operating pressures for normal conditions of
transport are calculated for the PWR and BWR Transportable Storage Canisters and for the
Universal Transport Cask cavity., The maximum . = operating pressure for the canister and cask
cavity are summarized in Table 3.4-4.

344.1 Maximum Internal Pressure for PWR Fuel Canister and Transport Cask
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expected to be loaded into the UMS® system is separately evaluated to arrive at a bounding canister

pressure.

Fission gases include all fuel material gerkierated‘ gases including long-term actinide decay
generated helium. Based on detailed SAS2H calculations of the maximum fissile material mass
assemblies in each canister class, the quantity of gas generated by the fuel rods rises as burnup
and cool time is increased and enrichment is decreased. To assure the maximum gaski's available
for release, the PWR inventories are extracted from conserVatively high 60,000 MWD/MTU
burnup cases at an enrichment of 1.9 wt. % 25U and a cool time of 40 years. Gases included are
all krypton, iodine, and xenon isotopes in addition to helium and tritium CH). Molar quantities
for each of the maximum fissile mass assemblies are summarized in Table 3.4-5. Fuel generated

gases are scaled by fissile mass to arrive at molar contents of other UMS® fuel types.

Fuel rod backfill pressure varies sigﬁificantly between_the PWR fuel‘types,; “The rnax1mum
reported backfill pressure is listed for the Westinghouse 17x17 fuel assembly at 500 psig. With
the exception of the B&W fuel assemblies, which are limited to 435 psig, all fuel assemblies
evaluated are set to the maximum 500 psig backfill reported for the Westinghouse assembly.

Backfill quantities are based on the free volume between the pellet and the clad and the plenum
volume. The fuel rod backfill gas temperature is conservatwely ‘assumed to have ari initial

temperature of 68°F.

Burnable poison rod assemblies (BPRAs) placed within the UMS@A'c'anister méy contnbute
additional molar gas quantities due to (n, alpha) reactions of fission generated neutrons with 10B
during in-core operation. '°B forms the basis of a portion of the neutron poison population.

Other neutron poisons, such as gadolinium and erbium, do not»prodtice a significant amount of
helium nuclides (alpha particles) as part of their activation chain. Primary BPRAs in existence
include Westinghouse Pyrex (borosilicate glass) and WABA (wet annular burnable absorber)
configurations, as well as B&W BPRAs and shim rods employed in CE cores. T he CE shim rods
replace standard fuel rods to form a complete aéSeﬁlﬁiy arréwahe qLiéntity of helium available
for release from the BPRAs is directly related to_the:initial. boron content of the rods and. the
release fraction of gas from the matrix material in _question;’ - Release from, either of-the_loy

temperature, solid matrix’ matemals 1‘s4,11,ke1y‘ to,be hml_ted,,bu_t,,n,o xeleas_e fragtmns_ were,ayaﬂébie
in-open literature. Therefdre a 100%' release ‘fr'ac':tion"is‘ éisstifned 'ba'sed"bh 'é‘?bdro'n co‘nt'e‘nty"o”f
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number. of rods is 16 for Westinghouse core 14 x 14 assemblies,. 20 tods for. WéQﬁnghdﬁsé and
B&W 15 x 15 assemblies, and 24 rods for Westmghouse and B&W- 17 x 17 assemblies. i The
length of the absorber is conservatively taken as the active fuel length. CE core shim rods are
modeled at 0.0126 g/em '’B for 16, 12, and 12 rods applied to CE manufactured 14 x 14; 15 x 15
and 16 x 16 cores, respectively.

The canister backﬁll'gases are conservatively assumed to be at 250‘_’F. The i'ni‘tiai‘pres‘s?ure of the
canister backfill gas is 1 atm (0.0 psig). The cask backfill temperature and pressure are assumed
to be 68°F and 1 atm. Free volume inside each PWR canister class is listed in Table 3.4-6. Also
included are the total canister and cask free volumes. The listed free volumes do not include fuel
assembly components since these components vary for, each assembly type and fuel insert. . By
subtracting the rod and guide tube volumes and all hardware component volumes from the listed
free volume, the free volume of the canisters including fuel assemblies and a load of 24 BPRASs

can be determined. For the Westinghouse BPRAs, the Pyrex volume is employed since it
displaces more volume than the WABA rods.

The total pressure for each of the 'Uyl\/:IS® payloads ‘:kism'fduﬁd\by\ ‘eé‘lerivlféti}ﬁg the relveasdble‘#rrifofar
quantity of each gas (30% of the fission gas, 100% of the rod backfill; BPRA and shlm rod
gasses adjusted for the 3% fuel failure fractron and the caruster and cask‘_ackﬁll gas e;

summmg the quantities drrectly The quantrty of gas is then employed in the ideal gas:{
in conjunction with the average gas temperature_at normal operating conditions to_arrive”a
system pressures. The normal condition average temperature of the gas within the PWR canister
and cask is considered to be 453°F. Each of the UMS®“PWR fuel‘tyﬁes'is;irldii/iduallvy evaluated
for normal condition pressure, and the maximum normal condition canister and cask pressures
are determined to be 6.15 psig and 6.91 psrg, respectlvely A summary of the maximum pressure
in the canister and in the cask for each PWR canister class is showi in Table’ 3.4-7. The table
also includes the fuel type ‘producing the listed maximum pressures.
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3442 Maximum Internal Pressure for BWR Fuel Canister and Transport Cask

BWR canister and cask maximum pressures are determined in the same manner as those
documented for the PWR cases. Primary differences between PWR and BWR analysis include a
maximum normal condition average gas temperature of 366°F, rod backfill gas pressures of 132
rod backfill gases, and canister and cask backfill gas. The 132 pSig employed in this analysis is
significantly higher than the 6 atmosphere maximum pressure reported in Open literature. BWR
assemblies do not contain an equivalent to the PWR BPRAs and, therefore, do not require 10g
helium generated gases to be added. Fissile gas inventories for the maximum fissile material
assemblies in each of the three BWR lattice configurations (7 x 7, 8 x 8, and 9 x 9) are shown in
Table 3.4-8. Free volumes, without fuel components, in\UMSffg canister classes 4 and _,5:.are
shown in Table 3.4-9. Cask and canister maximum pressures for each canister class are listed in
Table 3.4-10. The maximum normal condition pressure of 3.47 psig is based on aGE7x7
assembly designed for a BWR/2-3 reactor and burned to 60,000 MWD/MTU. Cask maximum
pressure for the GE 7 x 7 fuel is 3.65 psig. High burnups, greater than 45,000 MWD/MTU, are
typically obtained from updated assembly designs such as the GE 9 X 9 assembly. The normal
condition pressure for a UMS® canister COntaining the GE 9 x 9 fuel assembly with 79 fuel rods
is 3.33 psig. Similar fuel masses and displaced volume account for ‘sinﬁlar_'sy'stem pressures.

345 Maximum Thermal Stresses

The ANSYS computer code is used to obtain temperatures for use in the structural analyses of
Chapter 2.0. These temperatures are presented in Tables 3.4-1 and 3.4-2. The thermal stress

calculations for normal conditions of transport are performed in Sections 2.6.1 and 2.6.2.

346 Maximum Allowable Cladding Temperature and Canister Heat L.oad

The maximum allowable cladding temperatures are calculated for PWR_aﬁdBWR sysiems based
on fuel assembly type, maximum burnup, and minimum initial cool tie. - Allowable heat loads
are determined by relating cladding temperature to canister heat load.

3.4-2
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Claddmg stresses are. calculated for a set of representaﬁve PWR and BWR' assembhes ‘at 40, OOO

allowable cl addingﬁ,tempéréiﬁfés;‘"thé i.r'naXirriii‘rﬁ.éfl'lowablegheeat;lbféi%i:lstg,alculai:’éi'fés;;a.nﬁmcngnebff
burnup and minimum initial cool time.

34.6.1 Maximum Allowable Cladding Temperature

storage temperature 1mt1al claddmg stress at the dry storage temperature and Jmtlal 'storage time.

For this evaluation, the transport temperatures andtransport_ttmes; are ‘appl)e‘dﬂ.

fuel rod and fuel claddmg thxckness The ?mltlal ; .'
assembly is calculated as [28].

_ P)Omia) Ty - 69.684
2 Th 10000

c mhoop

where:

Omnoop = dry storage cladding hoop stress, MPa

P =internal gas pressure of the rod, psi
Ty = temperature at which P was determined, K
t  =cladding wall thickness, in.

Dmig - w—claddmg midwall diameter; ‘in,
o =afactor, 0.95 for'PWR 'rod;o 0.90 for I BWR rods
T, * =allowable s ]

- ?Wﬁ;‘:;()rage Of thc fuel

S T Rk

in the_ 8pent fuel po,ol, the nommal .claddlng.,thlckn¢$§: is reduced by 0.06 mm and 0.125 mm fo
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PWR and BWR fuel rods, respectively [3]. For higher burnup PWR fuels (i.e., rod peak burnup
up to 50,000 MWD/MTU), Maine Yankee experience is that the maximum oxide layer thickness
on the fuel cladding is 120 microns [30]. The allowable cladding temperature calculations at
50,000 MWD/MTU therefore employ an oxide layer thickness of 0.012 cm.

The pressure in the fuel assembly rods is produced by the combination of fill gas and fission gas.
For a given fuel assembly design, the fill gas quant‘it‘y,is fixed and does not varyWIth discharge

burnup. Based on the initial pressure and temperature of the fill gas, the number of moles of gas

are calculated using the ideal gas law:

PV = NRT

where:

Pressure

Volume (free volume inside fuel rod)
Number of moles of gas

Universal gas constant

H ® 2z <"
1

|

Temperature of the gas

The number of moles of fill gas are added to the fission gas quantity and converted toa claddiﬂg

internal pressure at storage conditions.

The fission gas quantity prCSSurizing the fuel cladding is calculated on the basis of the burnup
and a fission gas release fraction. While the amount of fission gask produéed is a p_redictable
quantity (directly correlated to the number of fissions required to produce the desired burmip)',
the release fraction of the gas from the pellet into the pellet—claddingvoid ,depe’nds ‘onv‘fﬁll gas
pressure and reactor operating conditions,

The number of fissions (Z) is related to the burnup by:
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Z XBurnu
pMTU

SAS2H 1sotope generated ﬁssmn gas mventory, th1s fractmn ':s i
decay chains not included in Olander (particularly those leading
conservative fission gas fraction rather than the SAS2H ‘output itself, the aliowable cladding

temperature calculation is decdupled from source ,fefﬁik‘céleulétjen:éi

T

Based on Sandia Report 90 2406 “A Method for Determmmg thei_SpentwueI Contnb" 'on’ o

USRI I, T

“conservative

the 12% PWR and 25%7_BW< fuel rod ;release. fraction ,_,therefore, resultsam
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cladding pressurization assumption for the intact rod analysis. For higher burnup PWR fuels
(i.e., rod peak burnup up to 50,000 MWD/MTU), Maine Yankee experience,i/s that the maximum
gas release rate (fuel pellet to rod plenum in intact fuel rods) is less than 3% [30]. Therefore, the
12% release fraction established for standard PWR fuel burned up to 45,000 MWD/MTU is
conservatively applied to the higher burnup PWR fuel.

Fuel rod free volume is calculated based on ythe" fuel cha'ra/ct‘ér_istic's‘kiﬁ:Tébﬂléls‘ 3.4-11 and 3.4-12
for PWR and BWR fuel, respectively. Not all assemblies requested for loading are included in
the tables, since assemblies with significantly higher free volume or IQWer fuel ni'ass, are boun_ded

by the cladding stress evaluations presented.

Substituting the internal gas pressure resulting from the releasable gas inventories produced by
40,000 MWD/MTU bumed fuel into the initial cladding stréss (dmhoop‘)v eqﬁatiOn ét'a tempefature
of 380°C results in the assembly-specific maximum cladding stresses shown in Table 3.4-11 and
Table 3.4-12. The Westinghouse 14 x 14 and GE 9 x 9 (150-inch fuel region) are the limiting
PWR and BWR assembly types at 113.9 and 70.5 MPa stress levels, respectively.

The stress levels in the limiting assemblies are then evaluated at bUmup’s‘rangin‘g ﬁ_{dmﬁ 35,000
MWD/MTU to 50,000 MWD/MTU for PWR fuel and 35,000 MWD/MTU to 45,000
MWD/MTU for BWR fuel at temperatures of 300°C and 400°C for PWR fuels and 300°C and
450°C for BWR fuel. The evaluation results are presented in Table 3.4-13. This data i,s overlaid
on generic stress versus limiting temperature curves to arrive at cool time and "kt‘jﬁ'rriﬁp-s\ﬁé(:iﬁé
maximum cladding allowable temperatures. The data, shown in Table 3.4-14, from which the

generic curves are constructed, is taken from Table 3.1 of PNL-6189 271.

The cladding temperature limit curves for the limiting PWR and BWR -fuel assemblies are
provided in Figures 3.4-13 and Figure 3.4-14. The intercept of each of the curves represents the
maximum allowable cladding temperature at a given cool time and maximum assembly burnup,
Fuel rod peak cladding stress level and the allowable cladding temperature are calculated using
higher burnup ‘than' the

the assembly average  burnup,: even though some rods ‘experience: a
average. The average burnup is used, since the quantity of fission gas formation and the fuel rod
gas temperature are conservatively determined. 'As shown in Table 3.4-15, allowable cladding
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required cooling time..

temperature varies only slightly over a wide range of burnup |

Consequently, the variation in cladding stress with burnup is also small:

3.4.6.2 Maximum Allowable Canister Heat Load

Thermal ana1y51s was performed at three heat loads for PWR fue -and o one heat Ioad for BWR

analyzed and a ﬁxed maximum decay heat of 16 kW isal owable for transport of BWR fuel

The thermal models and methods, described in Section 3.4.1; used to determine the temperature
of fuel cladding and system components for the de51gn b‘f
the cladding temperature at reduced heat loads, Tt The ANSYS calculate ;
provide input for correlating allowable cladding temperature to'allowable heat load are:

Fuel Clad Temperature | Heat Load
Fuel Type °F) ©C) (kW)
PWR 537 280.6 14
PWR 610 3211 17
PWR 677 358.3 20
BWR 548 286.7 16

The PWR temperature versus heat load curve is plotted i in ~F1gure 3415 Tof)prowde adequate
design margm the max1mum allowable claddmg temperature are reduced by _Mtemperature' blas,

BWR analys1s are presented in Table 3 .4-16.. Since “these. temperature are basedon ‘the, PWR
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and BWR assemblies having the highest cladding stress levels, the maximum heat loads can be

applied to all UMS® design basis contents.

3.4.7 Evaluation of Package Performance for Normal Conditions of Transport

Results of thermal analysis of the Universal Tfansport Cask kcoij_taining\PWR éind\ BWkauel
under normal conditions of transport are summarized in Tables 3.4-1 through 3.4-3. The
maximum fuel rod cladding temperature‘ is maintained below 810°F (432°C); wI;eniperat_ur'es of
safety-related cask components are maintained withih, their safé koperéktfingkr‘ahges‘;g_and jtflcrrhally
induced stresses in combination with pressure and mechanical load stresses are shown in the
structural analysis of Chapter 2.0 to be less than the allowable stréssés. ;As'shOWn'iﬁi ,_S_c'cti,on
3.4.2, the personnel barrier temperature of 153°F is below the aHoWabIé témperat_u_r_e_ of 185'?"F for
exclusive use shipment. Therefore, the Universal Transpcjrt Cask can safelfi'UaﬁSﬁéﬁ the .désigﬁ
basis fuel under the normal conditions of transport specified in 10 CFR 71.71.
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Three-Dimensional PWR Cask Finite Element Model

Figure 3.4-1
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Figure 3.4-2 Design Basis PWR Fuel Assembly Axial Power Distribution
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Figure 3.4-3 PWR 14x14 Fuel Assembly Two-Dimensional Finite Element Model
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Figure 3.4-4 Two-Dimensional PWR Fuel Tube Model
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Three-Dimensional BWR Cask Finite Element Model

Figure 3.4-5

| UMS 56 BWR Thermal Model
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Figure 3.4-6 Design Basis BWR Fuel Assembly Axial Power Distribution
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Figure 3.4-7  BWR 9x9 Fuel Assembly Two-Dimensional Finite Element Model
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Figure 3.4-8 Two-Dimensional BWR Fuel Tube (with BORAL) Model
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Figure 3.4-9 Two-Dimensional BWR Fuel Tube (without BORAL) Model
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Figure 3.4-10 Cask Impact Limiter Thermal Model
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Personnel Barrier Thermal Model

Figure 3.4-11
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Figure 34-12  Temperature Restlts at Key Points of the Personnel Barrier
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PWR Fuel Cladding Dry Storage Temperature versus Basket Heat Load

Figure 3.4-15
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Table 3.4-1 Maximum Component Temperatures - Normal Conditions of Transport,
Maximum Decay Heat, Maximum Ambient Temperature

Temperature (°F) Temperature (°F)
Cask with PWR Fuel Canister Cask with BWR Fuel Canister
Canister Gas: Canister Gas:
Component Helium 3 Helium
Cask Lid O-Rings/Vent Port O-ring' 5 266 g 204
Lower Drain Port O-ring* - 224 i 230
Cask Radial Outer Surface ¢ 266 & 256
Radial Neutron Shield : 293 B 86
Lead Gamma Shield # 306 298
Aluminum Disk Exterior ‘ 268 o 298
Aluminum Disk Interior 605 i 515
Support Disk Exterior 255 B 208
Support Disk Interior 608 L 512
Canister Shell 5 408 b 363
Canister Shield Lid 270 i 208
Canister Bottom Plate 324 i 262
Maximum Fuel Rod Cladding 673 2 548
Cask Bottom 217 : 228
Bottom Forging & 224 a 230
Inner Shell 344 b 312
Outer Shell 301 5 293
Top Forging® 250 194
Cask Lid 266 o 204
Cask Lid Bolt® £, 266 204
Average Gas Temperature in the ¢ 453 366
Canisters’
Conditions: 100°F ambient temperature

20 kW decay heat load, 1.1 peaking factor - PWR
16 kW decay heat load, 1.22 peaking factor - BWR
Solar insolation

Cask cavity gas: helium

Canister cavity gas: & helium e

. Cask lid O-rings and vent port O-rings not explicitly modeled—taken to be the maximum cask lid temperature.
Average lemperature.

. Cask lid bolts not explicitly modeled—taken to be the maximum temperature of the cask lid.

- Lower drain port O-ring not explicitly modeled - taken to be the maximum temperature of the bottom forging.

. Calculated as a volumetric average.

R I S S e
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Table 3.4-2  Maximum Component Temperatures - Normal Conditions of Transport,
Maximum Decay Heat, Minimum Ambient Temperature
Temperature (°F) Temperature (°F)
Component Cask with PWR Fuel Canister Cask with BWR Fuel Canister
Canister Gas: Canister Gas:
Helium ” Helium

Cask Lid O-Rings/Vent Port O-ring' 140 L 62
Cask Radial Outer Surface 151 i 132
Radial Neutron Shield 178 b 162
Lead Gamma Shield 191 & 174
Maximum Basket® ‘ 505 £ 404
Canister Sheli 289 b 238
Canister Shield Lid 145 66
Canister Bottom Plate 205 5 127
Maximum Fuel Rod Cladding 578 g 440

Conditions: -40°F ambient temperature

20 kW decay heat load, 1.1 peaking factor - PWR
16 kW decay heat load, 1.22 peaking factor - BWR

No insolation
Cask cavity gas: helium

Canister cavity gas: . helium

1. Cask lid O-ring and vent port O-rings not explicitly modeled—taken to be the maximum cask lid temperature.
2. Taken to be the greater of the maximum support disk and the maximum aluminum heat transfer disk temperatures.
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Table 3.4-3  Universal Transport Cask Thermal Performance Summary for Component
Operating Temperature
Cask with PWR | Cask with BWR
Fuel Canister Fuel Canister
(helium in cask (helium in cask Allowable
cavity/helium in | cavity/helium in Temperature
Temperature canister) canister) Range
Maximum cladding temperature(°F) 673 548 < ll_@f
Component safe operating
temperature ranges
Cask lid O-rings -40 to 266°F -40 to 208°F -40 to 300°F
Vent port coverplate O-ring -40 to 266°F -40 to 268°F -40 to 300°F
Drain port coverplate-O-rings -40 to 224°F -40 to 230°F -40 to 300°F
Radial NS-4-FR neutron shield -40 t0 293°F -40 to 286°F -40 to 300°F
Lead gamma shield -40 to 306°F -40 to 298°F -40 to 600°F
Aluminum heat transfer disk -40 to 605°F -40 to 515°F -40 to 700°F
PWR support disk -40 to 608°F -40 to 650°F
BWR support disk -40 to 517°F =40 t0,700°F
I. In accordance with PNL-6189, the temperature limit of 380°C (716°F) is used for the evaluatio i

considered in the design basis heat load (20.kW).” For temperature limits corresponding to, different burnup and

cooling times, refer to Table 3.4-8.
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Table 3.4-4 Maximum Internal Pressures for Transport
Fuel Cavity Condition Pressure (psig)
PWR Canister 3% fuel rod failure 615
100% fuel rod failure 74.3
Cask 3% fuel rod failure 691
100% fuel rod failure 69.3
BWR Canister 3% fuel rod failure 347
100% fuel rod failure 43.8
Cask 3% fuel rod failure
100% fuel rod failure 42.8
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Table 3.4-5 PWR Per Assembly. Fuel Generated Gas Inventory

Array Assy Type
14x14 WE Standard
15x15 B&W
16x16 CE
17x17 WE Standard

Table 34-6  PWR Canister Free Volume (No Fuel or Inserts)

Canister Class 1 2 3
Basket Volume (in®) 69800 74490 77460
Canister Height (inch) 175.05 191.75
Canister Free Volume w/o Fuel (liter) 7970 8770
Canister and Cask Free Volume w/o Fuel (liter) 9030 8970

| Table 3.4-7 PWR Maximum Normal Condition Pressure Summary

Canister Class Fuel Type Pressure (psig) | Pressure (psig)
Class 1 West. 17x17 Standard 6.13 6.91
Class 2 B&W 17x17 Mark C 6.15 6.62

Class 3 CE.16x16 5.81 6.02
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Table 3.4-8 BWR Per Assembly Fuel Generated Gas Inventory
Array Assy Type MTU Moles
7x7 GE 7x7 (49 Rods) 0.1985 16.78
8x8 GE 8x8 (63 Rods) 0.1880 16.07
9x9 GE 9x9 (79 Rods) 0.1979 16.86
Table 3.4-9 BWR Canister Free Volume (No Fuel or Inserts)
Canister Class 4 5
Basket Volume (in’) 73110 74680
Canister Height (inch) 185.55 190.35
Canister Free Volume w/o Fuel (liter) 8500 8740
Canister and Cask Fr“e’e” Volume w/o Fuel (litér) 8710 8930
Table 3.4-10 BWR Maximum Normal Condition Pressure Summary
Canister Cask
Canister Class Fuel Type Pj'essure (psig) Pressuré‘(p,sig)
Class 4 GE7x7 3.47 3.65
Class 5 GE7x7 3.41 3.55
Class 5 GE9x9 3.33 3.48
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Table3.4-11  PWR Cladding Stress Level Comparison Chart

Fuel Type 15x15

Rod OD (inch) 0.43

Cladding Thickness (inch) | 0.0265

Pellet. OD (inch) 0.3686

Active Fuel Length (inch) | 144

Plenum Length (inch) 7.755

Spring Weight (1b) 0,042

Backfill Pressure (psig) 435

Fuel Mass (MTU) 0.4807

# of Fuel Rods 208

Free Volume (inch?) 1,427

Pressure (psia) (380°C) 1525

Stress Level (Mpa) 83.1
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Table 3.4-12

BWR Cladding Stress Level Comparison Chart

Fuel Type

EX 8x8

Rod OD (inch)

0.57

0.484

Cladding Thickness (inch)

0.036

0.036

Pellet OD (inch)

0.49

0.4045

Active Fuel Length (inch)

144

150

Plenum Length (inch)

10200

10.024

Spring Weight (1b)

0.13

0.1

4.1

132.0

Backfill Pressure (psig)
Fuel Mass (MTU)

0.196

0.1793

# of Fuel Rods

48

62

Free Volume (inch?)

2.426

1.708

Pressure (psia) (380°C)

1264

1469

Stress Level (MPa)

66.7

65.1
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Tabie 34-13  Cladding Sses as & Finiion o FUeT Asseritly Averagd Bmip and
Tomperaure

Burnup 300°C

Table3.4-14  Maximum' Allowable Initial Storage, Te 7. Funcfion

of Initial Cladding Stress and Initi:

20 | 4652 | 4155
30 397

50
60
70
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Table 3.4-15 Mﬁxirﬁurﬁ Allowable Clziddi_ng Témﬁerafure for PWR and BWR Fuel
PWR Clad Temperature Limit [°C] | BWR Clad Temperature Limit [°C]
Cool Time Burnup (MWD/MTU) Burnup (MWD/MTU)
[years] | 35,000 | 40,000 | 45,000 | 50,000 | 35,000 | 40,000 | 45,000 | 50,000
5 376 374 371 359 394 391 389
6 367 365 364 352 379 376 376 -
7 346 | 345 | 343 333 355 353 352 a
10 340 339 338 328 349 348 346 -
15 333 333 332 322 343 341 339 -
Table 3.4-16 Maximum Allowable Decay Heat for PWR and BWR Systéins
PWR Decay Heat Limit' [kW] BWR Decay Heat Limit' [kW]
Cool Time Burnup MWD/MTU) Burnup (MWD/MTU)
[years] | 35,000 | 40,000 | 45,000 | 50,000 | 35,000 | 40,000 | 45,000 | 50,000
5 20.00 | 20.00 | 1990 | 1930 | 16.00 | 16.00 | 16.00 --
6 19.50 | 1930 | 1920 | 1870 | 16.00 | 16.00 | 16.00 -
7 17.80 | 17.80 | 17.70 | 17.20 | 16.00 | 16.00 | 16.00 --
10 1740 | 1730 | 17.20 | 1680 | 16.00 | 16.00 | 16.00 .
15 16.80 | 16.80 | 1670 | 1650 | 16.00 | 16,00 | 16.00

1 Based on maximum clad temperature and biases shown in Table 3.4-17.
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Table 3.4-17 Temperature Bias Applied to Maximum Allowable Decay Heats

PWR Clad Temperature Bias [°C] | BWR Clad Temperature Bias [°C]

Cool Time Burnup (MWD/MTU) Burnup (MWD/MTU)

[years] | 35,000 | 40,000 | 45,000 | 50,000 | 35,000 | 40,000 | 45,000 | 50,000
5 -15 -15 -14 9 -18 17 -18 -

6 -15 -15 -16 -10 -18 -17 -19 =

7 -15 -15 -14 -10 -16 -16 -17 -

10 -15 -15 -15 -10 -16 -16 -15

15 -15 -16 -16 9 -15 -16 16
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3.5 Thermal Evaluation for Hypothetical Accident Conditions

This section provides thermal evaluation of the Universal Transport Cask containing PWR or
BWR fuel under hypothetical accident conditions. The objective of the thermal analysis of the
cask under hypothetical accident conditions is to demonstrate that the cask containment boundary

structural components are maintained within their safe operating temperature ranges.

Because the fire accident is considered to be of short duration, the hmlt for maximum cladding
temperature méy be hi gher than that for normal conditions of transport. A cladding temperature
limit of gl.,s()5§8f’ﬁ : [3]: To determine their cumulative effect on
the package, the tests specified in 10 CFR 71.73 are to be performed or analyzed in sequence.

Thus, the Universal Transport Cask 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.

fwever, 1s conservatlg

351 Thermal Models

Finite element models are used in the thermal evaluation of the Universal Transport Cask under
hypothetical accident conditions. The same model is used to evaluate the cask transporting the
PWR and the BWR fuel. Heat flux is applied to the inner shell surface of the cask model to
simulate the decay heat generation. The distribution of the heat flux corresponds to the power
distribution shown in Figures 3.4-2 and 3.4-6 for PWR and BWR fuel, respectively.

The environmental conditions and decay heat loads for the analysis are provided as discussed in
Section 3.5. Convection during the fire accident has been considered. Results are given in the

form of maximum component temperatures in Tables 3.5-1 (PWR) and 3.5-2 (BWR).

3.51.1 Analvytical Models

Taking advantage of the symmetry of geometry and thermal loads of the cask about its major
axis, the two finite element models of the cask (with PWR and with BWR fuel) are two-

dimensional axis-symmetric representations of the cask. The finite element models are
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constructed by using ANSYS two dlmensmnal thermal elements (PLANESS) w1th the axis-

and 3 5—2 for the PWR and BWR fue, respect: y The cask mode] for PWR and BWR used in
the accident condition evaluation are shown in Figures 3.5-1 through 3.5-3.

In each model, the cask body is modeled as three concentric shells: the inner stainless steel shell,
the lead shielding, and the outer stainless steel shell. The portions of the lead region which
extend above and below the neutron shield are protected by a layer of low conductivity material
that effectively insulates the lead from the heat of the fire. Because the canister, fuel basket, and
fuel assemblies are not explicitly modeled, no gas gaps occur in the models—all heat transfer
through the models is by means of conduction only. The gap between the cask and lead is
conservatively ignored, resulting in a greater heat input to the cask.

The analyses of the finite element models are composed of three distinct phases:

1. Initial conditions (steady-state): Maximum decay heat of the fuel; ambient
temperature = 100°F; solar insolance.

2. 30-min fire (transient): Maximum decay heat of the fuel; fire
temperature = 1,475°F (including convection and

radiation); no solar insolance.

3. Postfire cool-down (transient): ~ Maximum decay heat of the fuel; ambient

temperature = 100°F; solar insolance.
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For the first two phases of the analyses, the effective conductivity of the radial neutron shield is
calculated in the same manner presented in Section 3.4.1.1.1. At the end of the 30-min fire
transient, the neutron shield is considered to be voided of NS-4-FR, so that only the Cu/SS fins
and stainless steel shell remain. The effective conductivity for this arrangement is then
recalculated as discussed in Section 3.4.1.1.1. Air is substituted for the NS-4-FR material. The
thickness of the fireblock material in an uncompressed state is .12 inches, but in the model .03 in.

is used.

The effect of impact limiters is included in the model for the fire analysis. Previous scale model
tests of the NAC-STC cask have demonstrated that the impact limiters remain on the cask after
the 30-ft drop imposed by the hypothetical accident condition. The UMS® impact limiters are
nearly identical to those of the NAC-STC. The fire transient models include natural convection
and thermal radiation boundary conditions during all phases of the analyses and account for solar
insolation effects in the pre- and postfire transient phase. The natural convection during the fire
is modeled with a convection coefficient of 0.01222 AT Btu/hr in®°F [12] . After the fire,
the convection coefficient as described in Section 3.2.3 is used. The natural convection and
thermal radiation boundary conditions are applied to all external cask surfaces not covered by the
impact limiters. The solar insolance boundary condition is applied to the external surface of the
neutron shield shell. During all phases of the analyses, the areas of the cask covered by the

impact limiters are modeled as adiabatic surfaces.
35.1.2 Test Model

The thermal analyses presented in Section 3.5.3 demonstrate that the Universal Transport Cask is
capable of meeting the design basis temperature requirements under hypothetical accident
conditions. The methodology used in this analysis is conservative, consistent with those used in
prior transport cask licensing, and sufficient to show that the cask meets the criteria set forth in

Section 3.5. Therefore, no thermal test model is created.
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3.5.2 Package Conditions and Environment

As demonstrated in Chapter 2.0, the Universal Transport Cask body sustains no major damage as
a result of the free-drop and puncture events as demonstrated in Chapter 2.0. Therefore, the cask

body i1s modeled in an undamaged configuration.

The emissivity of stainless steel is 0.36. However, during the 30-min fire portion of the transient
analysis, the emissivity is assumed to be 0.9. Also, the emissivity of the fire is assumed to be
1.0.

At the end of the fire, the NS-4-FR in the neutron shield is assumed to be destroyed. The result
is a lower conductivity and thus a greater resistance to heat leaving the cask. The emissivity of
stainless steel is again assumed to be 0.36, also providing a greater resistance to heat leaving the
cask. The cooldown is analyzed for a period of 18 hr after the end of the fire. At the end of the

cooldown period, all cask components have already reached their maximum temperatures and
have begun to cool down to their postfire, steady state temperatures.

[U5]
N
OS]

Package Temperatures

The ANSYS computer code is used to evaluate the Universal Transport Cask for the hypothetical
accident fire. A steady-state initial temperature profile is calculated on the basis of a 100°F
ambient temperature and solar insolance and used as input for the 30-min fire transient, which
considers exposure of the cask to a 1,475°F radiant environment. This exposure is followed by an
[8-hr cooldown period, which considers exposure of the cask to a 100°F ambient temperature

and solar insolance.

The safe operating temperature ranges of the components specified in Section 3.3.2 are also
evaluated for the fire accident. These components include the seals and lead gamma shielding.
The radial neutron shield temperature is not considered to be significant; therefore its loss is
assumed in this accident. The shielding consequences of loss of the radial neutron shield are
provided in Section 5.4.2.3.
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The maximum component temperatures during the hypothetical fire accident and cooldown
period are provided in Tables 3.5-1 (PWR) and 3.5-2 (BWR). The tables also show the
maximum component temperatures for the fuel cladding, and the lead in the cask body. None of
the safety-related components, with the exception of the radial neutron shield as noted
previously, exceeds its safe operating temperature as a result of the fire accident. The
temperature histories of the major cask components are shown in Figures 3.5-4 through 3.5-11
for PWR and Figures 3.5-12 through 3.5-19 for BWR.

354 Maximum Internal Pressures

The analysis requires the calculation of the free volume of the canister, calculation of the
releasable quantity of fill and fission gas in the fuel assemblies, BPRA gases, and,the subsequent
calculation of the pressure in the canister and cask if these gases are added to the backfill helium
presSure‘(initially at 1 atm) already preSent in the‘nc'anisktér;{nd‘qask (Séétioﬁs 34.1.1 and3412)
Canister and cask pressures are determined for a combined accident scenario of 100% fuel failure
and the accident temperature maximum. The method employed in both of the accident analyses
is identical to that employéd in the normal condition evaluation of Section 3.4.1.

For the maximum temperature accident condition, the gas quantit‘ies‘_aré_’corhbinéci, with the
accident average gés temperatures of _588°F-(PWR)~ahd 515°F~(BWR)»to produce the desned
system pressures. Maximum canister pressures under the 100% fuel rod failure and fire accident
conditions are 74.3 psig (PWR) and 43.8 psig (BWR). The maximum transport cask pressures
are 69.3 psig and 42.8 psig for PWR and BWR fuel, respectively, where the cask preséure

assumes the loss of canister containment.

The maximum internal pressures for the hypothetical accident condition are summarized in. Table
3.5-3.

3.5.5 Maximum Thermal Stresses

The maximum thermal stresses in the cask and the cask contents resulting from the hypothetical
accident fire are not calculated. Thermal stresses are secondary stresses. Evaluation of

secondary stresses is not required by the ASME code for accident conditions.
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3.5.6 Evaluation of Package Performance for Hypothetical Accident Conditions

The Universal Transport Cask thermal performance has been assessed for the hypothetical
accident fire transient, as specified in 10 CFR 71. Except for the radial neutron shield, which is
assumed to be lost, all cask components important to safety remain within their safe operating

ranges. The ability of the cask to safely contain its radioactive contents is not compromised.
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Figure 3.5-1 Two-Dimensional Axis-Symmetric Finite Element Cask Model (PWR and
BWR)

Fire Transient Thermal Model
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Figure 3.5-2 Upper Region of Two-Dimensional Axis-Symmetric Cask Finite Element
Model (PWR and BWR)
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Figure 3.5-3 Lower Region of Two-Dimensional Axis-Symmetric Cask Finite Element
Model (PWR and BWR)
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Figure 3.5-4 Hypothetical Accident Conditions Maximum Lead Temperature History
(PWR)
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Figure 3.5-5 Hypothetical Accident

Conditions

Temperature History (PWR)

Maximum Neutron

Shield Exterior

UMS 7 UMS24P / 20 KW @ 100 F/Fire/ Max Surface Temp.

1500
1375 [
1250
—~
L.
~ 112
[e}]
o
5 1000
43
o t
[ 879
Q
Q
S 750
@
'r_
625 \
S00 \‘ .
A\\\
S
— ]
\—.
| 175
|
{
250 ;
o} 4 ! 8 12 16
2 o 10 14 18
Time (hr)

20

3.5-11




SAR -

UMS® Universal Transport Cask

Docket No. 71-9270

November 2001
Revision UMST-01D

Figure 3.5-6 Hypothetical Accident Conditions Maximum Cask Inner Shell Temperature

History (PWR)
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Figure 3.5-7 Hypothetical Accident Conditions Maximum Cask Outer Shell Temperature
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Figure 3.5-8 Hypothetical Accident Conditions Maximum Lower Neutron Shield Temperature
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Figure 3.5-9 Hypothetical Accident Conditions Maximum Lower Drain Port O-Ring
Temperature History (PWR)
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Figure 3.5-10 Hypothetical Accident Conditions Maximum Cask Lid Vent Port O-Ring
Temperature History (PWR)

3
2
T =
/
280 o
N
b
~ 270
Q
< 260
o]
2 /
g /
« 250
e}
Q,
E 240
Q
}_ /
236 /
220 /
210J
200
0 4 8 12 16 20
2 é 10 14 18
Time (hr)
UMS/ UMS24P /20 KW @ 100 F/Fire/ Upper Vent Port O ring Temperature

3.5-16



November 2001

SAR - UMS® Universal Transport Cask
Revision UMST-01D

Docket No. 71-9270

Figure 3.5-11 Hypothetical Accident Conditions Maximum Cask Lid O-Rings Temperature
History (PWR)
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Figure 3.5-12 Hypothetical Accident Conditions Maximum Lead Temperature History (BWR)
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Figure 3.5-13 Hypothetical ~Accident Conditions Maximum Neutron Shield Exterior
Temperature History (BWR)
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Figure 3.5-14 Hypothetical Accident Conditions Maximum Cask Inner Shell Temperature
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Figure 3.5-15 Hypothetical Accident Conditions Maximum Cask Outer Shell Temperature
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Figure 3.5-16 Hypothetical Accident Conditions Maximum Lower Neutron Shield Temperature
History (BWR)
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Figure 3.5-17 Hypothetical Accident Conditions Maximum Lower Drain Port O-Ring
Temperature History (BWR)
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Figure 3.5-18 Hypothetical Accident Conditions Maximum Cask Lid Vent Port O-Ring
Temperature History (BWR)
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Figure 3.5-19 Hypothetical Accident Conditions Maximum Cask Lid O-Rings Temperature
History (BWR)
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Table 3.5-1 Maximum Component Temperatures - Hypothetical Accident Condition
Fire Transient (PWR Cask)

Temperature Time Temperature Limit

Component (°F) (Hours) (°F)
Cask Lid Bolt' 306 5.8 650
Cask Lid O-rings® 304 5.5 3754
Lower Drain Port O-ring? 320 0.8 375
Cask Lid Vent Port 286 13.0 3754
O-ring?

Cask Radial Outer Surface 1,376 0.5 2
Lead Gamma Shield 473 2.9 600
Canister Gas® 588 — —
Maximum Fuel Rod Cladding® 808 — 1,058
Cask Inner Shell 479 3.0 3
Aluminum Heat Transfer Disks® 739 — —5
Support Disks> 743 — —5

Conditions: 30-min, 1475°F Fire

20 kW decay heat

1 Cask lid bolt not explicitly modeled—maximum temperature taken to be the maximum temperature of the cask
lid.

O-rings not explicitly modeled - maximum temperature taken at the O-ring region in the component of interest.

3 Estimated by adding the maximum temperature gradient between the cask inner shell and component of interest
from normal conditions results to the peak temperature of the cask inner shell during the hypothetical accident
analysis.

4 Accident temperature limit is 375°F for 10-hr or less durations.

5 These components remain well below their respective material melting temperatures during the hypothetical
accident condition fire; therefore, the intended performance of these components is not adversely affected by the
hypothetical accident condition fire.
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Table 3.5-2 Maximum Component Temperatures - Hypothetical Accident Condition
Fire Transient (BWR Cask)

Temperature Time Temperature Limit
Component °F) (Hours) (°F)
Cask Lid Bolt' 287 5.8 —
Cask Lid O-rings® 286 5.0 3753
Lower Drain Port O-ring* 309 0.8 375°
Cask Lid Vent Port O-ring* 266 13.0 375
Cask Radial Outer Surface 1,376 0.5 _
Lead Gamma Shield 457 2.9 600
Canister Gas® 515 — —
Maximum Fuel Rod Cladding? 697 _ 1,058
Cask Inner Shell 462 30 -3
Aluminum Heat Transfer Disks’ 665 — —5
Support Disks? 666 —_— 3

Conditions: 30-min, 1475°F Fire
16 kW decay heat

1 Cask lid bolt not explicitly modeled—maximum temperature taken to be the maximum temperature of the cask
lid.

2 Estimated by adding the maximum temperature gradient between the cask inner shell and component of interest
from normal conditions results to the peak temperature of the cask inner shell during the hypothetical accident
analysis.

3 Accident temperature limit is 375°F for 10-hr or less durations.

O-rings are not explicitly modeled - maximum temperature taken at the O-ring region in the compon?ﬁt of
interest.

5 These components remain well below their respective material melting temperatures during the hypothetical
accident condition fire; therefore, the intended performance of these components is not adversely affected by the

hypothetical accident condition fire.
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Table 3.5-3

Maximum Internal Pressures for Hypothetical Accident Conditions

Fuel

Cavity

Condition

Pressure' (psig)

PWR

Canister

100% fuel

743

Cask?

100% fuel rod failure

69.3

BWR

Canister

100% fuel rod failure

43.8

Cask?

100% fuel roc

42.8

1. The pressure calculation considers: the fire accident.’ condition maximum - cavity

temperature.

2. The cask cavity pressure assumes failure of the canister confinement botndary;
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8. Darnagéd FueiyAs‘semblies

Damaged. fuel _assemblies. are standard fuel asser wblies with fuel rods that have known or
suspected claddm0 defects greater than hmrhne ‘cracks or’ pi “ol\q;,\k;_a;ls:s,‘"“~ Eac;h;,damage_d‘ fuel
assembly will be placed 1n a Maine Yankee fuel can.. The p pnm I functlonof the fuel canls to
confine fuel material within the can and to facilitate handling and retrievability. - The Maine
Yankee fuel can is s‘hé‘\fvn in Dfawings‘ 412-“5’0"1‘; and 41 2;502\.‘ ; ,Thé_ﬁla_écr(ﬁe‘nit;bf the loaded fuel
cans is restricted by bperating proéedurés and/or Técﬁhﬁié@l Specxﬁcatlons ‘t‘ciklfdédiﬂg‘i)n‘td the four
fuel tube positions at the periphery of the fuel basket as shown in Figure 3.6.1.1-4. The heat load
for each damaged fuel assembly is limited to the design basis heat load of 0.833 KW (20 kKW/24).

A steady-state thermal analysis is performed using the three-dimensional cask model described in
Section 3.4.1.1.1 s'imul‘at’i’n"g‘ 100% failure of the aaﬁxa;ged fuel rods held in the Maine Yankee
fuel can. The camster is assumed to contain twenty (20) de51gn bas:s PWR fuel assemblies and

damaged fuel assemblies in fuel cans in each of the four corner posmons

assumed to be located at the center of the actlvf fu

assemblies, as shown in- Flgure 3.6.1.1-4. The enur _eat load for a smgle fuel assembly (1 e,
0.833 kW) is cornsidered to be concentrated in the debris. reglon ‘The_ effective’ thermal
conductivities for the design basis PWR fuel assembly, (Sec\tlon 3.4.%1%\. 1.2) 'are used.for the debns
region. This is conservative, since the debris (IQO%:fai:led ’r"o,ds')i;sf expectedto haveahlghqr
density (better conduction) and more surface area (better radiation) than an intact fuel assembly.
In addition, the thermal conductivity of helium is used for the remainder of the active fuel length.
Boundary conditions corresponding to normal transport are used at the outer surface of the cask
(see Section 3.4.1.1.1). The results of the steady-state thermal analysis for 100% fuel rod, fuel
cladding and guide tube failure are:
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- Maximum Temperature (°F)

Description — - T — ————
Fuel Cladding | Damaged Fuel | Support Disk | Heat Transfer Disk

Configuration with damaged o
fuel loaded in four basket 682 633 618 614
corner locations
Design basis PWR fuel 673 N/A 608 605
Allowable 716 N/A 650 700

As shown in the previous table, the maximum temperatures for the fuel cladding, damaged fuel
assembly, support disks, and heat transfer disks for the configuration with damaged fuel loaded
in four (4)' basket corner locations are within the allowable temp'er’atﬁ*r‘e“faﬁge : Additi’eﬁally; the

maximum temperature “of the suppoxt disk rernams bounded by that used in the structural
analyses of the fuel basket (Table 3.4-1, Canister Gas; Alr).

Damaged high burnup fuel must be loaded into damaged fuel cans'  These fuel assemblies have

more than 1% of rods w1th oxzde layers greaterdihan' 80 rmcrons or ‘more than 3% of rods thh

for up to 12 hlgh bumup assembhes mcludmg up to four cIasmﬁed as damaged Apply1 g thlS
release fraction to the pressure evalu‘atvlon, in Sec,u_on, 3.4.4.‘1 ylelds a normal COIIdlI,lOI}S cask
pressure of 15.61 psig, caleulatedi usihg B&W 17x:17 Mark C fueld_‘assembly bararneters.
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4.0 CONTAINMENT
This chapter presents the Universal Transport Cask containment evaluanon PWR and

BWR fuel are evaluated separately.

The B&W 15 x 15 fuel assembly is the bounding PWR assembly because of its high fuel mass
(maximum for PWR assemblies) and fission product inventory. It is therefore used for the PWR
fuel allowable leak rate calculations.  The maximum { burnup of 50,000 MWD/MTU, at a
minimum 1.9 wt % 2**U enrichment with a 5-year cool time, is conservatively used to generate
the containment analysis source term. The transport cask PWR containment analysis assumes
the cask holds 24 design basis PWR fuel assemblies. The PWR fliel“ leak _‘ratefé.naly‘si:swassiumes
the presence of control components. These compdnchts_ réducé théﬁémquﬁt of cask freén\\?i)iumé,
thereby resulting in a bounding condition containmeht evaluation. The ccnsolidated fuel
evaluation is based on Combustion Engmeenng 14 x 14 fuel assembly fuel rods in a_ 17 x 17
array configuration. The B&W fuel assembly remams boundmg for contamment when the
number of consolidated assemblies is assumed to be no more than four in each camster _This
assumption is conservative, since only one consolidated fuel assembly may_ be loaded in any
canister. Evaluations are performed for an assumed 3% fuel failure in normal conditions for a
canister without damaged fuel and at an assumed 20% fuel failure in normal conditions for a
canister containing damaged fuel. The 20% fuel failure is based on site-specific contents
including intact, high burnup and damaged fuel (see Section 4.5 1.1).

The GE 9x9 (with 79 fuel rods) fuel assembly is the bounding BWR assembly and is, therefore,
used in the leakage calculations for the cask transporting BWR fuel. As for the PWR fuel, a
maximum desigri burnup of 50,000 MWD/MT U, ata rrun1mum19wt%235Uenrlchment w1th _é
5-year cool time, is also cohservatively used to generate the containme'rvlt anélysis'"_éour(ﬁe t.eﬁh!fér
the BWR fuel. The GE 9 x 9 assembly contains the highest fuel load and surface area of any
BWR assembly analyzed. The crud concentration on the larger surface area plays a significant

role in the BWR fuel assembly calculation of 4allbWablé'r.eleasbé rate.

Activities for the fuel assemblies are determined by detailed SAS2H isotopic depletion
calculations. The depletion calculation shqws that enrichment and activity are inversely
correlated. The lower enrichment, 1.9 wt % 22U for both the PWR and BWR analysis (with a
burnup of 50,000 MWD/MTU), therefore produces bounding activities for the containment

analysis.

4-1
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The free volume employed in the pressure and release calculation is conservatively set to the
smallest free cask volume found in the ~ UMS® canister é]asses (Class 1-3 PWR and 4-5
BWR). No credit is taken for the canister as a containment boundary but its mass is considered
when calculating cask free volume. The Universal Transport Cask containment boundary is
defined in Section 4.1. Results of package containment analyses for normal conditions of
transport and hypothetical accident conditions are provided in Sections 4.2 and 4.3, respectively.
These results demonstrate that the package meets the containment requirements of 10 CFR 71.51
[1] and IAEA Safety Series No. 6 (Paragraph 548) [2] for normal conditions of transport and
hypothetical accident conditions.

4-2
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4.1 Containment Boundary

The Universal Transport Cask containment boundary is defmed by the following components:
(1) inner shell; (2) bottom forgmg, (3) top forging; (4) cask lid [ * and lid inner EPDM O-ring;
(5) vent port coverplate u and vent port coverplate inner EPDM O-ring; and (6) drain port

coverplate  and drain port coverplate inner EPDM O-ring.

There are three possible paths for the escape of radioactive materlal from the Umversal Transport

Cask during transport operatlon These paths ast:ithe i :
wry'tfcoverplate and on the drain port | overplate EPDM O-ring manufacturers data i xs

prov1ded in Section 4.5.2.

The cask containment integrity is Venfled through leak testing prior to all transport operations. A
mass spectrometer leak detector . ” is used to verify that leakage does not exceed the limits
established in Section 4.2.3. These limits are in accordance with the requirements of 10 CFR
71.51 and IAEA Safety Series No. 6 (paragraph 548).

4.1.1 Containment Vessel

The primary containment vessel for the Universal Transport Cask consists of a 67.61-in. ID,
2-in.-thick inner shell; a 4.25-in.-thick bottom forging; a 8.825-in.-thick top foromg, and a

closure lid. The containment vessel components are fabricated fro inl
accordance with the applicable requirements of the ASME Boiler and Pressure Vessel Code, [3].

4.1.2 Containment Penetrations

The Universal Transport Cask primary containment boundary is described in Section 4.1. The
penetrations in the cask primary containment vessel are the vent and drain ports, and the lid. The
penetrations are designed to seal the boundary and to ensure that leakage from the cavity does not
exceed the established limits. 10 CFR 71.51 establishes release limits under both normal
conditions of transport and hypothetical accident conditions E— The quick-disconnects
installed in the vent and drain openings and in the lid test port are not considered part of the
containment boundary. The vent and drain port coverplates are fabricated from SA-240, Type

304 stainless steel.

4.1-1
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4.1.3 Seals and Welds
4.1.3.1 Seals

The EPDM O-rings of the lid, vent port coverplate, and drain port coverplate are the seals that
provide primary containment, as described in Section 4.1. Section 4.5.2 contains the
specifications for the EPDM O-rings. The cask is leak tested before acceptance from the

manufacturer and after fuel loading. These tests are described in Table 4.1-1.

4.1.3.1.1 Containment System Fabrication Verification

When fabrication is complete, containment system fabrication verification _Ieak ‘tchs“ting is
performed on the cask containment as described in Section 8.1.3. This leak test verifies that the
leak rate of the assembled containment boundary does not exceed the allowable reference air leak
rate of 4.2 X 10 ref-cm’/sec. Limiting leak rates_y Zarék obtaincd ‘frﬂdr:r’i ‘thé':éValiiatfibn‘Adf‘si‘te-
specific contents using a release fraction of 20% under normal conditions of transport. As shown
in Table 4.2-4, the allowable leak rate for a PWR cask containing damaged high burnup fuel
bounds the allowable leak rate for the cask containing intact PWR fuel and BWR fuel under
45,000 MWD/MTU burnup. The maximum allowable leak rates and the corresponding test
sensitivities are evaluated in Section 4.2.3 for normal conditions of transport and in Section 4.3.2
for hypothetical accident conditions. Based on the analysis presented in these sections, the
normal conditions allowable leak rate bounds the allowable leak rate for accident conditions.

4.1.3.1.2 Containment System Periodic Verification

The containment system periodic verification is performed on the Universal Transport Cask
package containment boundary seals and components , in accordance with the leak test
acceptance criteria established for the containment system fabrication verification '(VSccti'on
8.1.3). This verification leak test conforms to test method AS5.4 of Table Al of ANSI N14.5-
1997 [4].

Whenever a containment seal or component is replaced, the O-ring or containment component is
leak tested following replacement according to the requirements of the containment system
periodic verification (Section 8.1.3). This test verifies that the replacement seal or component
has been properly installed and that the leak rate meets the allowable leak rate requirements

established for the containment system fabrication verification specified in Section 4.2.3.

4.1-2
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4.1.3.1.3 Containment System Verification Prior to Transport

As specified in the loading procedure (Section 7:1.3), the containment system is leak tested in
accordance with Section 8.1.3 (helium leak tested), if components of the containrhenp boundary
are replaced during loading dperatibns. If containment boundary cOmponentsk,ar'é‘ not replaced,
then the containment bdimdary. is pressure tested in wai‘ég;(’)’rdancé Wiyth Paragraph 764 of ANSI
N14.5-1997 to demonstrate containment boundary assembly in accordance with the operating

procedures.

For unloaded (empty) trahsport, pressure tésting isfﬁséd“t‘()‘_deﬁj_c\)hsﬁaie'coﬁtairimcﬁtbbﬂndary

assembly.

The assembly pressure test configuration conforms to test method AS5.1 of Table Al of ANSI
N14.5-1997.

4.1.3.2 Welds

Circumferential and longitudinal welds are used to fabricate the inner shell and to attach it to the
top and bottom forgings. The longitudinal welds in the cylindrical sections are staggered
circumferentially by 90° or 180°. Containment vessel welds are full penetration bevel or groove
welds to ensure structural integrity. Upon completion of the inner shell welds, the welds are
radiograph-inspected and accepted in accordance with ASME Code Section III NB-5320.

Upon completion of containment vessel fabrication, the cask containment boundary is
hydrostatically tested in accordance with ASME Code requirements to ensure the integrity of the
welds and containment components (Section 8.1.2.3). Following hydrostatic testing, all
containment vessel welds are visually inspected by the dye penetrant examination method and
evaluated in accordance with ASME Code requirements. Following fabrication, the containment
boundary o-rings are leak tested in accordance with Section 8.1.3. The post-fabrication leak test
is based on the bounding PWR fuel allowable leak rate of 4.2 x 10° ref cm3/scc as shown in
Table 4.2-4. Test equipment and methods are selected to assure a minimum test sensitivity of
one half the reference leak rate, or 2.1-x 107 ref cm’/sec.. The equivalent allowable helium leak
rate is 6.5 x 102 cm®/sec at standard conditions. The required helium leak test sensitivity is 3.25
x 10® cm’sec. The helium leak rate at standard conditions is specified” since the test is

4.1-3
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conducted using helium as the detector gas. Specification of standard conditions is conservative,
since the actual pressure may be higher than the postulated 0 psig (1 atmosphere) pressure that is

assumed.
4.1.4 Closure

The primary closure assembly for the Universal Transport Cask consists of the lid, bolts, and
o-rings. The lid is recessed and bolted into the top forging of the cask body. The 6.5-in. thick.
78.17-in. diameter lid is made of ASME SA-336, Type 304 stainless steel. The lid is retained by
48 bolts that are 2-8 UN socket head cap screws fabricated from SB-637, Grade NO7718 nickel
alloy steel bolting material. The initial torque for installation of the lid bolts is as specified in
Table 7-1. The bottom surface of the lid is sealed to the top forging of the cask body by a. set of
EPDM o-rings, with the inner o-ring forming the containment boundary.” The second (outer)
o-ring provides an annulus to test the inner o-ring seal.

The vent port is recessed into the lid and the drain port is recessed into the bottom forging. 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.

Similar to the inner lid configuration, each of the vent and the drain coverplates is sealed by aset

of o-rings, with the innerko-ring forming the cbhtairiiﬁéhi Vbo_’undtary. The second '(koﬁte'r‘) b-ﬁﬁg
provides an annulus to test the inner o-ring seal.

4.1-4
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Table 4.1-1 Containment Verification Leak _Test Réquiremént',s;and_Sche‘dule

o Loaded L

Post-Fabrication Transport Loaded Transport
and Annual (O-Ring (No O-Ring Empty
Maintenance’ Replacement)? Replacement)® Transport’

Allowable
Reference ; o ; - }
Leak Rate’ 42x 10 cm®/sec | 4.2 x 10 cm®/sec 1x 10f3 cm3/scc 1x 102 cm¥/sec
Allowable
Helium Leak o ‘ _ .
Rate® 6.5 x 108 cm®/sec | 6.5 x 10% cm’/sec - =-

1 Al d-n'ngs afe replaced dun’ng Annual Maintenance.

2 The need for o-ring replacement is determined by mspectmn or by leak test results. Only the
appropriate set of o-ring is replaced as necessary prior to transport
3 The allowable leak rate is based on the boundmg evaluauon contamm0 damaged hlgh burnup
PWR fuel assemblies and is the same for the transport of GTCC waste.

4.1-5




THIS PAGE INTENTIONALLY LEFT BLANK



SAR - UMS® Universal Transport Cask November 2001
Docket No. 71-9270 Revision UMST-01D

472 Containment Requirements for Normal Conditions of Transport

The Universal Transport Cask must maintain a radioactivity release rate of not more than 10
Az/hr under normal conditions of transport, as required by 10 CFR 71.51 and IAEA Safety Series
No. 6 (paragraph 548). For the cask containing intact PWR fuel, this condition is satisfied by
maintaining a maximum reference (air at standard conditions) leak rate of 5.0 x 10” ref-cm’/sec,
or 6.6 x 10° cm’/sec helium at the test condition, which is‘consérvat'ive'ly considered to be the
standard conditions. For the cask containing BWR fuel, the radioactivity release rate
requirement is satisfied by maintaining a maximum reference leak rate from the cask of 3.3 x 107
ref-cm’/sec, or 4.5 x 107 cm’/sec helium at the test conditions. For the PWR cask containing
PWR damaged high burnup fuel assemblies, the maximum reference leak rate is 4.2 x 10 ref
cm/sec or 6.5 x 10 cm®/sec helium. Consequently, the PWR high burnup fuel allowable leak
rate is conserVativcly applied as the containment bOundary,‘test‘i‘conditi_on‘fo‘r_ post’-fabrication
testing, annual testing, and when containment components are. replaced during cask use.

Calculations of these limits are provided in this section.

The structural and thermal evaluations of the Universal Transport Cask are provided in Chapters
2.0 and 3.0, respectively. Results of these evaluations also demonstrate that cask containment is
maintained during normal conditions of transport. Therefore, the package satisfies the

containment requirements of 10 CFR 71.71.

421 Containment of Radioactive Material

The 10 CFR 71 limit for the release of radioactive material under normal conditions of transport
is 10 A2/hr. In this analysis, A2 for a mixed gas is determined by using the method described in
10 CFR 71, Appendix A. The release fractions for the various radionuclides transported in the
Universal Transport Cask are obtained from NUREG/CR-6487  [4] and summarized in Table
4.2-1 (located at the end of this section). The curie content per isotope for 5-year cooled PWR
and BWR design basis fuel assemblies is provided in Section 4.5-3.

In addition to the radionuclides produced by the fuel material, fuel assemblies develop a coating
of impurities deposited by cooling water during power generation. This coating is known as
crud. Crud contains mostly nonradioactive elements but also contains a significant amount of
Co. NUREG/CR-6487 lists the maximum *°Co concentrations on spent fuel assemblies to be
140 uCi/em® for PWR assemblies and 1,254 uCi/cm® for BWR assemblies at initial discharge.
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140 uCi/cm’® for PWR assemblies and 1,254 uCi/cm?® for BWR assemblies at initial discharge.
The surface areas of the design basis PWR and BWR assemblies (B&W 15x15 and GE 9x9) are

calculated to be 3.25 x 10° cm®and 1.77 x 10° cm?, respectively. ;ThétOtaIISWRcrﬁraH&ﬁ)g

RO ey AT Y T e e G e Sy A S R L T S R T e S "o
calculated by the conservative surface area-and maximum: activity density, envelopes assemblies

Bt

ey et

with _control components.inserted: Fuel assembly characteristics are listed in Tables 1.2-4 and

1.2-5 for PWR and BWR fuel assemblies respectively.
42.1.1 Calculation of Allowable Leak Rates

The maximum permissible leak rate from the cask under normal conditions of transport is
determined from the 10 CFR 71 limit of 10°® Ax/hr.

R, =L,Cy €A, x1x10"hr " or
R,=L,C,<A,x-2.78x10"sec™

where:
Ly = is the volumetric gas leakage rate [cm’/s]
Cn = is the curies per unit volume (termed “activity density”) of the radioactive
material that passes through the leak path [Ci/cm’]
Ry = Release rate for normal transport conditions [Ci/sec]

Activity Density of Radioactive Material (Cy)

through Table 4.53-6 . These inventories are calculated by using the source terms produced by
the SAS2H [6] sequence , the release fractions and the postulated crud (GOCO) x The %°Co
content is decayed 5 years from discharge to the design basis fuel cool time. The PWR analysis
is based on 24 design basis fuel assemblies. The BWR analysis is based on 56 design basis fuel
assemblies.

Cn = CCrud + CVolaljes + C + C

FissionGas Fines

— feMy — SN, (NgS g +Scy)

C
Crud AV vV

where:

Cerua = activity density inside containment vessel resulting from crud spallation [Ci/em®]

4.2-2
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Maximum Allowable Leak Rates

On the basis of the methodology discussed above, the maximum allowable leak rates for the
casks containing standard or high burnup PWR and BWR standard fuel under normal conditions

of transport are calculated to be 5.5 x 10 and 1.3 x 107 ref cm’/sec, respectively (Table 4.2-4).

The maximum allowable release rates are more restrictive for the cask containing high burnup
damaged PWR assemblies because of  the higher failure rate associated with the ISG-15
specified failure rate of 50% in normal conditions in fuel with an oxide layer thickness greater
than 70 microns. Per ISG-15, no more than 3% of the rods in a,high burnup assém_b]y, may
contain oxide layers over 70 microns. Above this level, assemblies must be placed in damaged
fuel cans. The worst case.containment analysis UMs® loading is, 'thei‘éfb‘o‘ré,‘ ‘12kir‘1tac:t starid_ard
assemblies failing at 3%, 8 high burnup assemblies classified as intact with 50% failure of the
3% high burnup rods, and 50% failure of rods iri,sidé the d‘a‘mage‘d‘ fVukel_caﬁs,f;_;Thi‘s'ffcidnﬁgur'atiQh
is bounded by the 20% avérage release fraction ap'pli\’eidfto afull camsterload of hlgh bumup

assemblies.

42.1.2 Correlation of Allowable Leak Rates to Air Standard

The volumetric gas leak rate, L is independent of transport cask pressure and temperature. The
maximum allowable release must be correlated with air standard leak rates. which depend on gas
temperatures, pressures, and leakage path length and diameter. - This correlation requires
calculation of the capillary opening diameter through which the flow occurs. Depending on

pressure and condition of the flow, a combination of continuum and molecular flow occurs.

Continuum flow and molecular flow equations are obtained from NUREG/CR-6487, Section 2.
Both continuum and molecular flow rate equations presented below are adjusted to upstream
flow rate in accordance with NUREG/CR-6487 and ANSI N14.5-1997.

The continuum volumetric flow rate of the gas (cm’/sec), L, is given by:

2.48x10°D* P P
L, = =55 (P, — P * ot = F 5 (P, B F
ap P, P

u
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where:

F. = coefficient for continuum flow [crn3/atm—s]

D = capillary diameter [cm)]

a = capillary length [cm]

U = fluid viscosity [cP]

P, = upstream pressure [atm] - pressure inside containment

Ps = downstream pressure [atm] - pressure outside containment

and, the molecular volumetric flow rate of the gas’(cm3/’s\ec:‘),“1,“1n', is glven by:

381x103D3‘/T P
L = P P*“ F *(P —P )*=%
( ) B (P, —-P) S

" aP, g ;
where:

Ly = 1sthe volumetric flow rate of gas at P, [cm3/sec]

Fn = isthe coefficient for molecular flow [cm3/atm—s]

D = is the capillary diameter [cm]

T = 1s the gas temperature [K]

M = isthe gas molecular weight [g/mole]

P, = 1s the average pressure (P +Pg)/2 [atm]

P, = 1isthe upstream pressure [atm]

P4 = is the downstream pressure [atm].

a = capillary diameter [cm]

For this analysis, the gas temperature used for molecular flow analysis is identical to the
upstream temperature. Pressures and temperatures for PWR. and BWR system normal operating
condmons are summanzed in Table 4 2 5 Based o“ the pressur ten perature and allowable

atmosphere ata temperature of 298K.,u he test gas is hehum leakmg from 1 atmosphere_ ©. p51g)

4.2-6



SAR - UMS® Universal Transport Cask November 2001
Docket No. 71-9270 Revision UMST-01D

to a vacuum. Table 4.2-4 provides the standard and test leak rates for the Universal Transport
Cask loaded with PWR or BWR fuel. The sensitivity for these tests is one-half the air standard
leak rate as recommended by ANSI-N14.5-1997. “Key PWR and BWR containment analysis
parameters are summarized in Table 4,2-6.

This analysis is conservative since a higher upstream pressure, which could result from a higher
average gas temperature based on decay heat, results in a higher allowable leak rate, assuming
that the leak path length' and the leak path diameter (calculated based on the reference air
condition) are held constant. Since the test condition br'eééﬁ}’e"ééﬁh”d{ be less than 1 atmosphere,
and since the average gas temperature does not have a first order effect on calculated leak rate,
the helium test condition is conservative with- respect to the allowab]e reference leak rate.

4272 Pressurization of Containment Vessel

The maximum pressure in the cask during normal conditions of transport is calculated by using
the methodology presented in Section 3.4.4. Assumptions underlying this calculation are that
during normal conditions of transport, 3% of the fuel rods may fail and that 30% of the fission
gases in the rods are releasable. The cask cavity under normal conditions of transport is

backfilled to 1 atm with at least 99.9% pure helium gas.

423 Containment Criteria

The reference leak rates provided in Table 4.2-4 for PWR and BWR fuel, represent the
maximum leak rate allowed if the o-rings were tested with air at 1 atm and 25°C. The maximum
allowable leak rate for the containment system fabrication verification and periodic verification
leak tests is described in Sections 4.1.3 and 8.1.3. This allowable leak rate is that for the BWR
fuel configuration, which is more restrictive than the allowable leak rate for PWR fuel.

The sensitivity for these tests is recommended by ANSI N14.5-1997 to be one-half the allowable

leak rate.

4.2-7
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Table 4.2-1 Release Fractions: Normal and Accident Conditions
Fraction: Fraction:
Normal Accident
Radionuclide Origin Conditions Conditions

Volatiles releasable 2.00E-04 2.00E-04

Fission gas releasable 0.3 0.3
Rod mass released 3.00E-05 3.00E-05

Crud spallation factor 0.15 1.0

Fraction of fuel that fails 0.03! 1.0

1. PWR fuel is also evaluated at 0.20 to account for high burnup fuel failure during transport.
This failure fraction envelops damaged fuel can payloads.

Table 4.2-2  Allowable Release Rate Source and Az Inputs for PWR Cask: Normal Conditions
B&W 15 x 15! Crud Gas Volatiles Fines Total
Total Activity per Assembly (Ci) N/C? 373E+03 149E+05 228E+05 381E+05
Releasable Activity per Cask (Ci) 8.48E+01 806E+02 214E+01 492E+00 917E+O2
Cask Volumetric Activity (Ci/em’)| 1.26E-05 | 1.20E-04 | 3.19E-06 | 7.33E-07 | 1.36E-04
A2 Value (Ci) 10.80 285.50 6.39 0.114 | 302.81
Fraction of Activity 0.092 0.879 0.023 0.005 1.000
Fraction of Activity / A2 (1/Ci) 0.0086 0.0031 0.0037 | 0.0471 | 0.0624
Mixture A2 Value (Ci)| 16.03

1. Based on 3 % rod failure
2. Not explicitly calculated.

4.2-8
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Table 4.2-3 Allowable Release Rate Source and A2 Inputs for BWR Cask:
Normal Conditions

GE9x9 Crud Gas Volatiles Fines Total

Total Activity per Assembly (Ci) N/C! 1.46E+03 | 5.76E+04 | 8.82E+04 | 1.47E+05

Releasable Activity per Cask (Ci) | 9.68E+02 | 7.34E+02 | 1.94E+01 | 4.44E+00 | 1.73E+03

Cask Volumetric Activity (Ci/em®)| 1.51E-04 | 1.14E-04 | 3.02E-06 | 6.93E-07 | 2.69E-04

Az Value (Ci) 10.80 285.60 6.34 0.12 302.85

Fraction of Activity 0.56 0.43 0.01 0.003 1.00

Fraction of Activity / Az (1/Ci) 0.052 0.001 0.002 0.022 0.078

Mixture A2 Value (C1) 12.90

1 Not explicitly calculated.

Table 4.2-4 Leak Rate and Leak Test Sensitivity: Normal Conditions

Leak Rate (cm’/sec)

Reactor| Assembly |Operating Vol. Activity| Volumetric |Air Reference Test
Type Type Condition Ci/em® (L) (Ly) SénSiiii?ity
PWR' | B&W 15x15 | Normal | 1.4E-04 3.3E-05 S.OE-—OS 2.5E-05
PWR? | B&W 15x15 | Normal 8.4E-04 5.5E-06 4.2E-06 2.1E-06
BWR’ | GE9x9-2 | Normal | 2.7E-04 1.3E-05 3.3E-05 1.7E-05

1 The corresponding helium test leak rates and leak test sensitivities for the PWR conﬁgurati:on
are 6.6 x 10”° cm*/sec and 3.3 x 10” cm/sec, respectively, at standard conditions.

2 Based on 20% fuel failure to account for high burnup fuel assemblies éﬁd.,dMAgéd"fﬁgl‘frggﬁsz
The corresponding helium test leak rates and leak test sensitivities for the PWR configuration
are 6.5 x 10 cm®/sec and 3.25 x 10°° cm®/sec, respectively, at standard conditions.

3 The corresponding helium test leak rates and leak test sensitivities for the BWR configuration
are 4.5 x 10”° cm®/sec and 2.25 x 107 cm*/sec, respectively, at standard conditions.
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Table 4.2-5 Cask Free Volumes and Pressures: Normal and Accident Conditions
Reactor Type PWR BWR
Cask Operating Condition Normal Accident! Normal A(:cident,1
Free Gas Volume (liters)? 6,720 6,720 6,410 6,410
Pressure (atm) 2 1.47° 572 1.25 3.91
Average Gas Temperature (K) 507.0 582.0 458.7 542.0

1 The accident condition for this analysis 1s 100% rod failure in combination with a

fire accident raising cask temperature.

This hypothetical dual failure accident

conservatively maximizes both available releasable material and cask pressure.

[§8]

Bounding values were chosen for free volume (minimum) and pressure

(maximum). This conservatively minimizes free volume and capillary diameter.

3 The normal condition pressure assuming 20% fuel rod failure is 2.06 atm.

Table 4.2-6 PWR and BWR Containment Parameters - Normal Conditions
Crud
Surface | Containment | Capillary | Capillary | Upstream Gas
Assembly | Activity | Free Volume | Length | Diameter | Pressure | Temperature
Type (Ci/em?) (cm’) (cm) (cm) (atm) (K)
B&W!
15x15 | 7.3E-5 6.7E+6 0.287 | 64E-4 147 507
B&W?
15x15 | 7.3E-5 6.7E+6 0.287 | 33E+4 2.06 507
GE' .
9x9-2 6.5E-4 6.4E+6 0.287 5.7B-4 1.25 459

1 Based on 3% of the fuel rods failing in normal transport conditions.

2 Based on 20% of the fuel rods failing in normal transport conditions,
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4.3 Containment Requirements for Hypothetical Accident Conditions

The 10 CFR 71 requirement for the release of radioactive material under hypothetical accident
conditions is met by ensuring that for the cask containing PWR fuel a referen :f(alr) leak rate
limit of 2.0 x 107 ref-cm®/sec is not exceeded. The corresponding ha;psgandar@l_eak rate 11;1;11 for
the cask containing BWR fuel is 2.2 x 10'«-3‘ réf-cm3/sec. Calculations of these limits are provided
in Section 4.3.2.

Assuming a simultaneous occurrence of a fire accident and a 100% rod failure, and on the basis
of bulk average gas temperatures of 582K (PWR) and 542K (BWR) resultmg from air in the
cavity, the pressure within the cask cavity is calculated to be 5 7 atm (PWR) | or 3.9 atm (BWR)
The hypothetical presence of air in the cask provides an upper bound on the gas temperature.
These pressures represent the maximum possible cask internal pressures.

The structural integrity of the cask containment during hypothetical accident conditions is
demonstrated in Chapter 2.0. Therefore, the cask containment is maintained under hypothetical

accident conditions.

431 Fission Gas Products

The calculated amounts of fission gases contained in the design basis PWR and BWR fuel
assembly are reported in Tables 4.5.3-1 and 4.5.3-4. The accident conditions for maximum
fission gas release assume 100% rod failure and also assume that 30% of the radloactlve M‘Si}Qn

gases, pnman]y Kr, tr1t1um and_ IZ?I, are available for release to the cask cavity. In addition,
100% of the °Co in the crud on the fuel assemblies is conservatively assumed to be available for

release as an aerosol.

432 Containment of Radioactive Materials

The Universal Transport Cask is designed to maintain a release rate of less than 1 Ax/week for
the hypothetical accident conditions, as required by 10 CFR 71.51. A: for a mixed gas is
determined by using the method described in 10 CFR 71, Appendix A. The release fractions for
the various radionuclides found in the cask are obtained from NUREG/CR-6487 and summarized
in Table 4.2-1. The curie content per isotope for 5-year cooled PWR and BWR design basis fuel
assemblies is provided in Section 4.5.3.

4.3-1
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4321 Calculation of Allowable L éa

The allowable leak rates under hypothetical accident conditions are calculated by using the
method described in Section 4.2.1.1 for normal conditions of transport. The total inventory of
fission product gases, volatiles, fines, and crud are calculated by using the source terms generated
by SAS2H and release fractions for the PWR and the BWR fuel. Using the A2 values from 10
CFR 71, Appendix A (Tables 4.3-1 and 4.3-2 1 g;;) the mixture A2 values are then determined
for gas, volatile, fine, and crud mixtures. Finally, the maximum @Qﬁ@g release rates are
calculated by using the hypothetical accident conditions allowable release limit:

R,=L,C, <A, week™
or
R, =L,C, <A, 1.65x10%sec”

where:

Ln = volumetric gas leakage rate [cm3/s]

Ca = curies per unit volume (termed “activity density”) of the radioactive material
that passes through the leak path [Ci/cm?)

Ra = release rate for accident transport conditions

Assumptions underlying the calculations for the hypothetical accident conditions are that 100%
of the fuel roﬁs fails and 100% of the crud is released (compared with the assumptions that 3% of
the fuel rods fail and 15% of the crud is released in the analysis in Section 4.2.1.1 for normal
conditions of transport). The mixture Az for gas, volatile, fine, and crud mixtures is not @g&
by the change in the magnitude of releasable material, but the combined Az fgﬁépges gsféié on the

-~

change in activity fraction in each group.

The calculated maximum permissible release rates for the casks containing design basis PWR
and BWR fuel under hypothetical accident conditions are tabulated in Table 4.3-3.
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4.3.2.2 Correlation of Allowable Leak Rates to Air Standard _

The maximum allowable leak rates for the hypothetical accident conditions are correlated

.....

433 Containment Criteria

The allowable leak rates calculated i for the hypothetical accident conditions are much greater
than those for the normal conditions of transport calculated in Section 4.2.1. Because the cask
containment is demonstrated to be maintained under hypothetical accident conditions (Section
2.7), the maximum permissible leak rates for normal conditions of transport are more limiting
and are therefore used for the establishment of the maximum allowable leak rates for the
containment system fabrication and periodic verification leak test calculations and test

acceptance criteria.
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Table 4.3-1
Conditions

Allowable Release Rate Source and Az Inputs for PWR Cask: Accident

B&W 15x 15

Crud

Gas

Volatiles

Fines

Total

Total Activity per Assembly (Ci)

N/C}

3.73E+03

1.49E+05

2.28E+405

3.81E+405

Releasable Activity per Cask (Ci)

5.65E+02

2.69E+04

Cask Volumetric Activity (Ci/cm’)| 8.41E-05 | 4.00E-03 | 1.06E-04 | 2.44E-05 | 4.21E-03
A> Value (Ci) 1080 | 28550 | 639 | 0114 | 3028
Fraction of Activity 0.020 0.949 0.025 0.006 1.00
Fraction of Activity / A2 (1/Ci) 0002 9063 OQQé 5~6§1 oné
Mixture A2 Value (Ci)|  16.68

1 Not explicitly calculated.

Table 4.3-2
Conditions

Allowable Release Rate Source and A2 Inputs for BWR Cask: Accident

GE9x9

Crud

Gas

Volatiles

Fines

Total

Total Activity per Assembly (Ci)

N/C!

1.46E+03

5.76E+04

8.82E+04

147E+05

Releasable Activity per Cask (Ci)

6.45E+03

2.45E+04

6.45E+02

148E+02

sy s e e

Cask Volumetric Activity (Cifem’)

1.01E-03

3.82E-03

1.01E-04

231E-05

4.95E103

A2 Value (C1)

10.80

285.60

=

0.115

o tootoetol

302385

Fraction of Activity

0.203

v

0.772

0.0204

0.005

Fraction of Activity / A2 (1/Ci)

0.019

0.003

0.003

0.041

i

.06

LN

X3 o‘

Mixture A2 Value (Ci)

1 Not explicitly calculated.
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Table 4.3-3  Standard Leak Rates: Accident Conditions

.

Reactor | Assembly | Operating
Type Type Condition
PWR | B&W 15x15 | Accident
BWR GE 9x9-2 Accident

Air Reference
(Lw)
2.0E-03
2.2E-03

Table ;4.3~4'

Crud
Surface | Containment Gk
Assembly | Activity | Free Volume | Length | Diameter | Prossire | Temperature
Type | (Cifemd) | (emd | em) | em | @) | ®
B&W

15x15 73E-5 6.7E+6 0.287 1.78-3 572 582
GE
9x9-2 6.5E-4 6.4E+6 0.287 1.7E:3 3.91 542

Note: 100 % of the fuel rods are postulated to fail in the accident condition:
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45.1 Containment Evaluation for Site Specific Contents
45.1.1 Containment Evaluation for Maine Yankee Contents

Pressure and radionuclide content of the Maine Yankee 14x14 fuel assemblies are bounded by
the larger B&W 15x15 assembly employed in the containment evaluations presented in Sections
42 and 4.3. The larger fission mass of the B&W assembly produces higher fission gas
inventories for a fixed burnup. The Maine Yankee fuel assemblies, with ﬂonffuel Compbnen\ts or
in consolidated or damaged form (up‘,‘k‘to_v‘ fomvépﬁ_sblida;edjo‘f damagedassembhes per. canister)
displaces less free volume than the B&W fuel assembly forming the design basis for the
containment analysis, and, therefore, results in lower pressures at a fixed decay heat.

Maine Yankee fuel with up to 50,000 MWD/MTU may be loaded in the transportable storage
canister. ISG-15 requires a containment evaluation assuming 50% failure of high burnup fuel
with an oxide layer thickness above 70 microns. ISG-15 also requires that fuel assemblies with
more than 3% of rods with an oxide layer over 70 microns are COﬁSidﬁf,ﬁd.‘aSz, damaged and will,
therefore, be placed in a damaged fuel can. High burnup fuel must be loaded in the outer fuel
loading positions of the basket. The PWR basket has 24 fuel loading positions, including 12

outer positions.

The PWR containment analysis in Section 421 assurﬁé§ 4 PWR (h1gh bumup)fuelassembheg
failing at 100%, 8 high burnup fuel assemblies failing at 4.5% (3% standard, failure fraction plus
50% of the 3% high burnup rods), and the remaining 12 assemblies failing at 3%. This results in
20% of the fuel rods failing in normal conditions and bounds the presence of four damaged fuel
cans in the basket. The PWR leak rate é_“a]ciilyafi(‘)hfis_'bésed on theh1 gher ffaildté;fractiéﬂ;

4.5.1-1
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enrichment fuel which may achieve this burnup, the design basis PWR source terms are
calculated with an initial enrichment of 3.7 wt % >°U. This assumption produces a neutron
source 29% higher than that obtained by assuming 4.2 wt % 23 initial enrichment. Assembly
power density and cycle parameters are selected such that the assembly is activated at a power
level 10% greater than a typical PWR assembly to allow for assembly power peaking during core
residence. This treatment results in conservatively higher source rates due to enhanced actinide

production and a shorter activation period.

Source term spectra and source region elevations are determined for the following four major
PWR fuel assembly types (see Table 5.2-1):

e Westinghouse 15x15 Std Class 1
e Westinghouse 17x17 Std Class 1
e Babcock & Wilcox 15x15 Mark B Class 2

¢ Combustion Engineering 16x16 System 80 Class 3

These assembly types produce the limiting source terms. These assembly types are referred to in
this report by the abbreviated names given in Table 5.2-1. Fuel assembly physical characteristics
are given in Table 5.2-2, and hardware masses are given in Table 5.2-3. The results of the source
term analysis for the fuel types given here are summarized in Table 5.2-4. Fuel assembly
activated hardware source terms are shown in Table 5.2-5. These non-fuel source terms are
determined on the basis of the hardware source per kilogram given in Table 5.2-4 and the
hardware masses given in Table 5.2-3. The hardware activation is based on a stainless steel Type

304 composition with an assumed ¥Co impurity level of 1.2 g/kg.

In order to account for spectral differences in the activating neutron flux, a flux ratio of 0.2 is
applied to hardware regions directly adjacent to the active core region, e.g., the lower end-fitting
and upper plenum. A flux ratio of 0.1 is applied to the upper end-fitting region, except for the
CE 16x16 upper end-fitting for which a 0.05 flux ratio is used. The lower end fitting region in
the B&W fuel assembly model uses a 0.1 flux ratio since the model explicitly includes a lower
plenum region adjacent to the fuel region. The ORIGEN-S code is used directly to calculate
hardware activation spectra by activating the fuel assembly components in the SASZH calculated

R A s TR S ncati, NN ]

flux spectrum for each assembly type. The “effects -of ;axial. flux . spectrum. and . magnitude
variation on hardware activation are estimated by flax ratios det ‘from empi

ned from empirical data [9];
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52.4 BWR Fuel Assembly Descriptions

The Universal Transport Cask can transport up to 56 intact BWR fuel assemblies. BWR fuel is
analyzed on the basis of an initial enrichment of 3.25 wt % *°U, 40,000 MWD/MTU burnup,
and a post irradiation cooling time of 10 years. Assembly power density and cycle parameters
are selected such that the assembly is activated at a power level 10% greater than a typical BWR
assembly to allow for assembly power peaking during core residence. This treatment results in
conservatively higher source rates due to enhanced actinide production and a shorter activation

period.

Source term spectra and source region elevations are determined for the following major BWR
fuel assembly types (see Table 5.2-1):

e GE 7x7 BWR/2-3 Reactor Type, Version GE-2b Class 4
e GE 8x8 BWR/2-3 Reactor Type, Version GE-5, 2 water holes Class 4
¢ GE 8x8 BWR/2-3 Reactor Type, Version GE-10, 1 large water hole Class 4
e GE 7x7 BWR/4-6 Reactor Type, Version GE-2 Class 5
e GE 8x8 BWR/4-6 Reactor Type, Version GE-5, 2 water holes Class 5
* GE 8x8 BWR/4-6 Reactor Type, Version GE-10, 1 large water hole Class 5

* GE 9x9 BWR/4-6 Reactor Type, Version GE-11, 2 water holes, 79 fuel rods Class 5

These assembly types are referred to in this report by the abbreviated names given in Table 5.2-1.
The physical characteristics of the two classes of BWR fuel are given in Table 5.2-6 and Table
5.2-7. For fuel assemblies with a burnup of 40,000 MWD/MTU, the fuel requires a minimum of
10 years of cooling after discharge to meet the neutron and gamma source values, and the decay
heat values specified in Table 5.2-8 and Table 5.2-9. The GE BWR/2-3 8x8 fuel assembly
designs are analyzed on the basis of a 144 in. active fuel length in order to provide a consistent
basis for comparison with the other BWR/2-3 fuel assembly designs. The GE-2b version of the
GE BWR/2-3 7x7 fuel assembly is selected over the older GE-2a design since it has been
discharged more recently, although the GE-2a assembly has a marginally higher (0.4%) initial
heavy metal loading.

5.2-4
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54.3.1 Methodology
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Transport Cask containing the design basis PWR and. BVVR fuel
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5.5.1 Site Specific Contents Shielding Evaluations

This section describes fuel assembly characteristics and configurations or waste configurations,
which are unique to specrfrc reactor sites. - These s1te spec1ﬁc content configurations result from
conditions that occurred durmg reactor operatlons part1c1pat10n in-research and development
programs testing programs intended to improve reactor operatrons and from decommissioning

actlvmes.
Site specific fuel assembly configurations are either shown to be bounded by the analysis of the
standard ‘design,basis fuelassembly confi guration of the sametype(PWR or ,B‘,WR), or are shoirn

to be acceptable contents by s‘peciﬁc eVaIuationof th,é"éafiﬁ gdratk\ion.

5.5.1.1 Maine Yankee Site Specific Spent Fuel

This analysis considers both assembly fuel sources and sources from activated non-fuel material
such as control element assemblies (CEA), in-core instrument (ICI) thimbles, and fuel assemblies
containing activated stainless steel replacement (SSR) rods. It also considers the consolidated
fuel present in the Maine Yankee spent fuel inventory.

The Maine Yankee spent fuel inventory also contains fuel' assemblies with hollow zirconium
rods, removed fuel rods, axial blankets, poison rods, variable radial enrichment, and low enriched
substitute rods. These components do not result in additional sources to be considered in
shielding evaluations and are, therefore, enveloped by the standard fuel assembly evaluation. For
shielding considerations of the variably enriched rods the planar-average enrichment should be

e,fhployed in determining minimum .Cojr(}’l times.

5.5.1.1.1 Fuel Source Term Description

Maine Yankee utilized 14x14 array. size fuel based on designs prov1ded by . Combustion
”“:The prevrously analyzed ‘Combustion

Engmeermg, ‘Westinghouse; “and ‘Exxon - Nuclear.
Engineering- CE14x14 Standard fuel: des1gn is ‘selected as. the . des1gn4ba31s for- th1s}ana1ys1s
because its potential Uranium loading is the- hlghest of the three vendor fuel types ‘based ona
0.3765-inch nomlnal fuel pellet diameter, a 137 inch active fuel length, and a 95% theoretical
fuel density.” This results in a fuel mass of 0.4307 M’I‘U'?"Thls exceeds the maximum reported
Mame Yankee fuel rnass of 0. 397 MTU and therefore produces boundm0 source terms T
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Table 5.5.1.1-9  Isotopic Compositions of Maine Yankee CE14x14 Canister Annular Region

Materials (One-Dimensional Analysis Only)

isotbpé

Fuel
Annulus
[atom/b-cm]

Upper Plenum
Annulus
[atom/b-cm]

Upper End Fit
Annulus
[atom/b-cm]

Lower End Fit
Annulus
[atom/b-cm]

ALUMINUM

CHROMIUM(SS304)

MANGANESE
IRON(SS304)

NICKEL(SS304)

5.96817E-03
1.77895E-03
1.77228E-04
6.05870E-03
7.88057E-04

9.31065E-04
9.27577E-05
3.1710E-03
4.12453E-04

2.53529E-03
2.52579E-04
8.63463E-03
1.12311E-03

4.13797E-03
4.12247E-04
1.40930E-02
1.83308E-03

Table 5.5.1.1-10 Loading Table for Maine Yankee CE14x14 Fuel with No Non-Fuel Material -

Loading Table for CE14x14 Fuel with No Non-Standard Fuel Material
Burnup (B) [GWD/MTU]
30<B <35 | 35<B <40 | 40<B <45
8 years 11 years 18 years

Enrichment
[wt %]
19<E<21
21<E<23
23<E<25
25<E<27
27<E<29
29<E<3.1
31<E<3.3
33<E<35
35<E<3J
3.7<E<42

45<B <50
27 years

B<30
6 years

6 years 7 years l0years | 1Syears | 24 years

6 years 7 years 9 years 14 years 22 years

6 years 7 years 9 years 12 years 19 years

6 years 6 years 8 years 11 years 17 years

5 years 6 years 8 years 10 years 15 years

5 years 6 years 7 years 10 years 15 years

5 years 6 years 7 years 9 years 15 years

5 years 6 years 7 years 9 years 14 years

5 years 6 years 7 years 9 years 14 years
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Table 5.5.1.1-11 Three-Dimensional Shielding Analysis Results for,Various Maine, Yankee
CEA Configurations Establishing One-Dimensional Dose Rate Limits for
Loading Table Analysis

CEA Cool Time | Dose Rate Ratio Limit
[yl [mrem/hr] | FSD [%] | [mrem/hr]

Class 1 Result 7.70 0.72% 6.71

NoCea 7.92 0.63% 97.2% 6.53

5y 9.41 0.55% 81.9% 5.49

10y 8.53 0.59% 90.3% 6.06

15y 8.22 0.60% 93.6% 6.28

20y 8.08 0.61% 95.3% 6.39
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Table 6.2-2

BWR Fuel Assembly Characteristics (Zirc-2 Clad)

Veador | Aseiy

GE

4 |Ex/ANF| 8X8

3

Ex/ANF| 9X9

JP-3

GE

GE2a

GE

GE-2b
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GE-3
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0.034
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0.034
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0.032
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0.1854 | 74 | 0566

0.028

o | o o ] ] e on | send s s i e Lo [
(®)
es]

GE:11

0:1979 | 79 | 0.566

0,028

Notes

6. Class of fuel for BWR/AZE,

RS SIS A

5d locations £2.5 cm 1D, 0.07 cm thickness.

sty

6.2-3



SAR - UMS® Universal Transport Cask November 2001
Docket No. 71-9270 Revision UMST-01D

Table 6.2-3  UMS® Transport Cask Top End Impact Bounding Fuel Dimensions

UMS® Canister Class 1 2 3 4 5
Vendor WE B&W CE Ex/ANF GE
Array 15x15 | 15x15 | 16x16 | 9x9 8x 8
Active Fuel Length (inch) 144 144 150 145.24 150
Fuel Rod Height (inch) 152756 | 153.125 | 161.168 | 155.52 | 160.55
Top End-Cap Height (inch) 0.685 o 0.5 0.345 0.345
Bottom End-Cap Height (inch) 0.685 o' 0.891 0.355 0.625
Lower Plenum Region Height (inch) 0 4.5625 0 0 0
Fuel Assembly Height (inch) 160.1 165625 176803 171 29 17616
Lower Nozzle Height (inch) 2.738 2 3.812 6.94 6.76
Upper Nozzle Height (inch) 3.48 :8,78}7;5 9723 7.5 7.5
Gap Fuel Rod To Bottom Nozzle (inch) 0 0 0 0 0
Upper Plenum Region Height (inch) 5.01 45625 | 9.527 9.58 9.58
Gap Fuel Rod To Top Nozzle (inch) 1.037 | 1.625 2.1 133" | 135

A portion of this end cap is hollow. The end cap helght is, therefore cons “rvauvely set to zero.
This value represents the thin portlon of the top end cap that normally resides below the top tie plate.

6.2-4




SAR - UMS® Universal Transport Cask June 1999
Docket No. 71-9270 Revision UMST-99A

clad inner radius and increasing the clad outer radius, i.e. increasing clad thickness. Decreasing
the pellet radius of the BWR fuel assembly was also detefminedltoks‘igniﬁcanﬂy decrease the
reactivity. These results are expected, as these, perturbations_decrease the H/U ratio in, the
undermoderated fuel lattice. Additionally, varying the BWR. water rod dimensions was
determined to have an insignificant effect on the reactivity of the system. Therefore, these
nominal dimension variations are not of concern with regard to the criticality safety of the

system.

The following perturbations were determined to s,igri\iﬁc.ahﬂy i‘“ri‘cféa:s‘é, the reacUVJtyofboththe
PWR and BWR systems: increasing the clad inner radius and decreasing the clad outer radius,
ie., deéreasing clad thickness. IncreﬁSihg the guidé tube innérMradilifsh(’)r"c_iéi:féasiilg the guide
tube outer radius, both decreasing tube thickness, was determined to significantly increase the
reactivity of the PWR systems. The increase in reactivity. is due to the fact that these
perturbations increase the H/U ratio in the undermoderated fuel lattice!

A Siight increaée in‘réa'ctivity,»().004 Ak, isk‘ai‘sb_seer_l in the‘: PWR SYStcm when ;dec\‘rcasin‘gl ;hé
pellet diameter. This is due to flooding of the 'p_ellet{to-élad gap ,;in_;thﬁz‘acﬂgidént,_’mQQel,_&wmgh
provides additional moderator to the lattice. . Since IOO%Of clad failure is not “cxpe‘_clté‘d: dunng
normal or accident operating conditions, no lower bound limit is placed on thefuel pellet

diameter.

The effect on reactivity from perturbations in the nominal fuel dimensions requires the following
limits on the fuel assembly lattice parameters in order to retain the maximum reactivity of the

UMS system below existing design basis results:

PWR
a) Fuel Rod Diameter > Nominal Dimension
b) Clad Thickness > Nominal Dimension
c) Fuel Rod Pitch < Nominal Dimension
d) Guide Tube (Instrument Tube) Thickness > Nominal Dimension
e) Pellet Diameter < Nominal Dimension

6.4-17
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BWR
a) Fuel Rod Diameter > Nominal Dimension
b) Clad Thickness > Nominal Dimension
¢) Fuel Rod Pitch < Nominal Dimension
d) Pellet Diameter < Nominal Dimension

6.4.3 Evaluation of Transport Cask End Impact

Evaluation of BWR System Top End Impact

Axial shifting of the contents of the Transportable Storage Canister (TSC) occurs as a result of a top
end impact load condition for the transport cask containing a loaded TSC. In this scenario of
contents shifting, the fuel assembly and the basket are considered to be shifted upward to_contact
the canister lid. The distance between the canister lid and the neutron absorber sheets, which are
attached to the fuel tubes, and the distance between the ‘top' of thé fuel assemblyandthe actlvefuel
region are required to establish the height of active fuel exposed beyond the neutron absorber for
any given assembly. Exposure of the active fuel in any specific fuel type occurs if the minimum
distance between the top of the éssémbly and the top of the active fuel r'eg'ioiimisﬁ less than the
maximum distance from the canister lid to the top of the neutron absorber sheet. The. exposed fuel
height evaluation is performed for each BWR fuel assembly type that is proposed to be loaded into
the UMS® canister. The calculation is divided into three stages calculation of the neutron absorber
offset, determination of the active fuel offset, and calculation of the fuel exp_osure.

In stage one, the maximum distance between the top of the neutron absorber sheet_and the
canister lid is determined for each UMS® BWR canister class (Classes 4 and 5). The ‘maximum
distance provides the greatest fuel exposure, when considering ‘a shifted fuel assembly. This
distance depends on the canister class specific weldment, basket, tube ‘and neutron  absorber
lengths; the relative location of the neutron absorber on the fuel tube; and tolerances associated
with the basket components. The maximum distance for a BWR basket shifted to the canister lid
is provided in Table 6.4-19.

In the séCond stage of "t'hé analysiS' the mihimurh diStahCes betwleen the cém'éter 1id and the fuel

each BWR fuel type Smce the fuel assernbly is shlfted to contact the canister hd the dlstance

between the lid and the fuel assembly is always zero The actlve fuel shlftmg condmon 1n
assembly assumes that:

6.4-18
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= BWR fuel rods are either tie rods connecting the top and bottom nozzles, or are rods
manufactured with an external spring between the top of the fuel rod and the top nozzle tie
plate. For this evaluation, all external springs are ifmbfed ‘Therefore, all BWR;_.fli‘eLrods are
allowed to shift axially into contact with the top tie plate,

»  Within BWR fuel rods, the fuel is “assumed to shift upward into the plenum, region. Each
plenum reglon contau__ls; a plenum spnng, ,D_etaﬂcdst_ructural analyse,s_ ha,ve _showrl that ,dumng
a 60g top end impac}t,ﬂ the BWR 4plehum‘ .spﬁ'ngky\v‘ill‘;fgdmpre’s;swand‘_‘febouﬁd, 1.729_'inche’s; The
fuel material in the rods is assumed to shift and remain in contact with the compressed
plenum spring. A review of plenuin Iéngth and spring' data for various rod désigns indicates a
minimum of 13% of the BWR plenum space is Qccupicd bya solid héight plenum spring.
The final height of the plenum spring is calculated from the sum of the solid height of the
spring and a spring rebound height of 1.729 inches.

» Detailed structural analyses of the BWR assembly have also shown that during a 60g top end
impact, the lifting bail will deform. The maximum BWR bail deformation was calculated to
be 2.371 inches.

Therefore, spacing from the assembly top to the active fuel region is controlled by the top end-
fitting height, the fuel rod end-plug height and the distance the active fuel moves into the top
plenum. In the case of BWR rods, the é_nd—plug,heigh‘t includes only the portion of the plug
below the tie plate when the fuel rod is shifted up. The distance between the top of the fuel
assembly and the active fuel region for the bounding (minimum offset) fuel types in each canister
class is presented in Table 6.4-19. Also included in Table 6.4-19 is the Class 5 Exxon/ANF 9x9
assembly, since this as',sembl'y re'presen“t’s the maximum ‘reac‘tivity; ra;/\dia‘l\lat'tic,é g‘éo‘me&y.

In the third stage of the evaluation, the maximum active fuel expo'sure (or _r’nin_imum‘covérége)
for each fuel type is determined by simply subtfacting' the ac'tiv_éwfué'l offset k_from_ i;he, ncutroh
absorber offset. A positive value indicates active fuel is exposed (i.e., neutron absorber does not

cover the entire active fuel region).

As shown in in Table 6.4-19, the maximum lengths of exposed BWR fuel result for the
Exxon/ANF 9x9 and GE 8x8 BWR fuel assemblies at 4.312 inches. For further conservatism in
the criticality analysis, the active fuel exposure length is increased to 7.625 inches for BWR fuel
assemblies.

As previously mentioned, the maximum length of exposed fuel is not obtained from the:BWR
fuel assembly defined: as havmg the maximum; react1v1ty in’ Section 6.4. The maximum reactivity

6.4-19
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BWR assembly documented in the SAR is the UMS® Class 5 Exxon/ANF 9x9 (79 fuel rod)
assembly for BWR canisters. Therefore, rather than analyzing each fuel type with its specific
exposed fuel height, the evaluated exposed fuel height of 7.625 inches (BWR) is applied to the
Class 5 Exxon/ANF 9x9 BWR assembly.

To model the 7.625-inch exposed fuel length for the Class 5 Exxon/ANF 9 x 9 BWR fuel
assembly criticality evaluation, a number of modifications are made to the nominal (unshifted)
fuel and basket model.

*  Fuel assemblies_ are shifted to,th'e, c,anistér,lid.

= Fuel rods are spaced from the top tie platebytheextemal spring.
» The active fuel is moved to the frﬁdﬁbiﬁt?of the i)qltve‘ﬁﬁir'i'.‘

» The top-nozzle height is reduced by 4.7 inches.

» The BWR neutron absorber sheet is reduced by 3.009 inches.

These model modifications produce a fuel eXpoéuf_e identical to that obtained by shifting the fuel
in the rod until the plenum spring is compressed, by shifting the fuel rods axially against the top
tie plate, by shifting the assembly and the basket axially against the canister lid, by reducing the
bail height by 2:371 inches, and by reducing the neutron absorber (BORAL) height by 3.323
inches. This neutron absorber height reduction is determined based on modeling the 7.625-inch
fuel exposure versus the actual 4.302-inch fuel exposure of the Class 5 Exxon/ANF 9x9 fuel

assembly.

Evaluation of PWR System Top End Impact
Axial shi‘fting of the contents df the:TranspOrtable"Storage Canister (TSC) _obcufs as a result of a

top end impact load condition for the transport cask con;aining a loaded TSC. In this scenario of
contents shifting; the c‘c')n'servhtirvely toleranced basket is assumed to fehiain iﬂbohtéct with the
canister baseplate, while the fuel assembly is shifted up to contact the canister lid. The distance
between the canister lid and the neutron absorber sheets, which are attached to the fuel tubes, and
the distance between the top of the fuel assembly and the active fuel Vrégion are ‘rc_quir,ed to
establish the height of active fuel exposed beyond the neutron absorber for any given assembly.
Exposure of the active fuel in any specific fuel type occurs if the minimum distance between the
top of the assembly and the top of the active fuel region is less than the maximum distance from
the canister lid to the top of the neutron absorber sheet. The exposed fiiel height evaluation is
performed for each PWR fuel assembly type that is proposed to be loaded into the UMS®
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canister. The calculation is divided into three stages: calculation of the neutron absorber offset,

determination of the active fuel offset, and calculation of the fuel exposure.

In stage one, the maximum distance between the top of the neutron absorber sheet and the
canister lid is determined for each UMS® PWR canister class (Classes 1, 2, and 3 for PWR fuel
assemblies). The maximum distahcé__provides_ the 'gr,eatest_fkuéib exposure, when considering a
shifted fuel assembly. This distance depends on the canister class specific weldment, basket, tube
and neutron absorber lengths: the relative location of the neutron absorber on the fuel tube; and
tolerances associated with the basket components. The maximum distances for a PWR basket at

the bottom of the canister are provided in Table 6.4-19.

In the second stage of the analysis, the minimum distances between the canister lid and the fuel
assembly, and between the top of the fuel assembly and the active fuel region are determined for
each PWR fuel type. Since the fuel assembly is shifted to contact the canister lid, the distance
between the lid and the fuel assembly is always zero (no credit is taken .‘f(:)\rkjanydffsét produced
by the PWR leaf springs). The active fuel shifting condition in the fuel assembly assumes that:

» In PWR fuel assemblies, where a space exists between the fuel rod end-cap and the end-
fitting, the fuel rods are shifted within the grid until contact is made with the top end-fitting
(zero gap).

»  Within the PWR fuel rods, the fuel is assumed to shift upward into the plenum region. Each
plenum region contains a spring, which will fully compress during an upper end impact. The
fuel material in the rods is assumed to shift and remain in contact with the fully compressed
(solid height) plenum spring. A review of plenum length and spring data for various rod
designs indicates a minimum of 31% of the PWR plenum space is occupied by a solid height
plenum spring.

» Detailed structural analyses of the PWR assembly have shown that__during,a{éOg top end
impact, no signiﬁéant damage to the top end-fitting (i.e., no height reduction) occurs.

Therefore, spacing from the assembly top to the active fuel region is controlled by the end-fitting
height, the fuel rod end-plug height and the distance the active fuel moves into the top plenum.
The distance between the top of the fuel assembly and the active fuel region for the bounding
(minimum offset) fuel types in each canister class is presented in Table 6.4-19. Also included in
Table 6.4-19 is the Westinghouse“17}{17' OFAE_Qasse‘I‘ribly,' ’siﬁcfé‘i"ihi’s;,'a-swsjéhlblh); répreSéhté the
maximum reactivity radial lattice geometry.
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In the third stage of the evaluation, the maximum active fuel exposure. iéf?“hﬁﬁimurh‘éovérage)
for each fuel type is determined by sunply subtractmg\t\hé‘ active fuel offset from the neutron
absorber offset. A positive value indicates active fuel is exposed (i.e., neutron absorber does not
cover the entire active fuel region), while a negative value indicates full active fuel coverage and
additional coverage to that extent.

As shown in Table 6.4-19, the maximum lengths of exposed PWR fuel result for the
Westinghouse 15x15 PWR fuel assembly at 4.472 inches. For further conservatism in the
criticality analysis, the active fuel exposure length is increased to-4.52 inches for PWR fuel

assemblies.

As previously mentioned, the maximum length of exposed fuel is not obtained from the PWR

fuel assembly defined as having the maximum reactivity.in Section 6.4. The maximum reactivity
PWR assembly documented in the SAR is. iﬁé’Wééﬁnghbiiéé 17x17 OFA assembly for PWR
canisters. Therefore, rather than analyzing each fuel type with ifs spemﬁc ‘exposed fuel height, the
evaluated exposed fuel helght of 4.52 inches (PWR) is apphed to the Westinghouse 17x17 OFA

PWR assembly.

To model the 4.52-inch exposed fuel length for the Westinghouse 17x17° OFA PWR fuel
assembly criticality evaluation, a number of modifications are made to the nominal (unshifted)
fuel and basket model.

= - Fuel assemblies are shifted to the canister lid.

= . Fuel rods are shifted to the top end-fitting.

» The active fuel i_é}mb‘\:/cd'to 'the_mi’dpoint of the pleﬁﬁm.

= The top end-fitting height is reduced by 1 inch.

= The PWR neutron absorber sheet is reduced by 0.815 inch.

These model modifications 'pfbdﬁéé a fiiéi"éxﬁééufé"‘i'&eh{ibai to that obtained by shifting the fuel
in the rod agamst the solid. helght plenum sprmg, by axial movement “of the fuel rods. and
assembly, and a 0. 626-mch reductlon “in. neutron absorber (BORAL) helght ThlS neutron
absorber he1ght reduction is determined- based.on,,modelmg the. 4.52-‘mqhmfuel, exposurc.v_er_s,us
the actual 3.894-inch fuel exposure of the Westinghouse 17x17 OFA fuel dssembly.
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Fuel Assembly Minimum Intact Hardware Dimension Limits

Based on limiting the exposed height of active fuel to 4.52 inches for the PWR fuel assemblies
and to 7.625 inches for the BWR fuel assemblies, intact fuel assembly hardware limits are
defined to assure compliance with the safety basis of the analysis. These limits consider zero
PWR top end-fitting deformation, 2.371 inches of BWR top end-fitting (lifting bail) deformation
and a BWR p]énum spring rebound 'hkeig’ht‘ of 1.729 inches. T ‘he: limits fofcach UMS®;canis,ter
class containing PWR fuel are calculated by subtracting the height of _exp’osed fuel, 4.52 i_nt_:hes,
from the distance between the canister lid and the top of the neutron absorber. The limits for each
UMS® canister class containing BWR fuel are calculated by ,subtractihg,the sum of the height of
exposed fuel, 7.625 inches, and the plenurri spring rebound height, 1.729 inches, from the sum of
the lifting bail deformation, 2.371 inches, and the distance between the canister lid and the top of

the neutron absorber. These resulting limits are provided in Table 6.4-20.

Each minimum axial assembly dimension is ’a, genericﬁ,,l'imit ‘thatval’l__fuel\typeis,\in _thé respective
fuel class shall meet. Compliance‘ with these limits will ensure that the exposed fuel heights
evaluated and found to result in a subcritical system will not be exceeded. For PWR fuel, the
minimum intact assembly hardware dimension above the active fuel shall be calculated by
summing the top end-fitting height, the top end cap height, and the solid height of the plenum
spring. For BWR fuel, the minimum axial assembly dimension above the active fuel shall be
calculated by summing the intact top end-fitting height, the portion of the top end-cap height
below the tie plate when the fuel rod is shifted up, and the solid height of the plenum spring.
Tolerances on these components shall be conservatively considered when calculatihg the subject

dimension.

Evaluation of Bottom End Axial Fuel Shifting

Similar to the top end evaluation, a bounding hypothetical axial fuel-shifting condition is
considered in which all of the fuel rods are shifted to the bottom of each assembly. For PWR
fuel assemblies with a lower plenum, the fuel within every rod is assumed to shift downward to
contact a fully compressed plenum spring. Each fuel assembly is assumed to remain in contact
with the canister bottom plate. The basket dimensions used assume conservative tolerances, and
the basket is conservatively assumed to be shifted upward to contact the canister shield lid. “This
bounding axial shifting scenario results in the maximum distance from the canister bottom plate
to the lower end of the neutron absorber p’ane]s.‘ For all UMS®V PWR canister classes, this
distance is limited to 5.22 inches. For all UMS® BWR canister classes, the distance is limited to
8.19 inches.  However, all PWR and BWR fuel assembly types have rod bottom end‘c‘apsl,' tie
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less than 0.7 1nches. Consequently, _the top end \ax_1a1 ,fuel\ slnftmg condl_tlon, ,whlch cons1ders
exposed fuel lengths of 4.52 inches for PWR fuel and 7.625 inches for BWR fuel, bounds the
bottom end axial fuel shifting condition.

End Impact Accident Condition Effect on System Reactivity
The bounding PWR system end impact event does not significantly affect the reactivity of the

systemn. Therefore, poison sheet coverage is adequate for all allowed PWR fuel contents of the
UMS® system. The boundmg BWR end impact event increases the react1v1ty of the system This
increase in reactivity, a Ak of 0.0249, is added to the most reactive accident condition system
reactivity, Kegr £ 20, of 0.9108 + 0.0008 as determined in Section 6.4.3.3, to establish a maximum
BWR system reactivity, ke + 20, of 0.9357 + 0.0008. This value is less than the USL of 0.9361
identified in Section 6.5.4. Including code bias, code bias uncertainty, and statistical uncertainty
(20) in accordance with Equatlon 61 in Section 6.5. 3 the resultmg system ks ‘of 0. 9497 is less than
0.95. Thus, poison sheet coverage is adequate for all alIowed BWR fuel’ contents ‘'of the UMS®
system.

6.4.6 Regulatory Compliance

The licensing requirements for criticality analyses are provided in 10 CFR 71.55 and 10 CFR
71.59 for shipment of radioactive material.

10 CFR 71.55 and 10 CFR 71.59 require that the fissile material package be subcritical under any
credible condition, e.g., optimum interior/exterior moderation and reflection and credible
configuration of the material. A criticality transport index is to be assigned to the fissile material
package. This transport index must be based on the number of packages (casks in this context)

remaining subcritical in an array configuration.

Additional requirements imposed include the reduction in poison plate '°B from 100 to 75
percent and water in the pellet-to-cladding gap.
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Undamaged Cask

Compliance with the requirements of paragraphs (b) and (d) of 10 CFR 71.55 is shown by
modeling an undamaged cask surrounded by water. Requirements of paragraphs (a) through (c)
of 10 CFR 71.59 are satisfied by providing a value of “N” equal to infinity and a criticality
transport index of 0 by imposing reflecting boundary conditions on the sides of the model

simulating an infinite array of undamaged casks. Optimum interior and exterior moderation,
including exterior full reflection by more than 20 cm of water, shows compliance with 10 CFR
71.55 paragraphs (b)(2), (b)(3) and (d)(3). Normal operating conditions for the transport cask
include a dry canister cavity. The canister is loaded, dried, and seal welded inside a transfer cask.
Only after the canister is dried and sealed is it placed into the transport cask. A set of exterior
moderator density and cask pitch analyses show compliance with 10 CFR 71 under dry cavity

conditions.

Damaged Cask

Cbmpliance with the requirements of paragraph (e) of 10 CFR 71.55 is shown by modeling a
damaged cask surrounded by water. Compliance with 10 CFR 71.59 is automatically

demonstrated by imposing reflection boundary conditions on the sides of the model to simulate

an infinite array of damaged casks, thereby resulting in a criticality transport index of O.
Optimum interior and exterior moderation, including exterior full reflection by more than 20 cm
of water, shows compliance with 10 CFR 55 paragraphs (e)(2) and (e)(3) and 10 CFR 71.59

paragraph (a)(2).

A damaged transport cask is defined as having been subjected to the hypothetical accident
conditions specified in 10 CFR 71. Under these conditions the cask containment is maintained,
and the cavity therefore remains dry. However, to show the cask’s capability to remain
subcritical under optimum internal and external moderation, an internally wet cask is analyzed.
During the accident, the radial neutron shield is assumed to be lost as a result of fire and is
replaced by the external moderator. Even though the fuel is assumed to remain intact following
the cask drop, the pellet-to-clad gap is assumed to be filled by the internal-to-cask moderator.
Introducing additional moderator into the normally under-moderated fuel assembly lattice

increases reactivity.
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Figure 6.4-1 Visage Slice - Hypothetical Shifting of PWR Fuel
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Table 6.4-1

kesr for Most Reactive PWR Fuel Assembly Determination (1.0-in. Web)
Assembly Dry Gap Wet Gap AKegr

Type Ketr o Ketr o Wet - Dry
B&W 15x15 Mark B4 | 09613 | 0.0011 | 0.9692 | 0.0012 0.0079
B&W 17x17 Mark C 0.9621 | 0.0012 | 0.9705 | 0.0011 0.0084
CE 14x14 0.9295 | 0.0013 | 0.9381 | 0.0011 0.0085
CE 16x16 SYS 80 0.9356 | 0.0012 | 0.9372 | 0.0012 0.0016
West 14x14 0.9177 | 0.0013 | 0.9264 | 0.0012 0.0086
West 14x14 OFA 0.9238 | 0.0012 | 0.9326 | 0.0012 0.0088
West 15x15 0.9662 | 0.0011 { 0.9712 | 0.0012 0.0050
West 17x17 0.9596 | 0.0012 | 0.9673 | 0.0012 0.0077
West 17x17 OFA 0.9656 | 0.0013 | 0.9727 | 0.0012 0.0070
Ex/ANF 14x14 CE 0.9309 | 0.0012 | 0.9362 | 0.0011 0.0053
Ex/ANF 14x14 WE 0.9065 | 0.0012 | 0.9176 | 0.0011 0.0111
Ex/ANF 15x15 WE 0.9559 | 0.0012 | 0.9634 | 0.0013 0.0074
Ex/ANF 17x17 WE 0.9631 | 0.0012 | 0.9704 | 0.0012 0.0073

Table 6.4-2

Assembly Type Kesr c

B&W 15x15Mark B4 | 09119 | 0.0011
B&W 17x17 Mark C 0.9141 | 0.0011
West 15x15 0.9147 | 0.0013
West 17x17 0.9116 | 0.0012
West 17x17 OFA 0.9196 | 0.0012
Ex/ANF 17x17 WE 0.9172 | 0.0011

6.4:28
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Table 6.4-3  kesr for Most Reactive BWR Fuel Assembly Determination

Assembly Number Rods | Channel Dry Gap Ak Vo
Type Fuel Water |Thickness| Ker c

GE 7x7 49 0 80mil | 0.8807 | 0.0012 -6.678
GE 8x8 63 1 80mil | 0.8765 | 0.0012 -9.992

GE 8x8 63 1 100 mil | 0.8755 | 0.0012 | -10.760
GE 8x8 63 1 120 mil | 0.8784 | 0.0011 -9.098
GE 8x8 62 2 80mil | 0.8821 | 0.0011 -5.708
GE 8x8 62 2 100 mil | 0.8823 | 0.0011 -5.513
GE 8x8 60 4 2mm | 0.8772 | 0.0012 -9.644
GE 9x9 79 2 2mm | 0.8796 | 0.0011 -8.434
GE 9x9 74 2 2mm | 0.8778 | 0.0011 -9.558
GE 9x9 74 2® 80mil | 0.8847 | 0.0012 -3.342
Ex/ANE7x7 | 49 0 80 mil | 0.8792 | 0,0012 -7.634
Ex/ANF 8x8 | 63 1 80mil | 0.8778 | 0.0012 -8.861
Ex/ANF 8x8 | 62 2 80mil | 0.8787 | 0.0012 -8.517
Ex/ANF9x9 | 79 2 2mm | 0.8886 | 0.0009 0.000
Ex/ANF9x9 | 79 2 80 mil | 0.8873 | 0.0008 -1.464
Ex/ANF9x9 | 74 2 80mil | 0.8862 | 0.0012 -2.034

Note:

(1) Akesr = Ketr - Kerr (EX/ANF 9x9 79 Fuel rod 80 mil channel)

(2) Two large water rods occupying the space of seven fuel rods.
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Table 6.4-4 PWR Fuel Tube in Basket Model KENO-Va Results for Geometric Tolerances

and Mechanical Perturbations

Ketr o] AKesr Akesi/c
Reference case 0.9582 0.0006
Dimensions Tolerance on Disk Opening Center Location
Minimum web 0.9598 0.0006 0.0015 2.6
Maximum web 0.9575 0.0006 -0.0008 -1.3
Dimensions tolerance on tube opening
Minimum tube 0.9546 0.0006 -0.0036 -6.2
Maximum tube 0.9627 0.0006 0.0045 7.6
Dimension tolerance on disk opening
Minimum opening 0.9594 0.0006 0.0012 2.0
Maximum opening 0.9591 0.0006 0.0008 1.4
Fuel movement in tube - tube centered in disk opening
Mirrored boundary 0.9572 0.0006 -0.0011 -1.8
Periodic boundary 0.9566 0.0006 -0.0016 -2.8
Tube movement in disk opening - fuel assembly centered in tube
Mirrored boundary 0.9606 0.0006 0.0024 4.0
Periodic boundary 0.9591 0.0006 0.0009 1.5
Move fuel tube in opening and assembly in tube

Mirrored boundary 0.9595 0.0006 0.0012 2.
Periodic boundary 0.9567 0.0006 -0.0015 -2.5

Table 6.4-5 PWR Basket in Cask KENO-Va Results for Geometric Tolerances and Tube
Movement
Analysis Kesr o} AKege AKei/c
Nominal 0.9192 0.0009 - -
Geometric Tolerance 0.9227 0.0009 0.0035 4.0
Geo. Tol.+Tube In 0.9286 0.0009 0.0094 11.1
Geo. Tol.+Tube Out 0.9176 0.0009 -0.0017 -1.9
Geo. Tol.+Corner 0.9240 0.0009 0.0048 53
Geo. Tol.+Tube Side 0.9235 0.0009 0.0043 4.8
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Table 6.4-6 BWR Basket in Cask KENO-Va Results for Geometric Tolerances and
Mechanical Perturbations

Analysis Kesr c AKegr AKesi/G
Nominal basket 0.8873 0.0008 N/A N/A
Geometric tolerances
Min tube 0.8860 0.0008 -0.0013 -1.607
Max tube 0.8864 | 0.0008 -0.0010 -1,169
Min disk opening 0.8861 0.0008 -0.0012 -1.577
Max disk opening 0.8855 | 00008 | -0.0018 | 2244
Shift openings in 0.8879 0.0008 0.0006 0,702
Shift openings out 0.8891 0.0008 0.0018 2.173
Mechanical perturbations
Assembly shift top right 0.8685 0.0008 -0.0189 -23.886
Assembly shift top 0.8780 0.0008 -0.0093 -11.402
Assembly shift top left 0.8820 0.0008 -0.0053 -6.386
Assembly shift left 0.8915 0.0008 0.0042 4.940
Assembly shift bottom left 0.8942 0.0008 0.0069 8.747
Assembly shift bottom 0.8918 0.0008 0.0045 5.531
Assembly shift bottom right 0.8801 | 0.0008 -0.0073 -8.667
Assembly shift right 0.8749 0.0008 -0.0124 -14.988
Assembly shift radial in 0.8990 0.0008 0.0116 14:195
Assembly shift radial out 0.8710 0.0008 -0.0163 -19.927
Fuel tube shift top right 0.8873 | 0.0008 0.0000 -0.048
Fuel tube shift top 0.8856 0.0008 -0.0017 -2.175
Fuel tube shift top left 0.8854 0.0009 -0.0020 -2.329
Fuel tube shift left 0.8873 0.0008 -0.0001 -0.072
Fuel tube shift bottom left 0.8858 0.0008 -0.0015 =1.795
Fuel tube shift bottom 0.8882 | 0,0008 0.0008 0.976
Fuel tube shift bottom right 0.8868 0.0008 -0.0005 -0.607
Fuel tube shift right 0.8878 0.0008 0.0005 0.563
Fuel tube shift radial in 0.8932 0.0008 0.0058 6.952
Fuel tube shift radial out 0.8827 0.0008 0.0046 :5.750
Combined analysis
Tube + assembly radial in 0.9050 0.0008 0.0177 22.075
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Table 6.4-7 PWR Single Cask Analysis Criticality Results

Water Density (g/cm”) | Neutron | Water in B Kesr c ks
Inside Outside | Shield Gap
1.0 1.0 Yes No 100% 0.9135 0.0009 0.9276
1.0 1.0 Yes No 75% 0.9222 0.0009 0.9362
0.0001 1.0 Yes No 75% 0.3774 0.0006 0.3914
1.0 1.0 No Yes 100% 0.9210 0.0009 0.9350
1.0 1.0 No Yes 75% 0.9295 0.0009 0.9436
0.0001 1.0 No Yes 75% 0.3782 0.0006 0.3922

Table 6.4-8 PWR Cask Array Analysis Criticality Results - Normal Condition-Dry Interior

Cask Water Density (g/cm3) Neutron| Water in g Ker c k.
Pitch Inside Outside Shield Gap
Touching | 0.0001 1.0 Yes No 75% 0.3775 | 0.0006 | 0.3914
270 cm 0.0001 1.0 Yes No 75% 0.3774 | 0.0006 | 0.3914
300 cm 0.0001 1.0 Yes No 75% 0.3770 | 0.0007 | 0.3910
Touching | 0.0001 0.8 Yes No 75% 0.3814 | 0.0006 | 0.3954
270 cm | 0.0001 0.8 Yes No 75% 0.3820 | 0.0007 | 0.3960
300 cm 0.0001 0.8 Yes No 75% 0.3825 | 0.0006 | 0.3965
Touching | 0.0001 0.6 Yes No 75% 0.3874 | 0.0006 | 0.4014
270 cm 0.0001 0.6 Yes No 75% 0.3873 | 0.0006 | 0.4013
300cm- | 0.0001 0.6 Yes No 75% 0.3864 | 0.0006 | 0.4004
Touching | 0.0001 0.4 Yes No 75% 0.3913 | 0.0006 | 0.4052
270 cm 0.0001 0.4 Yes No 15% 0.3928 | 0.0006 | 0.4068
300 ¢m 0.0001 0.4 Yes No 75% 0.3915 | 0.0006 | 0.4055
Touching | 0.0001 0.2 Yes No 5% 0.3936 | 0.0007 | 0.4076
270 cm 0.0001 0.2 Yes No 75% 0.3941 | 0.0006 | 0.4080
300 cm 0.0001 0.2 Yes No 75% 0.3938 | 0.0006 | 0.4078
Touching | 0.0001 0.1 Yes No 75% 0.3960 | 0.0006 | 0.4100
270 cm 0.0001 0.1 Yes No 75% 0.3963 | 0.0007 | 0.4103
300 cm 0.0001 0.1 Yes No 75% 0.3962 | 0.0006 | 0.4101
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Table 6.4-9 PWR Cask Array Analysis Criticality Results - Accident Condition - Wet Interior

Cask | Water Density (g/cm3) Neutron| Water in
Pitch | Inside | Outside | Shield | Gap g Keir o ks
Touching 1.0 1.0 No Yes 75% 0.9286 | 0.0009 | 0.9427
270 cm 1.0 1.0 No Yes 75% 0.9308 | 0.0009 | 0.9448
300 cm 1.0 1.0 No Yes 75% 0.9295 | 0.0009 | 0.9436
Touching 0.8 0.8 No Yes 75% 0.8645 | 0.0008 | 0.8785
270 cm 0.8 0.8 No Yes 75% 0.8649 | 0.0009 | 0.8790
300 cm 0.8 0.8 No Yes 75% 0.8634 | 0.0009 | 0.8775
Touching 0.6 0.6 No Yes 75% 0.7832 | 0.0012 | 0.7974
270 cm 0.6 0.6 No Yes 75% 0.7840 | 0.0012 | 0.7982
300 cm 0.6 0.6 No Yes 75% 0.7826 | 0.0011 | 0.7967
Touching 0.4 0.4 No Yes 75% 0.6808 | 0.0010 | 0.6950
270 cm 0.4 04 No Yes 75% 0.6800 | 0.0010 | 0.6941
300 cm 04 0.4 No Yes 75% 0.6814 | 0.0011 | 0.6956
Touching 0.2 0.2 No Yes 75% 0.5478 | 0.0013 | 0.5620
270 cm 0.2 0.2 No Yes 75% 0.5472 | 0.0012 | 0.5614
300 ¢cm 0.2 0.2 No Yes 75% 0.5445 | 0.0011 | 0.5587
Touching 0.1 0.1 No Yes 75% 0.4762 | 0.0009 | 0.4903
270 cm 0.1 0.1 No Yes 75% 0.4769 | 0.0009 | 0.4910
300 cm 0.1 0.1 No Yes 75% 0.4758 | 0.0009 | 0.4899

Table 6.4-10 PWR Cask Array Analysis Criticality Results—Mist Exterior

Cask Water Density (g/cm3) Neutron | Water in
Pitch Inside | Outside | Shield Gap 1o Keir o ks
Touching 1.0 0.005 No Yes 75% | 0.9285 | 0.0009 | 0.9426
300 cm 1.0 0.005 No Yes 75% | 0.9291 | 0.0009 | 0.9432
Touching 0.8 0.005 No Yes 75% | 0.8645 | 0.0009 | 0.8785
300 cm 0.8 0.005 No Yes 75% | 0.8654 | 0.0009 | 0.8795
Touching 0.5 0.005 No Yes 75% | 0.7359 | 0.0012 | 0.7501
300 cm 0.5 0.005 No Yes 75% | 0.7363 | 0.0011 | 0.7505
Touching 0.2 0.005 No Yes 75% | 0.5508 | 0.0012 | 0.5650
300 cm 0.2 0.005 No Yes 75% | 0.5488 | 0.0012 | 0.5630
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Table 6.4-11 BWR Single Cask Analysis Criticality Results

Water Density (g/cm3) Neutron |Water in

Inside Outside | Shield | Gap g Kegr o Kq
1.0 1.0 Yes No 100% | 0.8897 | 0.0008 | 0.9037
1.0 1.0 Yes No 75% | 0.9035 | 00008 | 0.9196

0.0001 1.0 Yes No 75% | 0.3924 | 0.0007 | 0.4064
1.0 1.0 No Yes 100% | 0.8949 | 0.0008 | 0.9090
1.0 1.0 No Yes 75% | 0.9077 | 0.0008 | 0.9217

0.0001 1.0 No Yes 75% | 0.3931 | 0.0007 | 0.4071

Table 6.4-12 BWR Cask Array Analysis Criticality Results - Normal Condition - Dry Interior

Cask | Water Density (gm/cm’) | Neutron | Water in
Pitch Inside Outside Shield Gap 10 Kest G |
Touching| 0.0001 1.0 Yes No 75% | 0.3948 | 0.0010 | 0.4089
270cm | 0.0001 1.0 Yes No 75% | 0.3935 | 0.0010 | 0.4076
300cm | 0.0001 1.0 Yes No 75% | 0:3919 | 0.0009 | 0.4060
Touching| 0.0001 0.8 Yes No 75% | 0.3951 | 0.0010 | 0.4092
270 cm | 0.0001 0.8 Yes No 75% | 03971 | 0.0009 | 0.4111
300 cm | 0.0001 0.8 Yes No 75% | 0.3950 | 0.0009 | 0.4091
Touching| 0.0001 0.6 Yes No 75% | 03983 | 0.0011 | 0.4125
270cm | 0.0001 0.6 Yes No 75% | 0:3972 | 0.0011 | 0.4114
300cm | 0.0001 0.6 Yes No 75% | 0.3966 | 0.0008 | 0.4107
Touching| 0.0001 0.4 Yes No 75% | 0.3985 | 0.0009 | 0.4125
270cm | 0.0001 0.4 Yes No 75% | 0.3988 | 0.0009 | 0.4129
300cm | 0.0001 0.4 Yes No 75% | 0.3989 | 0.0009 | 0.4130
Touching| 0.0001 0.2 Yes No 75% | 0.3991 | 0.0010 | 04132
270 cm | 0.0001 0.2 Yes No 75% | 04005 | 0,0008 | 0.4146
300cm | 0.0001 0.2 Yes No 75% | 0.3997 | 0.0009 | 0.4138
Touching| 0.0001 0.1 Yes No 75% | 0.3985 | 0.0009 | 0.4125
270 cm | 0.0001 0.1 Yes No 75% | 0:3995 | 0.0009 | 0.4136
300 cm | 0.0001 0.1 Yes No 75% | 03971 | 0.0010 | 0.4112
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Table 6.4-13 BWR Cask Array Analysis Criticality Results - Accident Condition - Wet Interior

Cask | Water Density (gm/cm”) | Neutron | Water in
Pitch Inside Outside Shield Gap 1og Kerr c K,
Touching 1.0 1.0 No Yes 75% | 0.9086 | 0.0008 | 0.9226
270 cm 1.0 1.0 No Yes 75% | 0.9084 | 0.0008 | 0.9224
300 cm 1.0 1.0 No Yes 75% | 0.9075 | 0.0008 | 0.9215
Touching| 0.8 0.8 No Yes 75% | 0.8810 | 0.0008 | 0.8950
270 cm 0.8 0.8 No Yes 75% | 0.8785 | 0.0008 | 0.8926
300 cm 0.8 0.8 No Yes 75% | 0.8779 | 0.0008 | 0.8919
Touching| 0.6 0.6 No Yes 75% | 0.8370 | 0.0011 | 0.8511
270 cm 0.6 0.6 No Yes 75% | 0.8366 | 0.0012 | 0.8508
300 cm 0.6 0.6 No Yes 75% | 0.8378 | 0.0011 | 0.8519
Touching| 0.4 0.4 No Yes 75% | 0.7653 | 0.0015 | 0.7797
270 cm 0.4 0.4 No Yes 75% | 0.7698 | 0.0014 | 0,7842
300 cm 0.4 0.4 No Yes 75% | 0.7680 | 0.0014 | 0.7824
Touching| 0.2 0.2 No Yes 75% | 0.6524 | 0.0012 | 0.6666
270 cm 0.2 0.2 No Yes 75% | 0.6562 | 0.0012 | 0.6704
300 cm 0.2 0.2 No Yes 75% | 0.6560 | 0.0012 | 0.6702
Touching 0.1 0.1 No Yes 75% 95‘5“6;6}2' 0.0013 | 0.5805
270 cm 0.1 0.1 No Yes 75% | 0.5708 | 0.0014 | 0.5851
300 cm 0.1 0.1 No Yes 75% | 0.5668 | 0.0013 | 0.5810

Table 6.4-14 BWR Cask Array Analysis Criticality Results —Mist Exterior

Cask | Water Density (g/cm3) Neutron | Water in
Pitch | Inside | Outside | Shield | Gap 10g Ker o ks
Touching 1.0 0.005 No Yes 75% | 0.9098 | 0.0008 | 0.9239
300 cm 1.0 0.005 No Yes 75% | 0.9095 | 0.0008 | 0.9235
Touching| 0.8 0.005 No Yes 75% | 0.8795 | 0.0008 | 0.8935
300 cm 0.8 0.005 No Yes 75% | 0.8793 | 0.0008 | 0.8933
Touching| 0.5 0.005 No Yes 75% | 0.8078 | 0,0010 | 0.8219
300 cm 0.5 0.005 No Yes | 75% | 0.8091 | 0.0011 | 0.8233
Touching| 0.2 0.005 No Yes 75% | 0.6628 | 0.0012 | 0.6770
300 cm 0.2 0.005 No Yes 75% | 0.6604 | 0.0012 | 0.6746
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Table 6.4-15 BWR Cask Array Analysis Criticality Results —Variable Exterior

Cask Water Density (g/cm®) | Neutron | Water in

Pitch | Inside | Outside | Shild | Gap | !B | ki o k.
300 cm 1.0 1.0 No Yes 75% | 09075 | 0.0008 | 0.9215
300 cm 1.0 0.8 No Yes 75% | 0.9081 | 0.0008 | 0.9221
300 cm 1.0 0.6 No Yes 75% | 09108 | 0.0008 | 0.9248
300 cm 1.0 0.4 No Yes 75% | 0.9092 | 0.0008 | 0.9233
300 cm 1.0 0.2 No Yes 75% | 0.9094 | 0.0008 | 0.9234
300 cm 1.0 0.0 No Yes 75% | 0.9091 | 0.0008 | 0.9231

Table 6.4-16 Heterogeneous vs. Homogeneous Enrichment Analysis Results (GE)

Case Enrichment (%**U) Loading Pattern

Array |Fuel Rods [Average| Min | Max |Heterog.| Homog.| K o Ak/c
8x8 62 2.824 | N/A | N/A X 0.8024 | 0.0011 | -

8x8 62 2.824 | 130 | 3.80 X 0.7894 | 0.0011 | -12.28
8x8 62 3.750 | N/A | N/A X 0.8683 | 0.0011 | -

8x8 62 3.750 | 1.73 | 3.98 X 0.8501 | 0.0011 |-15.93
8x8 60 3.404 | N/A | N/A X 0.8418 | 0.0012 | --

8x8 60 3.404 | 1.60 | 3.90 X 0.8364 | 0.0011 | -4.53
8x8 60 3.750 | N/A | N/A X 0.8648 | 0.0012 | -

8x8 60 3.750 | 1.76 | 4.35 X 0.8547 | 0.0011 | -8.22
9x9 74 4.085 | N/A | N/A X 0.8884 | 0.0012 | -

9x9 74 4.085 | 2.00 | 4.90 X 0.8785 | 0.0012 | -8.37
9x9% 74 4.085 | 2.00 | 4.90 X , 0.8809 | 0.0012 | -6.31
9x9 74 3.750 | N/A | N/A X 0.8707 | 0.0011 | -

9x9 74 3.750 | 1.84 | 4.50 X 0.8608 | 0.0011 | -8.84
9x9 74 3.750 | 1.84 | 4.50 X 0.8672 | 0.0011 | -7.13
9x9 74 4.000 | N/A | N/A : X 0.8839 | 0.0011 | N/A
9x9 74 4.000 | 1.96 | 4.80 X : 0.8759 | 0.0012 | -7.06
9x9 74 4.000 | N/A | N/A X | 08890 | 00012 | N/A
9x9® 74 4.000 | 1.96 | 4.80 X 0.8805 | 0.0012 | -7.08
9x9? 74 4,000 | 3.68 | 5.00 X | 0.8821 | 0.0012 | :5.77

Notes:

(1) Rotated water holes.
2) Exxon Assembly.
(3) Eighteen 5 wt% 25U enriched rods near center of assembly
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Table 64-17 ~ PWR Lattice Parameter Study Criticality Analysis Results

Description Ketr o) Ak

Base Case - Westinghouse 17x16 OFA 0.9732 | 0.0008 | -—

decreases clad inner radius by 0.005 cm 0.9697 | 0.0008 | -0.0035
increases clad inner radius by 0.005 cm 0.9784 | 0.0008 | 0.0052
decreases clad outer radius by 0.005 cm 0.9782 | 0.0009 | 0.0050
increases clad outer radius by 0.005 cm 0.9702 | 0.0009 | 0.0030
decreases pellet radius by 0.005 cm 0.9744 | 0.0008 | 0.0012
decreases pellet radius by 0.010 cm 0.9742 | 00008 | 0.0010
decreases pellet radius by 0.015 cm 0.9773 | 0.0008 | 0.0041
decreases pellet radius by 0.020 cm 0.9758 | 0.0008 | 0.0026 iz
decreases pellet radius by 0.025 cm 0.9761 | 0.0008 | 0,0029 Leal
decreases pellet radius by 0.030 cm 0.9754 | 0.0008 -
decreases pellet radius by 0.035 cm 0.9750 | 0.0008

decreases pellet radius by 0.040 cm 0.9750 | 0.0008

increases pellet radius by 0.005 cm 0.9714 | 0.0009

decreases pellet & clad inner radii by 0.015 cm | 0.9637 | 0.0008

decreases guide tube inner radius by 0.010 cm | 0.9710 | 0.0008

increases guide tube inner radius by 0.015¢cm | 0,9753 | 0.0008

increases guide tube inner radius by 0.010 cm 0.9740 | 0.0009

decreases guide tube outer radius by 0.010 cm | 0.9755 | 0.0008

increases guide tube outer radius by 0.015¢cm | 0.9712 | 0.0008 | -0.0020 | i----

increases guide tube outer radius by 0.010cm | 0.9720 | 0.0008 | -0.0012 | - | :0.7500
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Table 6.4-18

BWR Lattice Parameter Study Criticality Analysis Results

Description

Ak

Base Case - Exxon\ANF 9x9 0.8904 | 0.0008
decreases clad inner radius by 0.005 cm 0.8889 | 0,0008 | :0.0015 | [ | -0.9375

decreases clad inner radius by 0.008 cm

0.8874

-0.0030

increases clad inner radius by 0.005 cm

0.8930

0.0026

decreases clad outer radius by 0.005 cm

0.8919

o\S
prevbodindthetind

0.0015

decreases clad outer radius by 0.010 cm

0.8957

0.0053

increases clad outer radius by 0.005 cm

0.8885

-0.0019

increases clad outer radius by 0.010 cm

0.8830

-0.0074

decreases pellet radius by 0.005 cm

0.8896

-0.0008

decreases pellet radius by 0.010 cm

0.8909

0.0005

decreases pellet radius by 0.015 cm

0.8881

-0:0023

decreases pellet radius by 0.020 cm

0.8832

decreases pellet radius by 0.025 cm

0.8867

decreases pellet radius by 0,030 ¢cm

0.8835

decreases pellet radius by 0.035 cm

0.8837

decreases pellet radius by 0.040 cm

0.8807

increases pellet radius by 0.005 cm

0.8908

increases pellet radius by 0.008 cm

0.8907

decreases water rod inner radius by 0.010 cm

0.8908

decreases water rod inner radius by 0.015 cm

0.8916

increases water rod inner radius by 0.010 cm

0.8919

increases water rod inner radius by 0.015 cm

0.8911

decreases water rod outer radius by 0.010 cm

0.8901

decreases water rod outer radius by 0.015 cm

0.8913

increases water rod outer radius by 0.010 cm

0.8916

increases water rod outer radius by 0.015 cm

0.8892

replaces water rod with water

0.8926
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Table 6.4-19 Transport Cask Top End Impact Bounding Exposed Fuel Heights

Neutron Calculated Evaluated
Canister | Absorber | Fuel Offset | Exposed Fuel | Exposed Fuel
Fuel Type Class | Offset (in) (in) Height (in) Height (in)
WE 15x15 1 10.19! 5.718 4.472 4.52°
WE 17x17 OFA 1 10.19! 6.296 3.894 4.52
B&W 15x15 2 12.29! 10.289 2.001 4,523
CE16x16 (SYS 80) 3 8.69 ! 13.176 -4.486 4.52°
Ex/ANF 9x9 4 12.76 ¢ . 8.448 4.312 7.625°
Ex/ANF 9x9 5 12762 8.458 4,302 7.625
GE 8x8 5 12.76* 8.448 4.312 7.625*

! Conservatively assumes the PWR basket remains in contact with canister bottom plate.

2 Takes credit for the BWR basket shifting up to contact the lid.

3 Evaluated using maximum reactivity UMS® Class | WE 17x17 OFA fuel.
¢ Evaluated using maximum reactivity UMS® Class 5 Ex/ANF 9x9 fuel.

Table 6.4-20 Fuel Assembly Minimum Intact Hardware Dimension Limits

UMS® Fuel Class 1 2 3 4 | s

Neutron Absorber Offset (in) 10.19 | 12.29 | 8.69 | 12.76 | 12.76
Evaluated Exposed Fuel Height (in) 452 | 452 | 4.52 | 7.625 | 7.625
Top End Fitting Deformation (in) 0 0 0 2.371 | 2.371
Plenum Spring Rebound Height (in) Not Analyzed 1.729 | 1.729
Minimum Intact Hardware Dimension Limit (in) bl 567 7.77 4.17 | 5.777 | 5.777

! Each minium dimension is a generic limit that all fuel types in the respective fuel class shall
meet. See Section 6.4.5 for details on how these minium dimensions are calculated
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NUREG/CR-6361. However, if no strong correlation can be determined, then a constant bias
adjustment can be made. This is typically done with a one-side tolerance factor that guarantees
95% confidence in the uncertainty in the bias. This is the approach taken in the UMS criticality

analysis.

Both NUREG/CR-6361 and the NAC evaluation perform regression analysis on key system
parameters. For all of the major system parameters, the evaluation found no strorig‘correlation.
This is based on the observation that the correlation coefficients are all much less than £ 1. Thus a
constant bias with a 95/95 confidence factor is applied to the system keg. NAC’s statistical analysis
of the ke results produced a bias of 0.0052 and a 95/95 uncertainty of 0.0087. Adding the two
together and subtracting from 0.95 yields an effective constant USL of 0.9361.

To assure compliance with NUREG/CR-6361, an upper safety limit is generated using USLSTATS
and is compared to the constant NAC bias and bias uncertainty used in Section 6.5.2.

To evaluate the relative importance of the trend éinalySis to the upper safety‘]imits, correlation
coefficients are required for all independent parameters. Table 6.5-2 contains the correlation
coefficient, R, for each linear fit of ke versus e}gpcriméhtal paratnetér (data is extracted fromk’Figﬁre
6.5-2 through Figure 6.5-7 by taking the square root of the R? value). Based on the highest
correlation coefficient and the method presented in NUREG/CR-6361, a USL is established based
on the variation of k.g with enrichment. Note that even the enrichment function shows a low
statistical correlation coefficient (an |R| equal or near 1 would indicate a good fit). The output
generated by USLSTATS is shown in Figure 6.5-8.

The NAC applied USL of 0.9361 bounds the calculated upper safety limits for all enrichment
values above 3.0 wt % >*U. Since the maximum reactivities in the UMS® are calculated at
enrichments well above this level, the existing bias bounds the NUREG calculated USL. The
parameters of the most reactive configurations for the UMS® design basis PWR and BWR fuels
and for the Maine Yankee fuel are presented in Table 6.5-3. This table also compares the most
reactive fuel parameters to the minimum and maximum benchmark values to demonstrate the
applicability of the critical benchmarks.
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6.5.5 MONK Validation in Accordance with NUREG/CR-6361

NUREG/CR-6361, “Criticality Benchmark Guide for  Light-Water-Reactor Fuel in
Transportation and Storage Packages” (NUREG), provides akguide to LWR ci‘iticality benchmark
calculations and the determination of bias and;ysubc‘ri‘tical limits in critical saféty- evaluations.
Section 6.5.1 contains detail on the implementation of the NUREG in subcritical limit
evaluétions for the UMS Transpbrt Cask. This sectioﬁ kiinpl‘émen,t‘s _the;ULSTATSmetho'd'of,_,the
NUREG for MONKSA application with JEF 2.2 point energy libraries in LWR transport and
storage applications.

AEA Technologies has performed an extensive benchmarkmg of MONKS8A. Critical benchmarks
relevant to LWR fuel evaluations were extracted from the total benchmark set and listed in Table
6.5-6. The range of the parameters to be benchmarked is summarized in Table 6.5-4. Trending in
ke was evaluated for the following independent variables: enrichment, rod pitch, fuel pellet
diameter, fuel rod diameter, H/U ratio, average neutron group causing fission, '°B loading for flux
trap cases, and flux trap gap thickness. The data is plotted in Figures 6.5-9 through 6.5-16.

To evaluate the relative importance of the trend analysis to the upper. safety. limits; correlation
coefficients are required for all independent parameters. Table 6.5-5 contains the correlation
coefficient, R, for each linear fit of keg versus experimental parameter (data is extracted from Figure
6.5-9 through Figure 6.5-16 by taking the square root of the R? value).  Based on the }iigheSt
correlation coefficient and the method presented in NUREG/CR-6361, a USL is established based
on the variation of ke with flux trap thickness. Note that even the flux trap function shows a low
statistical correlation coefficient (an [R| equal or near 1 would indicate a good fit). The output
generated by USLSTATS is shown in Figure 6.5-17.

The NAC applied USL is 0.9425, and bounds the calculated upper safety limits for the typical

flux trap spacing found in multi-purpose casks. The parameters of the most reactive CY-MPC
payload are included in Table 6.5-4.
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Table 6.5-2  Scale 4.3 Correlation Coefficient for Linear Curve-Fit of Critical Benchmarks

Correlation Studied

Correlation Coefficient (R)

kesr versus enrichment 0.361
ke versus rod pitch 0.328
kess versus H/U volume ratio 0.246
Kege versus ‘B loadin g 0.069
Kegr Versus average group causing fission 0.133
Kesr versus flux gap thickness 0.1X37

Table 6.5-3  Scale 4.3 Range of Correlated Parameters of the Most Reactive Configuration ‘

Benchmark Value Design Basis Models ‘

Parameter Minimum | Maximum | WE 17x17 OFA | Ex/ANF 9x9| Maine Yankee Fuel ’
Enrichment (wt. % *°U) | 235 | 474 4.2 4.0 4.2
Rod pitch (cm) 126 | 254 1.26 1.45 1.50
H/U volume ratio 1.6 11.5 2.28 1.99 2.68
'%B areal density (g/em’) | 0.00 0.45 0.025 0.011 0.025
Average energy group

causing fission 21.7 24.2 223 224 225
Flux gap thickness (cm) 0.64 5.16 2.22 t0 3.81 1.65 2.22 t0 3.81
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Table 6.5-4 MON K8A Range of Correlated Parameters for Desi gn Basis Fuel
Benchmark Value Design Basis Models

Parameter Minimum | Maximum | WE 17x17 OFA | Ex/ANF 9x9
Enrichment (wt % >*°U) 2.35 7.00 4.20 4.00
Rod pitch (cm) 1.26 2.54 1.26 1.45
H/U (fissile) atomic ratio 97.08 453.84 154.02 140.98
1B loading (g/cm?) 0.000 0.072 0.025 0.011
Log energy causing fission | 7.31E-08 | 3.33E-07 2.39E-07 1.82E-07
Cluster gap thickness (cm) 0.0 11.92 2.22-3.81 1.65
Fuel diameter (cm) 0.743 1.265 0.7844 . 0.9055
Clad diameter (crn) 0.8324 1.4150 0.9144 1.0770

Table 6.5-5 MONKSA — Correlation Coefficient for Linear Curve-Fit of Critical Benchmarks
Correlation Studied CorrelatiOn" _Cbefﬁcient R)
Ketr versus enrichment 0.390
kesr versus rod pitch 0.140
ketr versus H/U (fissile) atomic ratio 0.369
Ketr versus 10 loading 0.273
kesr versus log energy causing fission 0.127
kefr versus.cluster gap thickness Q.‘532
kegr versus fuel diameter 0.236
kess versus clad diameter 0.185
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Table 7-2 Containment Verification Leak Test Requirements
Loaded Loaded
Post-Fabrication T_ranSport Traﬁsxiort
and Annual (O-Ring (No O-Ring Empty
Maint:enance3 Replacemént)z"” Rep‘la‘c’er‘nent)2 Transport
Allowable
Reference Leak
Rate! 42 %10 cm¥sec | 42 x 108 cm™sec | 1x 102 cm¥sec | 1x 107 em™sec | |
Allowable
Helium Leak
Rate’ 6.5 x 10° cm’sec | 6.5 x 107° cm’/sec |

1  The allowable leak rate is based on the bounding high burnup Maine Yankee fuel and is ‘
the same for the transport of GTCC waste.

2 The need for o-ring replacement is Xdetermined‘by inspectidn Orfbyvleak test results.

3 All o-rings are replaced during Annual Maintenance. OnlyA the appropn'até set of o-rings
is replaced as necessary during use.
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5. Lower the canister into the Universal Transport Cask.
6. Disengage the lift sling hooks from the hoist rings and close the Transfer Cask doors.
7. Remove the Transfer Cask and store it in the designated location.
8. Remove the hoist rings from the top of the canister structural lid and install threaded

plugs.
9. Attach the adapter plate lifting sling to the adapter plate.
10. Remove the four bolts attaching the adapter plate to the Universal Transport Cask.
11. Remove the adapter plate and store it in the designated location.
12. Remove the cask adapter ring and clean the sealing surface.

14. Install the cask lid alignment pins.

15. Attach the lid-lifting device to the lid and to the overhead crane.

16. Install the lid, using the alignment pins to assist in proper seating.

17. Install 10 cask lid bolts equally spaced and torque hand-tight.

18. Remove the lid alignment pins.

19. Install the remaining cask lid bolts and torque all of the bolts to the value specitied in

Table 7-1.

20.If prevrously removed re-install the drain port coverplate

21. Connect a pressure test fixture to the dram port coverplate o-rmg test port and pressunze
to 15 (+2, -0) psig and hold for a mmlmum of 10 mmutes,__There must‘be no pressure
drop in the test period.
Note: If the test condition is not met, remove the drain port coverplate and inspect and
clean the o-rings and o-ring sealing surfaces and re- perform the test, If the test condition
is not met on the second attempt, replace the o-rmgs cleaning the o-ring grooves and
sealing surface. A small amount of vacuum grease may be used to lubricate new o-rings.
Caution: If the drain port o-nngs are replaced as a result of the mspectlon ‘then a helium
leak test of the new o- rmgs must be performed at Step 29.. Usmcy a hehurn leak detector
with a sensmvny of 3.25 x 10" cm?/sec, establish a vacuum in the o-nng ‘annulus and test
for helium leakage, The leak rate must be less than 6.5 x 10 cm*/sec (helium) in
accordance with Table 7-2.

. Connect the Vacuum Drying System vacuum pump to the cask vent port and evacuate the

o
o

cask cavity to a stable vacuum pressure of 3 mm'Hg for 10 minutes.

. Backfill the cask with, h1gh punty helium (99 9%) to 1 atm (absolute) pressure

. Operate the vacuum system to 'ob'tam a vacuum pressure of 3 mm Hg When the.vacuum
pressure is obtained, backfill the cask-with high purity helium’(99.9% minimum) to I atm
(absolute) pressure:

W

[ SO I
N
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25.
26.
27.

Disconnect the vacuum system and helium supply.

Install the vent port coverplate and torque the bolts as specrfled in Table 7-1.

Connect a pressure test fixture to the lid. o-rmg test port (marked “Seal Test” on cask lid)
and pressunze to 15 (+2, -0) psrg ‘and hold for a minimum of 10 minutes. There must be
no pressure drop in the test penod

Note: If the test condition is not met, replace the o-rmgs cleamng the o-rmg grooves and
sealing surface. A small amount of vacuum grease may | be used to lubricate new o-rings.
Cautlon If the lid o-nngs are replaced as a result ‘of the inspection in Step 12 o

on in Step 12 of Section
7.1.2, then a helium leak test of the new o-rings must be perfonned Usmg a helium leak
detector with a sensxt1v1ty of 3.25 x 10 cm®/sec, establish a vacuum in the o-ring annulus

~ and test for helium ,leakage. The lealgi rat_e_ must.be,; l,ess:\t_fb\anﬂﬁ.sﬁx 105_._cm?‘/sec,1n

30.

31

accordance With Table '7 2.

torque the plug to the{value spemﬁed in Table 771,

. Connect a pressure test fixture to the vent coverplate o‘-riing testport andpressurlzetolS

(+2, -0) psig and hold for a minimum of 10 minutes. There must be no pressure drop.in
the test period.

Note: If the test condition is not met, remove the vent port.coverplate and inspect and
clean the o-rings and o- n'ng sealing surfaces and re—perfonn the test.. If the test condition
is not met on the second attempt replace the o-nngs cleamng the o-nng grooves and

detector w1th a sensmv1ty of 3 25 X 1()6 cm /sec, estabhsh a -vacuum 1n“ m:ri“ng annillug
and test ;pf\or\hehurn_,‘leakage " The leak’ rate ‘Tust be less. than 6, 5 X 10*” om’ /sec 1n
accordance with Table 7-2.

Install the vent port -o-ring test plug, verifying that the test plug o-ring is in place.and

torque the test plug to the value specified in Table 7-1.

. Perform _ external decontamination activities and radiation surveys. to_ verify_ that

contamination is within acceptable levels (2,200 dpm/100 cm? B, v, and 220.dpm/100, cm?
o) as identified in 10 CFR 71.87 [2].
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7.5 Appendix

7.5.1 References

1. Code of Federal Regulations Title 10, Part 20 (10CFR20), “Standards for Protection Against

2

Radiation,” April 1996.

Code of Federal Regulations Title 10, Part 71 (10CFR71), “Packaging and Transportation of
Radioactive Materials,” April 1996.

Code of Federal Regulations Title 49, Part 173 (49CFR173), “Shippers - General
Requirements for Shipments and Packaging,” October 1995.

IAEA Safety Series No. 6, “Regulations for the Safe Transport of Radioactive Materials,”
International Atomic Energy Agency, Vienna, Austria, 1985 Edition, as amended 1990.

Peckner, D., and Bernstein, R.M., Handbook of Stainless Steels, McGraw-Hill Book

Company, 1977.

Code of Federal Regulations Title 49, Part 172 (49CFR172), “Hazardous Materials Table,
Special Provisions, Hazardous Materials Communications, Emergency Response

Information, and Training Requirements,” October 1995.

Title 10 of the Code of FederalRegulations, Part 6 1 ’(10 CFR 61), “‘Liceh_‘sirjg Reqiiir}éhm}éﬁts
for Land Disposal of Radioactive Waste,” January, 1996.
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8.1.3 Leak Tests

Acceptance leak testing is performed on the containment weldment during fabrication and on the
containment boundary having replaceable components, when fabrication is complete. The
purpose of this leak testing is to confirm that the leak rate from any sealed containment
penetration does not exceed the allowable leak rates, calculated in Chapter 4.0, and to confirm
that the 10 CFR 71.85(a) [1] requirements are satisfied. Leak tests are performed in accordance
with the methodologies and requireme‘nt‘s ofANSINl45-1997 [11],us1ng mak}‘)ﬁro\?ed ‘written
procedures. Personnel performing tests shall be. qualified in accordance with Section 8.5 of
ANSIN14.5-1977.

Containment Weldment Testing

Following the hydrostatic testing of the containment weldment in . accordance with Scction
8.1.2.3, the containment cavity is drained and cleaned. A helium leak test of the cont/ainhicnt
weldment is performed in accordance ‘with the kreqiijré:ménts,_iof' Scc‘tion&V, k.A'rti'Cle_ 10 ofthe
ASME Code. The containment weldment shall be leak tested to demonstrate a leak rate of 2 x
107 em®/sec (helium), or less, uSing a minimum dettcctorfcéhéi'tyi’_v‘it”y- of I x ‘10'7‘cm3/sc’c\('hejl‘i‘u1ﬁ)w,
to qualify the weldment as leak tight as defined in ANSI N14.5-1997.

If a leak is detected exceeding the acceptance ,cri’t‘en'a,kthe affectcd weld shall be rkej'e,c':t’jc,d.?
Rejected welds shall be repaired in accordance wkith:the,rrequivrémcnts‘_\ ,of ArtlcleNB-44590f tbc
ASME Code. The repaired weld area shallbofetéétéd'an_a‘,féi'r_l'é'oécféd%usi‘ng‘ thesameprocedure
and acceptance criteria.

Containment Fabrication ACceptance Testing

Once cask fabrication is complete, helium leak tests are performed on the o-rings sealing the

mechanical joints at the containment boundary.

Contamment fabncatlon acceptance testmg 1s performed w1th the cask assembled in accordance

conducted by estabhshmg a vacuum in the o-ring »_annulushof;t.he...,hd _and porﬂt.acover.platesausmg
the seal test ports and testing for helium.
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Leak tests are. perforr'ned“on the cask lid and the vent and drain ﬁottdcoﬁerplaﬂte ‘o-rings.
Contamment o- nng testing is. “performed to’ demonstrateh a leak Tate. of 6.5 x 10° cm®/sec

(helium), or less The hehum leak detector sensxtmty 1all be. 10%cm 3/sec or less “The
allowable leak rate is |  based on the calculated allo able leak ‘rate for BWR fuel (Table 4.2-4).

e A Pucivete

A leak rate that exceeds the allowable leak rate limit is, cause for. reject1on of the component
being tested Seal replacement or other corrective actions are taken to correct any leak. - - The

est. requlrements and

DS

component is . then retested and 1nspected 1n accordance w1thwthwk
acceptance criteria. - On  successful completlon of the leak tests, the: qulck “disconnects are
re-installed in the vent and drain ports.

8.1.4 Component Tests

Individual cask components are tested as applicable to ensure that the component meets the
design requirements for its intended function during operation of the cask system. Test
acceptance criteria are established on the basis of the component function, the corresponding

graded quality category and design requirements of the component being tested.

8.1.4.1 Transportable Storage Canister

The Transportable Storage Canister is not considered to be a containment boundary when
transported in the Universal Transport Cask. However, all of the longitudinal and girth welds are
radiographically inspected in accordance w1th ASME - Code, Section V, Article 2 ©
Radiographic acceptance is in accordance with ASME Code Section I, NB-5320 = . The weld
between the canister baseplate and the canister shell is ultrasonically examined in accordance
with ASME  Code Section V. Article 5. Acceptance criteria are in accordance with ASME
Code Section III, NB-5330.

The welds made in the field to attach the shield lid ~ to the canister shell are subjected to dye-
penetrant testing on the root weld and final weld stir_féce in accordance with the requirements of
the ASME  Code, Section V, Article 6. Following W'elding of the shield lid, a helium leak test
is performed as described in the operating procedures. The root weld, intermediate, and final
weld surface of the structural lid weld to the canister shell are also dye penetrant examined in
accordance with ASME Code, Section V, Article 6 to ensure the quality of the weld. The liquid
penetrant test acceptance criteria are as described in ASME Code Section III, Article NB-5350.
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acceptable if the measured heat rejection rate is equal to, or greater than, the design basis heat

rejection rate.

The nominal test conditions are 70°F ambient and'initial cask”hddy temperature no s'ol'ar
insolation, sull air, no external radiant heat sources ‘and dry steam at 212°F. At these test
conditions, the neutron shield shell temperature is w1th1n 2°F of the calculated steady state
: cedure shall provrde a

equrhbnum temperature “of 174°F within 48 hours . The therrnal
thermal' transient heatup curve to show the time at which ‘equilibrium  is expected to be
established, and a table or set of curves which correlates equilibrium neutron shield shell
temperature with a »r,angeof ‘ambient temperatures. For purposes of the thermal test, equilibrium
temperature is assumed to be established when the change in neutron shell temperature no longer

exceeds 2°F in a two (2) hour period.

8.1.6.2 Thermal Test Acceptance Criteria

The purpose of the thermal test is to confirm that the heat rejection capabilities of the as-built
Universal Transport Cask are acceptable by kshoWing; that the measured ’ter‘noerature gradients
correspond to those calculated in the thermal analyses.

Cask thermal test acceptance is based on demonstration that the measured temperature gradients
are less than, or equal to, the thermal gradients calculated in the thermal analyses and that the

total heat rejection rate is equal to, or greater than, the cask design basis heat rejection rate.

8.1.7 Neutron Absorber Verification Tests

Neutron,-absorbirig ‘material, BORAL is used as .a,poi"s\ou‘ in ;vth,_e,‘ 'BW,R and PWR fue_l__tubes,.
BORAL is manufactured by AAR Manufacturing, Inc. (AAR) of. Livonia;-Michigan, under a
Quality Assurance/Quality Control program in conformance with the requirements of 10 CFR 50,
Appendix B. The computer-aided manufacturing process consists of several s"teps --the first
being the mixing of the aluminum and boron- carbide powders that fonnthe core of the ﬁmshed

material, with the amount: of' each powder a function of the . desired !
methods used to control the weight and blend the powders are patented and proprietary processes
of AAR.
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After manufacturing, test samples from each batch of BORAL® neutron absorber (poison) sheets
are tested using wet chemistry or neutron absorption to verify the presence, proper distribution,
and minimum weight percent of 'B. The tests are performed in accordance with approved

written procedures.

8.1.7.1 Neutron Absorber Material Sampling Plan

The neutron absorber material sampling plan is selected to ‘demonstrate a 95/95 “statistical
confidence level in the neutron absorber sheet material compliance with the specification. In
addition to the specified sampling plan, each sheet of material is visually and dimensionally
inspected using at least 6 measurements on each sheet. No rejected neutron absorber sheet is
used. The sampling plan is supported by written and approved procedures.

The sampling plan requires that a coupon sample be taken from each of the first 100 sheets of
absorber material. Thereafter, coupon samples are taken from 20 rahdorhly selected sheets from
each set of 100 sheets. This 1 in 5 sampling plan continues until there is a change in lot or batch
of constituent materials of the sheet (i.e., boron carbide powder, aluminum powder, orvaluminum
extrusion) or a process change. The sheet samples are indelib']‘y marked and recorded for
identification. This identification is used to document neutron absorber test results, which

become part of the quality record documentation package.

8.1.7.2 Wet Chemistry Test Performance

An approved facility with chemical analysis capability is selected to perform the wet chemistry
tests. The tests ensures the presence of boron and enable the calculation of the '°B areal density:

The most common method of verifying the acceptability of neutron absorber material is the wet
chemistry method—a chemical analysis where the aluminum is separated from a sample with
known thickness and volume.. The rcmaining boron-carbidé material is .Iwéighed_' and the areal
density of '°B is computed. A statistical conclusion about the BORAL® sheet from which the
sample was taken and that batch of BORAL®. sheets may then be drawn based.on the test results
and the established manilfactufing processes previously noted.
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8.1.7.3 Neutron Absorption Test Performance

An approved facility with a neutron_source and neutron detection capability is selected to
perform the described tests, if the neutron absorption test method is used. The tests will ensure
that the neutron absorption capacity of the material tested is equal to, or higher than, the given
reference value and will verify the uniformity of boron distribution, The principle of
measurement of neutron absorption is that the presence of boron results in a reduction of neutron
flux between the thermalized neutron source and: the neutron detector—depending on the

material thickness and boron content.

Typical test eijuipment consists of thermal 'neu’t’rohwksdiirc:e"e(juhip‘mcht',fa neutron detector and a
counting instrument. The test equipment is calibrated uSihg BORAL_’standards',,_'wh’ose B
content has been checked and verified by an independent method such as chemical analysis. The
highest permissible counting rate is determined from the neutron ‘counting rates of the reference
sheet(s), which should be ground to the minimum‘alwlowable plate thickness. This calibration

process is repeated daily (every 24 hours) while tests are being performed.

8.1.74 Acceptance Criteria

The wet chemistry test results are considered acceptable if the minimum '°B areal density is
determined to be equal to, or greater than, that specified on the fuel tube drawings.

When used, the neutron absorption test shall be considered acceptable if the neutron count
determined for each test specimen is less than, or equal to, the highest permissible neutron count
rate determined from the BORAL standard, which is based on the IOB} areal density specified on
the fuel tube drawings. Any specimen not meétingkthe aéceptance_éritcria fof- f::itherl test méthod
shall be rejected and all of the sheets from that batch shall be similarly rejected.
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Figure 8.1-1 Thermal Test Arrangement
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8.2 Maintenance Program

A maintenance program for the Universal Transport Cask is established to ensure continued
performance and use of the package. The cask maintenance program specifies the inspections,
tests, and replacement of components to be performed and the frequency and schedule for these
activities. This section describes the overall requirements of the maintenance program and
establishes the frequency and schedule for the maintenance activities. The detailed, written
inspection, test, component replacement, and repair procedures will be included in the Universal
Transport Cask Operations Manual. The Operations Manual is issued to users of the packaging

prior to their use of the cask.
The welded Transportable Storage Canister containing fuel does not require any maintenance.

8.2.1 Structural and Pressure Tests

The four lifting trunnions or two trunnions if the secondary trunnions are not attached and the
two rotation pockets are visually inspected prior to each shipment. The visual inspections are
performed in accordance with approved written procedures, and the results are evaluated against

established acceptance criteria.

Evidence of cracking on the load-bearing surfaces is cause for rejection of the affected trunnion
until an approved repair is completed and the surfaces are reinspected and accepted. Such repairs
are implemented and documented in accordance with an approved quality assurance program.
Any identified damage to the bolted trunnions and the rotation pockets, such as cracking and

wear, must be evaluated to determine if replacement of the affected components is necessary.

Y
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8.2.2 Leak Tests
8.2.2.1 Containment Periodic Verification Leak Testing

As shown in Table 8.2-1, the periodic verification leak test is performed in accordance with
approved written test procedures and the test requirements and acceptance criteria established in
Section 8.1.3 for the containment fabrication verification leak test.

The periodic verification leak test is performed on each cask after the third use (prior to fourth
cask loading sequence), and every 12 months thereafter to verify the containment capability, and
whenever a replaceable containment component (containment o-ring set or port coverplate) is

replaced.

When the cask is notin use , the periodic verification leak test need not be performed annually

but must be re-performed before returning the cask to service -
Leak tests are performed in accordance with_f the methoddlogies and” requirémcnts “"WQf
ANSN14.5-1997, using approved written procedu,re}:fs“.ﬁ‘~ ‘Perisoﬁné‘lb;ﬂperforrhing.“tests shall\‘:bé

qualified in accordance with Section 8.5 of ANSI N1,4.541997§

8222 Periodic Verification Leak Test Acceptance Criteria

The maximum allowable leak rate requirements and the minimum required test sensitivity for the
containment fabrication verification and periodic verification leak tests are provided in Section
8.1.3. Unacceptable leak test results are cause for rejection of the component tested. Corrective
actions, including repair or replacement of the o-rings or closure component, are taken and
documented as appropriate. Before the cask is returned to service, the leak test and corrective
actions are repeated until acceptable results are achieved.

823 Subsystems Maintenance

The Universal Transport Cask has no subsystem maintenance requirements.
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Table 8.2-1  Maintenance Program Schedule

Task/Activity

Frequency

Visual inspection of cavity

Prior to loading

Visual inspection of o-rings

Prior to loading

Visual inspection of cask lid and port coverplate

bolts

Prior to installation (each use)

Visual and Proper Function Inspection of Cask

Prior to each shipment

Visual inspection of lifting trunnions and

rotation pockets

Prior to each shipment

Liquid penetrant inspection of lifting trunnion

surfaces

Annually during use

Containment system periodic verification leak

test of cask lid and o-rings

After the third use of a transport cask.
Aﬁnﬁally during use:

After each o-ring or port coverplate repIaCCmént

Containment syStem leak test of cask lid and

o-rings

Prior to each shipment

Containment system periodic verification leak
test of vent and drain port coverplates and o-

rings

After the third use of a transport cask.
Annually during use.

After each o-ring or port coverplate replacement

Containment system leak test of vent and drain

port coverplates and o-rings

Prior to each shipment

Visual inspection of impact limiter

Prior to each shipment

Inspection of quick disconnects for proper

function

Each cask loading/unloading operation

Replacement of quick disconnects

Every two years of service

Replacement of O-ring

As required by inspection during operations and

at each

annual maintenance

Replacement of lid bolts

Beiy 20 yur
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8.3 Appendices
8.3.1 References
1. Title 10 of the Code of Federal Regulations, Part 71 (10 CFR 71), “Packaging and

10.

11.

Transportation of Radioactive Materials,” April 1996.

IAEA Safety Series No. 6, “Regulations for the Safe Transport of Radioactive Materials,”
International Atomic Energy Agency, Vienna, Austria, 1985 Edition, as amended 1990.

ASME Boiler and Pressure Vessel Code, Section V, “Nondestructive Examination,” 1995
Edition with 1995 Addenda.

ASME Boiler and Pressure Vessel Code, Section VII, “Rules for Construction of Pressure
Vessels,” 1995 Edition with 1995 Addenda.

Nondestructive Testing,” The American Society for Nondestructive Testing, Inc., edition as
invoked by the applicable ASME Code.

ASME Boiler and Pressure Vessel Code, Division I, Section III, Subsection NB, “Class 1
Components,” 1995 Edition with 1995 Addenda.

ANSI N14.6, “American National Standard for Special Lifting Devices for Shipping
Containers Weighing 10,000 Pounds (4,500 kg) or More for Nuclear Materials,” American

National Standards Institute, February 1993.

Field Manual of the Interchange Rules as Adopted by the Association of American Railroads,
Rule 88, “Mechanical Requirements for Acceptance,”‘ Washington, D.C._, 1_986.

ASME Boiler and Pressure Vessel Code, Division 1, Section III, Subsection NEF,
“Component Supports,” 1995 Edition with 1995 Addenda.

ASTM B-29-92, “Standard Specification for Refined Lead,” American Society for Testing
and Materials, 1992 (Reapproved 1997).

ANSI N14,5-1997, “American National Standard for Leakage Tests on Packages. for
Shipment of Radioactive Materials,” American National Standards Institute, December 1997.
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8.3.2 Cask Body Fabrication

The Universal Transport Cask is a welded structure of stainless steel plates and forgings. The

major chronological steps involved in the fabrication of the cask body are:

e Welding of plate sections to form the inner shell.

e Welding of inner shell to top and bottom forgmo to form cask containment.

e Perform hydrostatlc and helium leak testmg of the containment weldment

e Welding of plate sections to form outer shell.

» Welding of outer shell to cask containment to form cask body.

¢ Welding of backing bars and supports in preparation for lead pour.

e Lead pour.

* Installation of NS-4-FR shielding material between cask bottom and bottom forging.

e Welding of cask bottom to outer shell.

e Welding of primary trunnions to top forging.

¢ Installation of NS-4-FR outside cask outer shell.

e Perform load testing of the primary and sécOndary‘ lviftingxtrunriions.

* Perform containment boundary o-ring leak testing.
Welding on the cask is performed in accordance with the requirements of the ASME Boiler and
Pressure Vessel Code as specified on the cask license drawings (Section 134) The type and
location of the major welds on the cask body and the type of inspection required on the welds are
shown in Figure 8.3-1. Pouring of chemical t;oppgr lead between the cask inner and outer shells
to provide gamma shielding is addressed in Section 8.3.3. Installation of the NS-4-FR shielding
material between the neutron shield top and bottom plates in the annulus formed by the cask

outer shell and the neutron shield shell is discussed in the following paragraphs.

The methods and process for installation of the NS-4-FR shielding material will be qualified by
means of a full-scale mockup test prior to actual installation in a cask or by methods and process
that have already demonstrated successful and proper installation. The mockup test will establish
that appropriate procedures are followed in the NS-4-FR installation process and that critical
NS-4-FR material properties and characteristics are in accordance with the manufacturer’s
specification. The mockup structure will consist of a minimum of two cavities separated by three
heat transfer fins. The NS-4-FR will be installed according to an approved procedure into two
adjacent cavities of the mockup. After mixing but prior to installation, the wet material density
will be measured and compared with the manufacturer’s specification. Upon curing, the mockup

will undergo destructive examination and testing. The destructive examination and tests will
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