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2.10.2 NUHOMS®-MP187 Cask Finite Element Analysis

2.10.2.1 Finite Element Model Descriptions

The NUHOMS®-MP187 cask is evaluated for the Normal Conditions of Transport (NCT) and
the Hypothetical Accident Conditions (HAC) defined in 10CFR71 [2.1] using the finite element
models described in the following sections. Five separate models are used for the cask
evaluation; a half symmetry cask shell/trunnion model, an axisymmetric cask model used for
mechanical loads, an axisymmetric cask model used for thermal loads, a half symmetry cask

bottom end detail model, and a half symmetry cask top end detail model.

The finite element models are generated using the ANSYS version 4.4A and 5.0a program. The
finite element meshes are created using finite element practices; maintaining reasonable aspect
ratios and mesh densities. The number of 3-node quadrilateral shell (constant strain) elements
are minimized to avoid increasing the stiffness of the structure, minimizing inaccuracies in the

model solutions.

2.10.2.1.1 Cask Shell/Trunnion Half Symmetry Model

2.102.1.1.1 Model Description

The cask shell/trunnion half symmetry model shown in Figure 2.10.2-1 is used for the cask
lifting analysis. The finite element model is used to determine the maximum stresses in the cask
outer shell due to the controlling lifting condition (i.e. vertical lift from fuel pool.) The model

conservatively ignores any support provided by the neutron shield and lead shielding materials.

The cask outer shell and trunnion sleeves are modeled using quadrilateral shell elements, having
three rotational degrees of freedom and three translational degree of freedom at each node. The
shell element thicknesses are input using real constants. Rigid beam elements are used to
transfer the loads from the points of application to the upper and lower trunnion sleeves. The
trunnion sleeves are modeled only to transfer the load to the cask shell. The use of shell

elements for the trunnion sleeves is not appropriate for stress calculations since the trunnion
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sleeve R/t (3.50) is much less than the minimum value of 10 to 15 recommended for thin shell

~ theory. Therefore, the trunnion stresses are determined using hand calculations.

The cask outer shell and trunnion sleeves are modeled using mild stainless steel and high

strength stainless steel material properties at 70°F.
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Figure 2.10.2-1
Cask Vertical Lift Half Symmetry Analytical Model

2.10.2.1.1.2 Boundary Conditions
The nodes at the top end of the cask outer shell are restrained from translating in the radial,
circumferential and meridional directions and from rotating about the circumferential axis.

Similarly, the nodes at the bottom end of the cask shell are restrained from translating in the

radial and circumferential direction and from rotating about the circumferential axis. The
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boundary conditions applied to the cask shell ends represent the restraint provided by the welds

between the cask shell and the top flange and bottom end closure.

2.10.2.1.1.3  Loading

The loaded MP187 cask is lifted vertically by the upper trunnions using the fuel building crane
when removed from the fuel pool. For the vertical lift from the fuel pool the cask and DSC are
filled with water and the cask top cover plate and DSC top plates are not in place. The
temperature of the cask will remain below 100°F since the spent fuel pool water temperature is
maintained near room temperature. The maximum dead load for the vertical lift from the fuel |
pool is 244,400 pounds (Section 2.2, Cask/FC-DSC w/ fuel, water & w/o cover plates). The
MP187 cask is analyzed for the vertical lift from the fuel pool conservatively assuming a dead
weight of 250,000 pounds distributed evenly to the two upper trunnions. The dead load on each
of the upper trunnions is 125 kips. This load is applied to the node on the trunnion rigid link
element corresponding to the furthest possible outboard centerline location of the lifting hook in

order to maximize the lifting load moment arm.

2.10.2.1.2 Cask Axisymmetric Model

2.10.2.1.2.1 Model Description

The axisymmetric cask finite element model shown in Figure 2.10.2-2 through Figure 2.10.2-7 is
used to analyze the cask stresses due to the thermal and mechanical loads which are
axisymmetric in nature. These include the following normal and hypothetical accident

conditions:

a) Internal Design Pressure (50 psig)

b) Internal Design Pressure (50 psig) + Bolt Preload

¢) Thermal Case #1 (100°F Ambient, Maximum Fuel Decay Heat)
d) Thermal Case #2 (-20°F Ambient, Maximum Fuel Decay Heat)
e) Thermal Case #3 (-20°F Ambient, No Fuel Decay Heat)

f) Thermal Case #4 (-40°F Ambient, Maximum Fuel Decay Heat)
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g) Thermal Fire Transient (1,475°F Fire of 30 Minute Duration)

h) 30-foot Top End Drop, Max. Impact Load (100°F Ambient, Max. Fuel Decay Heat)

i) 30-foot Top End Drop, Max. Impact Load (-20°F Ambient, No Fuel Decay Heat)

j) 30-foot Bottom End Drop, Max. Impact Load (100°F Amb., Max. Fuel Decay Heat)

k) 30-foot Bottom End Drop, Max. Impact Load (-20°F Ambient, No Fuel Decay Heat)
1) Top and Bottom Center Puncture

m) 200m Immersion

The model includes 2-D isoparametric solid elements (PLANE42), 2-D spar elements (LINK1),
2-D beam elements (BEAM3), and 2-D gap elements (CONTACI12). The 2-D isoparametric

solid elements are used to model the cask inner shell, outer shell, top closure plate, top flange,

bottom end closure forging, ram closure plate, lead shielding, neutron shielding, neutron shield

rings, and neutron shield jacket. The neutron shield support angles are considered non-structural

components. As such they are not modeled but their weight is accounted for by adjusting the

weight density of the neutron shielding material as follows:

where;

PNs

pss

PAL

AaL

NUH-05-151

I

[Pns(ANs) + pss(Asa) + paL(AAL))/(Ans + Asa + AaL)

0.0637 1b/in®, Solid neutron shielding material density
0.2853 1b/in®, Stainless steel material density

0.098 1b/in’, Aluminum material density

Area of neutron shield support angles

24 x (147 x 0.12”)

403 in’

Area of aluminum angles

(14” x 0.125™)

42.0 in®
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Ans Area of solid neutron shielding material

7(46.06% - 41.75%) - 40.3 - 42.0

1.106.7 in?

Therefore, the adjusted weight density of the neutron shield is:

[0.0637(1,106.7) + 0.2853(40.3) + 0.098(42.0))/(1,189.0)

t’ﬂ
I

0.0724 Ib/in’

A bounding weight density of 0.0808 Ib/in’ is conservatively used in the axisymmetric finite

element model.

Each 2-D isoparametric element consists of four nodes, each node having two degrees of
freedom (UX and UY). The 2-D spar elements are used to model the top and bottom end closure
bolts. The beam elements are consist of 2 nodes, each having two translational and one
rotational degree of freedom (UX, UY, and ROTZ). The geometric properties defining the 2-D
beam elements are the area, moment of inertia, height (diameter), and initial strain. When the
beam elements are used to model the bolts, the bolt area is input on a 360° basis, modeling the

bolts as a ring with the equivalent total area.. The areas of the top and bottom closure bolts are:

Top closure bolts:

NUH-05-151

Number of bolts 36

Bolt diameter 2.0 in.

Bolt Stress area 2.77 in.2

Total bolt area 99.7 in.2
Bottom closure bolts:

Number of bolts 12

Bolt Diameter 1.0in

Bolt Stress Area 0.6051 in®

Total Bolt Area 7.261 in?
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The 2-D gap elements are used at the regions of the seals at the ram closure plate/bottom end
closure forging interface and the top closure plate/top flange interface to predict the seal
behavior during the postulated puncture loading. For the design pressure and bolt preload case,
and for the thermal load cases, gap elements are used to model the interface between the lead
gar'nma shield and the cask shells. The gap elements have no stiffness when separated and a
large stiffness normal to the contact surface when closed. Gap elements allow the contact
surfaces to slide relative to one another and are capable of modeling static and sliding friction
effects. For the purpose of this analysis, friction between the lead and steel shells is
conservatively ignored. The geometric properties defining the gap elements are the gap
orientation angle (THETA), the gap stiffness (KN), the initial gap size (INTF) and the initial
element status (START). The orientation of the gap elements is defined such that THETA=0 for
gaps between surfaces normal to the cask axial direction. The gap element compressive stiffness
is modeled as an order or two greater in magnitude than the adjacent surfaces, as recommended
in the ANSYS user’s manual [2.6]. All gap elements are modeled as initially closed and not
sliding (INTF=0.0 and START=1.0).
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Figure 2.10.2-2

Axisymmetric Cask Model
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Cask Axisymmetric Model Top End Node Numbers
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Cask Axisymmetric Model Bottom End Node Numbers
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Cask Axisymmetric Model Top Corner Node and Element Numbers
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Cask Axisymmetric Model Bottom Corner Node and Element Numbers
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Cask Axisymmetric Model Bottom Center Node and Element Numbers
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2.10.2.1.2.2 Boundary and Initial Conditions

For the model used for pressure and puncture analyses, no shear transfer is assumed between the
shielding materials and the steel casing. These boundary conditions are modeled by coupling
coincident nodes of the shielding material elements and the steel casing elements normal to the
contact surfaces, while allowing the nodes to move relative to one another tangential to the
contact surfaces. The nodes at the top of the cask are restrained in the axial (UY) direction.
These nodes are sufficiently far removed from the region of interest, and have no impact on the

results.
Initial strain is used to model the bolt preload.

For the bottom end drop loading condition, all nodes along the bottom edge of the model were
restrained in the vertical (Y) direction. For top end loading, all nodes along the top edge of the
model were restrained vertically. For this axisymmetric model, no other boundary conditions

were required.
2.10.2.1.2.3 Loading

2.10.2.1.2.3.1 Internal Pressure Load

The cask internal pressure under normal conditions is 22.2 psia, as shown in Chapter 3.6. The
maximum cask internal accident pressure resulting from the post fire steady state condition is
48.0 psia. A design internal pressure of 50 psig, which bounds all normal and accident condition

internal pressures, is conservatively assumed for the cask normal conditions.

2.10.2.1.2.3.2 External Pressure Load

Section 71.71(c)(3) of the Part 71 regulations [2.1] include a reduced external pressure of
3.5 psia. The internal pressure of the NUHOMS®-MP187 cask is assumed to be one atmosphere

(14.7 psia). Therefore, the reduced external pressure condition will result in a net internal
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pressure of 11.2 psig on the cask inner surface. In addition, the cask is analyzed for the external
pressure load resulting from the 200 meter immersion accident condition. The external pressure
due to a head of 200 meters is 284.3 psia. The cask internal pressure for these conditions is
conservatively assumed to be zero. Therefore, a gauge pressure of 284.3 psig is used for the

200 meter immersion analysis.

A 1 psig unit external pressure load is applied as a uniform pressure to all element surfaces on
the outer surface of the cask containment boundary (i.e. top closure plate, top flange, inner shell,
bottom end closure, and ram closure plate). The cask stresses resulting from the 1psig external
pressure are factored by the appropriate external gage pressures to obtain the stresses for the

each normal and accident condition.

2.10.2.1.2.3.3 Puncture Loads

The maximum possible puncture load that the cask can experience is that at which the puncture
bar experiences dynamic flow or plastic collapse. The dynamic flow stress of the mild steel
(ASTM A-36 carbon steel) puncture bar is conservatively assumed to be 50,000 psi. A pressure
load, equal to the 50,000 psi dynamic flow stress of the puncture bar, is applied to the center of
the ram closure plate over a 3.0 inch radius circle. The definition of the applied puncture loads is

described in Section 2.7.2.

2.10.2.1.3 Cask Three-Dimensional Half Symmetry Model

Many of the loads experienced by the cask during normal and accident transportation conditions
are not axisymmetric. These load conditions include dead weight and vibration loads during
horizontal transport as well as horizontal side and oblique impact loads due to normal and
accident drop conditions. The cask contents load and impact limiter reaction loads due to these
load conditions act normal to the surface of the shells (i.e. radially) and are assumed to be
symmetric about a vertical plane passing through the cask centerline. For these load conditions,
a half symmetry three-dimensional finite element model is used to accurately represent the cask

loading and response.
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The NUHOMS®-MP187 cask is evaluated for the non-axisymmetric loads using the half
symmetry three-dimensional finite element model shown in Figure 2.10.2-9. The model consists
of 10,850 nodes and 5,876 elements representing the ram closure plate, bottom forging, cask
inner shell, outer shell, top flange, top closure plate, and lead gamma shield. Solid brick
elements, defined by eight nodes, each having three translational degrees of freedom, are used to
model all of the cask components. The neutron shield is not included in the three-dimensional
model, conservatively ignoring its structural capacity. However, the weight of the neutron shield
in accounted for by adjusting the density of the outer shell in the region of the neutron shield
accordingly. The node numbering pattern at the 0° azimuth are shown in Figure 2.10.2-10 and
Figure 2.10.2-11. The node numbers are incremented by 1000 for each circumferential

increment.

The finite element model mesh density is fine near the top and bottom ends of the cask shells
where stresses are expected to be highest due to the structural discontinuities of the ends. A
coarse mesh is used in the mid-region of the cask shells away from the structural discontinuities
of the ends and in the top and bottom closures. The circumferential distribution of the elements
over the half symmetry model includes 13 elements. The first three circumferential elements
each span an arc of 10 degrees and the remaining ten circumferential elements each span an arc
of 15 degrees. The element arc length is sufficiently small to represent the curved surface of the
cask shells. The smaller arc span is used in the region of the peak impact loads where the
stresses are expected to be highest. The finite element model mesh chosen provides accurate
predictions of the cask response (i.e. displacements and stresses) while maintaining a reasonable

model size.

The behavior of the cask top and bottom closures is best modeled using interface (gap) elements.
The gap elements are non-linear and require an iterative solution which greatly increases the
computer processing time required. The cask closures are designed to remain leak-tight during
and after all normal and accident conditions. In order to achieve this, the closure plates are
fastened to the cask using a large number of bolts with high bolt preloads. The clamping force
from the bolts maintains contact over the sealing surface. Therefore, the interface between the

closure plates and sealing surfaces are modeled using coupled nodal degrees of freedom between
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coincident nodes at the interface of the different components. A more detailed analysis of the
closure and bolts is performed using a finite element model which includes gap elements to

represent the closure behavior, as discussed in Appendix 2.10.5.

In the event of a drop accident, the lead gamma shield is primarily supported by the cask inner
and outer shells since it has little strength itself. In addition to the longitudinal and tangential
loading from the lead in the plane of impact, lateral pressures will develop between the lead and |
cask shells due to lead slump. The effect of the lateral pressure loading on the cask shells due to
the lead slump is considered in the analysis by coupling the nodal displacements between the
lead and cask shells in the radial direction such that radial forces are transferred across the
interfaces. The lateral pressure loads from the lead produce friction forces between the lead and
cask . Neglecting these frictional forces increases the critical hoop stresses in the shells by
forcing the shells to support the “hydrostatic” pressure imposed by the lead. The lead column is
supported in the longitudinal direction at the end of the impact. This allows a gap to form
between the lead column and the steel at the end opposite the impact. The stresses in the lead
column are maximized at the impact end, thﬁs producing maximum lateral forces on the cask

inner and outer shells.

The cask components included in the half symmetric three-dimensional cask finite element
model are manufactured from SA-240, Type 304 and Type XM-19 stainless steel plate, SA-182,
Type 304 stainless steel forging material, and lead. The material density and Poisson’ ratio for
steel and lead are assumed constant. The density and Poisson’ ratio for stainless steel are 0.2853
pounds per cubic inch and 0.29, respectively. The density and Poisson’ ratio for lead are 0.408
pounds per cubic inch and 0.4, respectively. The linear elastic temperature dependent material
properties of stainless steel given in Section 2.3.1 are used in the model. The properties of lead
vary greatly with temperature and strain rate effects. At elevated temperatures, lead experiences
a significant reduction in strength. As shown in the thermal analysis, the temperature of the lead
gamma shield resulting from the heat condition (i.e. 100°F ambient with maximum fuel decay
heat load) ranges from 182°F to 283°F, with an approximate volume average temperature of
230°F. The lead shielding material is modeled using the elastic plastic material properties at

230°F given in Table 2.3.4-3. The elastic plastic material properties of the lead are modeled !

NUH-05-151 2.10.2-16



NUHOMS®-MP187 Multi-Purpose Cask SAR Rev. 17, 07/03

assuming multi-linear kinematic hardening behavior which represents the stress strain

relationship as piecewise linear.

As discussed previously, the neutron shield is not included in the half-symmetry three
dimensional cask finite element model but its weight is accounted for by adjusting the weight
density of the cask outer shell in the neutron shield region. The equivalent density used for the

cask outer shell is calculated as follows:
p' = (Wns + Wss)/Vss
where;

Vss = Volume of cask outer shell in neutron shield region

= n(41.75 - 39.25%)(137.50)

= 87,500in’

Wns = 15,400 1b., Weight of the neutron shield

Wss = Weight of cask outer shell in neutron shield region
= (87,500)(0.2853)
= 25,000 pounds

Therefore, the adjusted density of the cask outer shell in the region of the neutron shield is:

(15,400 + 25,000)/87,500

D\
I

0.462 1b/in’

An adjusted density of 0.4588 pounds per cubic inch is used in the model. This equates to a
difference in the total cask weight of approximately 200 pounds, or 0.1% of the total cask

weight, which is insignificant.

2.10.2.1.3.1 Impact Loading
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In the event of an oblique drop, corner drop, or side drop condition, the cask body is loaded by
the DSC and the impact limiters in addition to its own self weight. The inertial loads due to the
cask self weight are accounted for by applying the appropriate acceleration loads to the model.
The loads from the DSC and impact limiters act on the internal and external surfaces of the cask,

res'pectively. These loads are applied as element pressures to the finite element model.

For oblique and corner drop conditions, the DSC is supported by the cask end plate located at the.
impact end. The load from the DSC is modeled as a uniform pressure load on the inner surface
of the supporting cask end plate. For top end impacts, the DSC longitudinal pressure load is
applied to the inner surface of the top cover plate. For bottom end impacts, the DSC longitudinal
pressure load is applied to the inner surface of the bottom end forging. The DSC longitudinal

pressure load determined as follows:

qupsc = WpscGL/Ac
where;
Wpsc = Weight of the DSC
GL = Equivalent static g-load acting in longitudinal direction
Ac = Contact area
= 1(34.50)

= 3,739 in> (Top Closure Plate)
= 7[(34.00)° - (8.50)%

= 3,405 in’ (Bottom End Forging excluding Ram Closure Plate)

The longitudinal load due to the impact limiters is applied as a uniform pressure load to the
external surface of the cask ends. At the end opposite the impact, the pressure load is calculated

as follows:
Qi = WiLGL/Aend
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where;

WL = 15,800 1b., Weight of a single impact limiter
G = Equivalent static longitudinal g-load
Aend = Area of cask end
= n(41.75)
= 5476in’

At the end of the impact, the pressure load is calculated as follows:

qui. = Ri/Aena

where R\ is the longitudinal reaction load resulting from drop condition and A.yq is the area of
the cask end shown above. In some cases, the pressure distribution on the impact end in the
longitudinal direction is varied in order to provide moment equilibrium. These conditions are

discussed in the respective sections of the cask drop analysis.

The impact load acting in the transverse direction is applied as a pressure load over the contact
area between the impact limiter and the outer surface of the cask. The pressure distribution is
assumed to be uniform in the longitudinal direction over the 32 inch long impact limiter
overhang and vary with a cosine distribution around the circumference of the cask. For the
impact conditions, the angle of contact is dependent upon the amount of crush occurring in the
impact limiter. The most severe loads result from impacts on the flatside of the impact limiter.
For these load conditions, the contact angle between the impact limiter and cask outer surface
will be approximately 180 degrees. A contact angle of 150 degrees (75 degree half angle of

contact) is conservatively used for the cask impact analysis. The circumferential cosine pressure

distribution over a half angle, 6, is calculated as follows:

P = Ppnax cos(m0,/20)
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where;
~—r
P; = Pressure load at angle 6;
Prax = Peak pressure load, at point of impact
0i = Angle corresponding to point of interest
The circumferential pressure distribution is illustrated in Figure 2.10.2-8.
Figure 2.10.2-8 ~—r
Circumferential Pressure Load Distribution
The peak pressure load, Py, is determined by setting the integral of the vertical pressure
components, Q;, equal to the total transverse impact load, F,, as follows:
o g g 20,
FF = [ O:LRAO; = [ Prcos(8,)LRAG; = [ Pray cos(—z—é'—) cos(68;) LRd;
-6 -0 -6
PoalR G (78 76;
| [cos(—iw,-) +cos(—'-l9,-) 146;
2 9 26 20
sin(% + 0) sin(g - )
= Phax LR pn +—
—+1 — -1
20 26
\\./

Rearranging terms gives the peak pressure, Ppay, as follows:
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-1
(7 . (r
F sm(—2—+9) sm(a-—&)

Prnax = e +
SO
20 26

Therefore, the pressure at any circumferential location is given by:

P;

sin(£+9) sin(f— ) )
F, 2 2 (ne.)
—_— + COS§| —m—
LR (1) 41 (1) 1
20 20

Element pressure loads applied to an ANSYS model can only be varied linearly over the surface
of an element. Therefore, the cosine distribution is approximated as a piecewise linear
distribution in the finite element analysis. As discussed previously, the element sizes are varied
around the circumference of the cask model. The first three elements each span an arc of 10
degrees and all other elements span arcs of 15 degrees. For the assumed 75 degree half angle of

contact and a unit impact load, F, the resulting circumferential pressure distribution is as

follows:

Circumferential Location Pressure Load
0° 0.708 x F/RL
10° 0.693 x F/RL
20° 0.647 x F/RL
30° 0.573 x F/RL
45° 0.416 x F/RL
60° 0.219 x F/RL
75° 0.000 x F/RL

The pressure load on the inner surface of the cask due to the DSC is calculated assuming a
150 degree contact angle for all accident drop conditions, equal to the contact angle assumed for
the tangential impact loads. For drop orientations such as the side drop and corner drop, the

distribution of the pressure load is assumed to be uniform over the length of the DSC.

NUH-05-151 2.10.2-21



Rev. 17, 07/03

NUHOMS®-MP187 Multi-Purpose Cask SAR

— \
-
|

e
2

PIT P LY PP PPIA PPl e RI F F T T X T T 77 7T 77T T 7777777777777 ZILIZ 22777727777 777777 L

Figure 2.10.2-9
Half Symmetry Three-Dimensional Cask Finite Element Model
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Figure 2.10.2-11
Top End Node Numbers at 0° Azimuth - Three-Dimensional Cask Model
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2.102.14 Cask Half Symmetry Bottom End Detail Model

The cask half symmetry bottom end detail model is used only to analyze the cask for an
off-center bottom end puncture. A detailed description of the model construction, boundary

conditions, and loading follows.

2.10.2.1.4.1 Model Description

The bottom end off-center puncture is performed using the half symmetry finite element model
shown in Figure 2.10.2-12. The analytical model consists of 3-D isoparametric brick elements
representing the ram closure plate, bottom end closure forging, inner shell and outer shell. The
lead shielding in the annulus between the inner and outer shells is assumed to have no structural
significance, and consequently is not included in the analytical model. The 3-D isoparametric
brick elements consist of eight nodes, each having three translational degrees of freedom. The
cask inner and outer shells are included in the model to accurately model the rotational stiffness
they provide to the bottom end closure forging. The shells are modeled with sufficient length to

permit displacements independent of the boundary conditions.
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Uniform Pressure Load

Due from the DSC Applied
to the Inner Surface of

the Bottom Closure Forging.

Cask Shells Restrained
in Longitudinal Direction
at “Cut” Edges.

/Symmetry Boundary

Conditions

Puncture Load Applied
as Uniform Pressure to
Elements at the Inner
Edge of the Bottom
Closure Forging

Figure 2.10.2-12
Bottom End Off-Center Puncture Analytical Model
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The interface between the ram closure plate and the cask bottom end closure forging is modeled
using 3-D gap elements. The 3-D gap elements operate bilinearly, having a small stiffness (1.0 x
107 Ib/in.) for a separated interface (to provide stability) and a constant stiffness (1.0 x 10'°
Ib/in.) for a closed interface. The initial status of all gaps is modeled as closed and not sliding

(STAT=1.0).

Three dimensional spar elements are used to model the twelve 1-8UNC-2A x 3.5 inch long
bottom end closure bolts. The 3-D spar elements are uniaxial tension-compression elements
consisting of 2 nodes, each having three translational degrees of freedom (UX, UY and UZ).
The geometric properties defining the 3-D spar elements are the area and initial strain. The
stress area of each 1 inch diameter bolt is 0.6051 square inches. The initial strain used to model

the bolt preload is equal to 50% of yield in the bolts, or 0.176%, as calculated in Section 2.7.2.1.

The analytical model node numbers at the Y=0 plane (0 circumference) are shown in Figure
2.10.2-13. The nodes are generated at 7.5° increments over the first 15° circumference and at
15° increments over the remaining 165° circumference for a total angle of 90° using the node
pattern shown in Figure 2.10.2-13, applying a node number increment of 300. The element

numbers for the elements adjacent to the 0° azimuth are shown in Figure 2.10.2-14.
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Figure 2.10.2-13

Bottom Off-Center Puncture Model Node Numbers at Y=0
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Figure 2.10.2-14
Bottom Off-Center Puncture Model Element Numbers at Y=0
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2.10.2.1.4.2 Boundary Conditions

The nodes lying on the "cut" surfaces of the cask inner and outer shells are restrained from
translating in the longitudinal direction (UZ = 0). Symmetry boundary conditions are applied to

the nodes lying on the symmetry plane.

2.10.2.1.43 Loading

The flow stress of the mild steel puncture bar is applied as the puncture load to the outer surface
of the bottom end closure forging adjacent to the edge of the ram closure plate. The dynamic
flow stress of the puncture bar is 50,000 psi, as described in Section 2.7.2. The puncture loading
is applied to elements 482 through 484 which have a total area of 13.22 square inches, or 26.44
square inches due to the symmetry plane. The area of the 6.0 inch diameter puncture bar is 28.27
square inches. The pressure load is factored by the ratio of the puncture bar area to the area of

load application to apply the total puncture load. The factored puncture pressure is:

s~
I

(50,000)(28.27/26.44)

53,460 psi

The load due to the cask contents (DSC + fuel) is applied to the inner surface of the bottom end

closure forging as a 114 psi uniform pressure load, as discussed in Section 2.7.2.

2.10.2.1.5 Cask Half Symmetry Top End Detail Model

The cask half symmetry top end detail model is used only to analyze the cask for an off-center
top end puncture. A detailed description of the model construction, boundary conditions, and

loading follows.

2.10.2.1.5.1 Model Description

The top end off-center puncture is performed using the half symmetry finite element model

shown in Figure 2.10.2-15. The analytical model consists of 3-D isoparametric brick elements
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representing the top cover plate, top flange, inner shell and outer shell. The lead shielding in the
annulus between the inner and outer shells is assumed to have no structural significance, and
consequently is not included in the analytical model. The 3-D isoparametric brick elements
consist of eight nodes, each having three translational degrees of freedom. The cask inner and
outer shells are included in the model to accurately model the rotational stiffness they provide to
the top end corner forging. The shells are modeled with sufficient length to permit
displacements independent of the boundary conditions. The node and element numbers at the
Y=0 location are shown in Figure 2.10.2-16 and Figure 2.10.2-17, respectively. Nodes are
generated from the node patters at the y=0 plane at 5° increments for the first 10° and at 10°

increments for the next 170° applying node increments of 300.

The interface between the top closure plate and the top flange is modeled using 3-D gap
elements. The 3-D gap elements operate bilinearly, having a small stiffness (1.0 x 10 1b/in.) for
a separated interface (to provide stability) and a constant stiffness (1.0 x 10'° 1b/in.) for a closed

interface. The initial status of all gaps is modeled as closed and not sliding (STAT=1.0).

Three dimensional spar elements are used to model the 36 2-12UN-2A top closure bolts. The 3-
D spar elements are uniaxial tension-compression elements consisting of 2 nodes, each having
three translational degrees of freedom (UX and UY). The geometric properties defining the 3-D
spar elements are the area and initial strain. The stress area of each 2 inch diameter 12UN bolt is
2.767 square inches ([2.22], pg. 8-13, Table 4). The initial strain used to model the bolt preload
is equal to 50% of yield in the bolts, or 0.176%, as calculated in Section 2.7.2.1. The analytical
model node numbers at the Y=0 plane (0° circumference) are shown in Figure 2.10.2-16. The
nodes are generated at 5° increments over the first 10° circumference and at 10° increments over
the remaining 170° circumference for a total angle of 180° using the node pattern shown in
Figure 2.10.2-16, applying a node number increment of 200. The element numbers for the

elements adjacent to the 0° azimuth are shown in Figure 2.10.2-17.
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2.10.2.1.5.2 Boundary Conditions

The nodes lying on the free surface of the cask inner and outer shells are restrained from
translating in the longitudinal direction (UZ = 0). Symmetry boundary conditions are applied to
the nodes lying on the symmetry plane.

2.10.2.1.53 Loading

The flow stress of the mild steel puncture bar is applied as the puncture load to the outer surface
of the top cover plate in the region of the seals. The dynamic flow stress of the puncture bar is.
50,000 psi. The puncture loading is applied to the outer surface of the top cover plate in the
region of the seals (elements 1079 and 1080) over a total area of 13.565 square inches, or 27.13
square inches due to the symmetry plane. The area of the 6.0 inch diameter puncture bar is 28.27
square inches. The dynaﬁlic flow stress of the puncture bar is factored by the ratio of the
puncture bar area to the area of load application to apply the total puncture load. The factored

puncture pressure is:

o
i

(50,000)(28.27/27.13)

52,100 psi

The load due to the cask contents (DSC + fuel) is applied to the inner surface of the top cover

plate as a 114 psi uniform pressure load, as discussed in Section 2.7.2.
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Figure 2.10.2-15
Top Off-Center Puncture Analytical Model
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Figure 2.10.2-17
Top Off-Center Puncture Model Element Numbers at Y=0
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2.10.3 FO- and FC-DSC Basket Assembly Finite Element Analysis

The structural evaluation of the FO- and FC-DSC basket assembly components is performed
using a combination of classical solutions and finite element analysis. Section 2.10.3.1 of this
appendix provides a detailed description of each of the finite element models employed,
including the model geometry, boundary condition, and loading. In addition, the input files for
each of the finite element analyses are provided in Section 2.10.3.1.7. Detailed descriptions of

the analysis results are provided in the respective sections of Chapter 2.

The finite element model applied loads used in this Appendix are based on the spacer disc
configuration described in Table 2.10.3-1. Table 2.10.3-4 provides the spacer disc tributary
weights used for the detailed analyses presented in this Appendix. Table 2.10.3-2 and Table
2.10.3-5 provide the spacer disc tributary weights for the revised spacer disc configuration. As
shown by a comparision of these tables, the revised maximum spacer disc configuration loads
are enveloped by the results presented for the bounding spacer disc. Therefore, the analyses

presented in this Appendix provide a bounding spacer disc analysis.

2.10.3.1 Finite Element Model Descriptions

The FO- and FC-DSC basket assemblies are evaluated for the Normal Conditions of Transport
(NCT) and the Hypothetical Accident Conditions (HAC) defined in the Regulations [2.1] using
the finite element models described in the following sections. Four separate models are used for
the spacer disc evaluation; a quarter symmetry model, a half symmetry flatside impact model, a
half symmetry corner impact model, and a full disc model. The guide sleeves are evaluated for
the side drop loading using a half symmetry periodic model. The DSC shell stiffness is
evaluated using a half symmetry model of the DSC shell. The finite element models are
generated using the ANSYS version 5.0A [2.39] and ANSYS version 4.4A [2.6] programs. The
finite element meshes are created using good finite element practices; maintaining low aspect
ratios and reasonably fine mesh densities. The number of 3-node triangular shell (constant
strain) elements are minimized to avoid inaccuracies in the model solutions. All spacer disc
ligaments are modeled using at least two elements through the depth to accurately capture the

bending behavior resulting from the in-plane fuel load.
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2.10.3.1.1 Spacer Disc 1/4 Symmetry Model

2.10.3.1.1.1 Model Description

The spacer disc 1/4 symmetry model, shown in Figure 2.10.3-1, is used for the 30 foot end drop
anéi out-of-plane modal analyses. The model consists of 655 nodes and 494 elements. The
spacer disc model node numbers and mesh are shown in Figure 2.10.3-2. The spacer disc is
modeled with conservative ligament widths of 1.660 inches, 1.190 inches, 0.990 inches, 0.810
inches, and 0.675 inches, based on the specified minimum material condition. The 1.25 inch
thickness of the spacer disc is defined by a real constant, and is assumed constant over the

element area.

The spacer disc is modeled using elastic shell elements (SHELL63), defined by four nodes.

Each node has a total of six degrees of freedom (UX, UY, UZ, ROTX, ROTY, and ROTZ), thus
permitting both in-plane and normal loads. Element output is provided at the top, middle, and
bottom fibers through the spacer disc thickness. Middle fiber stress results provide membrane
and in-plane bending stresses. The top and bottom fiber results give the bending stresses

resulting from both in-plane and out-of-plane (normal) bending.

The support rods provide in-plane membrane stiffness and out-of-plane bending stiffness to the
spacer disc in the event of an end drop. The in-plane membrane stiffness provided by the
support rods is conservatively ignored. The bending stiffness of the support rods is modeled
using torsional spring elements (COMBIN14.) The support rod bending stiffness, conservatively
based on only the stiffness of the support rod sleeves, k, is calculated as twice the stiffness of a

simply supported beam subjected to a unit moment, M,, at one end, as follows:

k = (2*M/6)
where;

0 = M,L/3EI, Angle of rotation due to applied moment
Therefore,

k = 2*M/(ML/3EI)
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k = 6*EI/L
and,
E = 26.7 x 10° psi, Elastic Modulus of ASME SA-564, Type 630 Stainless
' steel at 500°F.
I = (Do’ - Di*)/64
= n(3.00* - 2.08%)/64
= 3.06in*
L = 2.35 in., 1/2 of support rod sleeve length (4.70”.)
Therefore,
k = 6 * (26.7 x 10° * 3.06/ 2.35)
k = 2.09 x 10% in-1b/radian

A support rod stiffness of 1.0 x 10% in-Ib/radian is conservatively used for the support rod

stiffness in the quarter symmetry spacer disc model.

2.10.3.1.1.2 Boundary Conditions

Symmetry boundary constraints are applied to the nodes lying on the 1/4 symmetry planes of the
spacer disc. The spacer disc is restrained from translating in the longitudinal direction (UZ) at
the node nearest the centerline location of the support rod assembly. The support rod spring

element ground nodes are restrained in all degrees of freedom.

2.103.1.1.3 Loading

The 1/4 symmetry spacer disc model is used only for the spacer disc 30 foot end drop and out-of-
plane bending modal analyses. For these load conditions, the load from the fuel assemblies is
transferred directly through the DSC shell end plugs to the cask body. Because the guide sleeves
are not attached to the spacer discs, they will be supported in the longitudinal direction by the
DSC end plugs. Therefore, the spacer discs support only their own self weight in the
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longitudinal direction for the accident drop conditions. The loading applied to the model for the

30 foot end drop condition consists of the equivalent static end drop acceleration only.
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Figure 2.10.3-1
FC Spacer Disc 1/4 Symmetry Model
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Figure 2.10.3-2
Spacer Disc 1/4 Symmetry Model Node Numbers
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2.10.3.1.2 Spacer Disc Flatside Impact 1/2 Symmetry Model

2.10.3.1.2.1 Model Description

The spacer disc flatside impact 1/2 symmetry finite element model, shown in Figure 2.10.3-3, is
used for the flatside ovalling modal, vibration, one foot drop, and all 30 foot flatside impact drop
analyses. The model consists of 1363 nodes and 1077 elements. The half symmetry épacer disc
is generated by symmetry reflection from the 1/4 symmetry spacer disc model described in
Section 2.10.3.1.1. The spacer disc model node numbers and mesh in the upper and lower
quadrants are shown in Figure 2.10.3-2 and Figure 2.10.3-4, respectively. The spacer disc is
modeled with conservative ligament widths of 1.660 inches, 1.190 inches, 0.990 inches, 0.810
inches, and 0.675 inches, based on the specified minimum material condition. The 1.25 inch
thickness of the spacer disc is defined by a real constant, and is assumed constant over the

element area.

The spacer disc is modeled using 2-D plane stress elements with input thickness (PLANE42) for
those load condition in which only in-plane response is expected (i.e. in-plane modal analysis,
vibration, and 1’ side drop,) and elastic shell elements (SHELL63) for load conditions in which
normal loads exist (30’ flatside oblique drops.) Gap elements (CONTAC12) used to model the
interface between the spacer disc and DSC shell. The gap elements are defined by an orientation
angle (THETA), a contact stiffness (KN), an initial gap size (GAP) and an initial gap status
(STAT). The spacer disc is modeled with uniform gaps of 0.19 inches around the entire
circumference, assuming that the spacer disc and DSC shell are initially concentric. The gap
orientation angles are defined as the angle to the radial line from the DSC shell node to the

spacer disc node, measured positive counterclockwise from the positive Y-axis in degrees.

The contact stiffness is used to model the stiffness of the DSC shell. The radial stiffness of the
DSC shell depends on both the radial and longitudinal locations. The shell is stiffest near the top
and bottom ends where it is supported radially by the top and bottom end plates and least stiff at
the mid-length of the DSC cavity. The stiffness of the shell also increases near the point of

contact with the cask inner shell.

The DSC shell stiffness is analyzed using the ANSYS version 4.4A [2.6] half symmetry finite

element model discussed in Section 2.10.3.1.5. The shell stiffness at the mid-length of the DSC
NUH-05-151 2.10.3-7
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cavity is conservatively used for the spacer disc drop analyses. The shell stiffness is determined ‘
by displacing each node located at the mid-length of the DSC cavity, individually, by 1 inch in A |
the radial direction. The stiffness of the shell at the location of the displaced node is equal to
twice the reaction force at the displaced node since the nodes are located on the 1/2 symmetry
plane. The stiffness of the DSC shell at the DSC cavity mid-length is determined for
circumferential locations of 5° to 60°, at 5° increments, from the point of contact with the cask

inner shell. The resulting shell stiffnesses are summarized in Table 2.10.3-6.

The DSC shell stiffness analysis results show that the shell stiffness increases significantly near
the point of contact with the cask inner shell. The maximum shell stiffness is assumed to be
equal to the shell stiffness at 10° from the initial point of contact. This stiffness is used for all
gap elements which are less than 10° from the initial point of contact (45° azimuth). The shell
stiffnesses for angles greater than 10° from the initial point of contact are calculated using 5™

order polynomial equation curve fit, shown in Figure 2.10.3-5, and given by:
K = 1.286e6 - 1.356e50 + 7.157¢36 - 1.843¢20° + 2.2906* - 1.100¢-26’

For the oblique drop condition, in which the spacer disc is loaded in the longitudinal direction,
the bending stiffness of the support rods is modeled using torsional spring elements, as discussed
in Section 2.10.3.1.1. A lower bound support rod bending stiffness of 1.0 x 10® in-Ib/radian is
conservatively used in the model. The torsional spring elements are attached to the spacer disc

nodes nearest the support rod centerline location.

For the modal analysis, the fuel assemblies and guide sleeves assemblies are modeled as mass
elements (MASS21) attached to the supporting spacer disc ligament. The fuel assembly and
guide sleeve assembly weights tributary to each of the FC-DSC spacer disc ligaments are

calculated in the following paragraphs.
Guide Sleeve Assy. Type “A™:

Wit.

237 Ib., Weight of Type “A” guide sleeve assembly

w 237/161.5
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= 1.47 1b/in.

Guide Sleeve Assy. Type “B™:

Wt = 274 1b., Weight of Type “B” guide sleeve assembly
w = 274/161.5
= 1.70 1b/in.

The weight of the 24 guide sleeve assemblies tributary to each disc is calculated as follows:

Wt = 12(1.47+1.70)(11.60 - 0.50)
= 42220

Wee through Wes = 12(1.47 + 1.70)(5.95)
= 22631

Wesas = 12(1.47 +1.70)(7.175)
= 27291.

Wees = 12(1.47 +1.70)(7.637)
= 29051b.

Wees = 12(237+274) - 422.2 - 22(226.3) - 272.9 - 290.5
= 16781b.

As shown in Table 2.10.3-7, the maximum weight of a single PWR fuel assembly and control
component are 1,530 pounds and 135 pounds, respectively, for a total weight of 1,665 pounds
per fuel assembly [2.8]. The weight distribution of a B&W 15X15 Mark B (PWR) fuel assembly

over the four major axial regions are summarized in Table 2.10.3-7.

The weight of a PWR fuel assembly varies along its length. The heaviest portion of the fuel
assembly is in the active fuel region. Per Table 2.10.3-7 the fuel assembly plus control
component weight distributed over the in-core region is 1537 Ibs. The control components

weigh 135 pounds each [2.8] and are located within the active fuel region, plenum region, top
NUH-05-151 2.10.3-9
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region, and above the top region. The control component spider, which weighs 32 pound§ [2.9],
is located above the top region. The remainder of the control components are assumed to be —
distributed evenly over the active fuel region (141.80 inches), plenum region, and top region

(total length = 157.32 inches).

Therefore, the line load for a fuel assembly and control is developed by conservatively assuming

all of the fuel component weight is distributed over the in-core region as follows:

1,537/141.8

€
1

10.84 1b/in.

A bounding line load of 10.84 pounds per inch is used for the fuel assembly and control

components.

Using the fuel assembly line loads for each fuel region presented in Table 2.10.3-7, the weight of
the 24 fuel assemblies tributary to each spacer disc for the analytical model geometry, described

in Table 2.10.3-4 is calculated as follows: —
Wg = [3.55(8.63) + 10.84(11.60 - 8.63)](24)
= 1,508.0 Ibs.

Wz thru Wezs = 10.84(5.95)(24)
= 1,548.0 Ibs.

Wras = 10.84(7.175)(24)
= 1866.6 Ibs.

Wras = [10.84(150.430 - 149.675) + 3.34(157.313 -150.430))(24)
= 748.1 Ibs.

W26 = 24(1,665.0) - 1,508.0 - 22(1,548.0) - 1,866.6 - 748.1

= 1,781.3 lbs :
|
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The mass of the fuel assemblies and guide sleeve assemblies are distributed evenly over the
length of the supporting spacer disc ligaments. The total mass of fuel assembly and guide sleeve

assembly tributary to each spacer disc ligament is:

Type “A”: ma = [1866.6 + 272.9(1.47)/(1.47 + 1.70))/(24 x 386.4)
= 0.215 1b-s*in
Type “B” mp = [1866.6 + 272.9(1.70)/(1.47 + 1.70))/(24 x 386.4)

= 0.217 Ib-s*in

Bounding masses of 0.231 1b-s¥in. and 0.235 Ib-s%/in. are conservatively used for the type “A”
and “B” ligaments, respectively. The additional mass applied to the disc represents a 7% to 8%
increase in the tributary fuel and guide sleeve tributary weight. The effect of the additional
tributary weight reduces the vibration frequency of the spacer disc. The spacer disc vibration
frequency is used to determine the DLFs applied to the spacer disc for the various impact load
conditions. As shown in Appendix 2.10.10, the DLF is higher at lower frequencies. Therefore,
the additional mass applied to the spacer disc model is conservative. The total tributary mass is

uniformly distributed over the entire width of the supporting spacer disc ligament.

2.10.3.1.2.2 Boundary Conditions

Symmetry boundary constraints are applied to the nodes lying on the 1/2 symmetry plane of the
spacer disc. The spacer disc is restrained from translating in the longitudinal direction (UZ) at
the node nearest the centerline location of the support rod assemblies. The gap element and

support rod spring element ground nodes are restrained in all degrees of freedom.

2.10.3.1.2.3 Loading

Each drop analysis is performed for the single spacer disc which supports the largest total
tributary weight. The spacer disc tributary weight includes the spacer disc self weight and the
tributary weight of the four support rods, 24 fuel assemblies, and 24 guide sleeve assemblies.
The tributary weights used for the bounding analysis for each of the 26 spacer discs are

calculated as described below and summarized in Table 2.10.3-1. Each spacer disc weighs
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approximately 417 pounds. The tributary weight of the four support rods for each spacer disc is

calculated as follows: e’

Wi (D[Arod(bi) + Ageeve(bi - 1.25)](0.2853)

(4)[3.14b; + 3.67(b; - 1.25)](0.2853)

7.77b; - 5.24

where the spacer disc tributary widths, bi, are taken from the free end to the mid-span of the
adjacent spacer disc for the top and bottom end discs and from mid-span to mid-span of the
adjacent spacer discs for interior spacer discs. The spacer disc tributary widths used in the
bounding analysis are summarized in Table 2.10.3-1. The actual spacer disc loads shown in
Table 2.10.3-2 show a more uniform load distribution over the middle spacer discs and lighter
loads at the package ends. As described below, this results in lower spacer disc loads for all drop
orientations and results in the analytical loads, shown in Table 2.10.3-4, enveloping all revised

spacer disc loads shown in Table 2.10.3-5.
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Table 2.10.3-1
Spacer Disc Analytical Tributary Weight Distribution

Disc Spacer | Spacer | Tributary | Tributary | Tributary] Total
Spacer Axial Disc Disc Fuel Guide | Support Disc
Disc | Centerline| Tributary| Self Assy. Sleeve Rod | Tributary
Number| Location | Width | Weight| Weight | Weight | Weight | Weight
‘ i i (Ib.) (Ib.) (ib.) (Ib.) .
1 1508.0] 4222 849 24317
2 1548.0 226.3 41.0f 2231.9
3 1548.0 226.3 41.0f 2231.9
4 1548.0 226.3 41.0] 2231.9
5 1548.0 226.3 410 22319 '
6 1548.0 226.3 41.0f 2231.9
7 1548.0 226.3 41.0] 2231.9
8 1548.0 226.3 41.0f 22319
9 1548.0 226.3 41.0] 2231.9
10 1548.0 226.3 41.0] 2231.9
11 1548.0 226.3 41.0] 22319
12 1548.0 226.3 41.0] 2231.9
13 1548.0 226.3 41.0] 2231.9
14 1548.0 226.3 41.0] 2231.9
15 1548.0 226.3 41.0 2231.9
16 . 1548.0 226.3 41.0] 2231.9
17 103.825 5.950] 416.6] 1548.0 226.3 41.0] 2231.9
18 109.775 5.950] 416.6| 1548.0 226.3 41.0] 2231.9
19 116.725 5950] 416.6| 1548.0 226.3 41.0] 2231.9
20 121.675 5950 416.6] 1548.0 226.3 41.0] 22319
21 127.625 5.950] 416.6] 1548.0 226.3 41.0] 22319
22 133.575 5950 416.6| 1548.0 226.3 41.0] 2231.9
23 139.525 5.950] 416.6] 1548.0 226.3 41.0] 2231.9
24 145.475 7.175] 416.6] 1866.6 272.9 50.5| 2606.7
25 153.875 7.637] 416.6 7481 290.5 54.1] 1509.4
26 160.760] 15.188] 416.6] 1782.8 167.8 112.8] 2480.0
Note:
1. The spacer disc locations presented in this Table are obsolete and are only used to

develop the bounding spacer disc loads.

For oblique drop conditions, the spacer disc tangential (i.e. in-plane) impact load varies with the

longitudinal distance from the package center of gravity, x, as follows:
P; = Wi(Geg + ax)(DLF)

where tangential acceleration at the package center of gravity, G, and the angular acceleration
of the package, o, are calculated for each oblique drop condition in Appendix 2.10.9, and the

spacer disc DLF corresponding to each impact condition are summarized in Table 2.10.3-3.
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Spacer Disc Actual Tributary Weight Distribution

Table 2.10.3-2

Centerline | Tributary Disc Tributary Weights (Ibs) Total

Disc Location Span Self Fuel Sleeve Rod Weight,
No.: (inches) (inches) Wt. (Ibs) Weight Weight Weight Wror(lb)
1 6.875 9.625 4243 994 1 346.8 69.2 1,834.4
2 12.375 5.600 4243 1,430.9 209.0 37.3 2,101.5
3 17.875 5.500 4243 1,430.9 209.0 37.3 2,101.5
4 23.375 5.750 424.3 1,495.9 218.5 39.2 2,178.0
5 29.375 6.250 424.3 1,626.0 237.5 43.1 2,330.9
6 35.875 6.625 424.3 1,723.6 251.8 46.0 2,445.8
7 42.625 6.750 424.3 1,756.1 256.5 47.0 2,483.8
8 49.375 6.750 424.3 1,756.1 256.5 47.0 2483.8

9 56.125 6.750 424.3 1,756.1 266.5 47.0 2,483.8.
10 62.875 6.750 424.3 1,756.1 256.5 47.0 2,483.8
1 69.625 6.750 424.3 1,756.1 256.5 47.0 2,483.8
12 76.375 6.750 424.3 1,756.1 256.5 47.0 2483.8
13 83.125 6.750 424.3 1,756.1 256.5 47.0 2,483.8
14 89.875 6.750 424.3 1,756.1 256.5 47.0 2,483.8
15 96.625 6.750 4243 1,756.1 256.5 47.0 2,483.8
16 103.375 6.750 424.3 1,756.1 256.5 47.0 2,483.8
17 110.125 6.750 4243 1,756.1 258.5 47.0 2,483.8
18 116.875 6.625 424.3 1,723.6 251.8 46.0 24456
19 123.375 6.500 424.3 1,691.0 247.0 45.0 2,407.4
20 129.875 6.500 424.3 1,691.0 247.0 45.0 2,407.4
21 136.375 6.500 424.3 1,691.0 247.0 45.0 2,407.4
22 142.875 6.250 424.3 1,626.0 237.5 43.1 2,330.9
23 148.875 5.875 424.3 1,528.4 2233 40.2 2,216.2
24 154.625 5.313 424.3 458.3 201.9 35.9 1,120.3
25(3) 159.500 3.083 4243 2455 116.4 18.5 1,589.4
26(3) 160.750 12.375 424.3 1,676.9 182.5 90.4 1,589.4

Totals: 11,032 40,350 6,248 1,198 | 58,828 |
trib_wt7.xds

Notes: 1. Sleeve weight of 38.00 Ib/in is applied from 0.5 inch to 162.3 inches (161.8 + 0.5)

where there is a 0.5 inch gap between the bottom of the fuel cavity and the bottom of the
2. An additional weight of 99.84 |b(24 sleeves * 4 angles/sleeve * 6.5"/angle * 1.92 Ib/ft)

applied to the sleeve weight for the top spacer disk.
3. Discs 25 & 26 are immediately adjacent to each other (i.e. no gap between the discs). The
load is assumed to be evenly distributed between these 2 discs.

NUH-05-151
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Table 2.10.3-3
FC Spacer Disc Oblique Drop Bounding Impact Loads

Tangential Angular Dynamic
, Impact Ambient |Acceleration |Acceleration Load
Orientation Condition atC.G. at C.G. Factor

(@'s) (radisec’) | (DLF) |
Flatside 30° Cold 29.5 188.0 "1.10}

Primary Impact Hot 16.5 86.2 1.07

Flatside 30° Cold 29.8 193.0 1.28

Slapdown Impact Hot 19.5 133.0 1.27

Flatside 60° Cold 18.5 118.0 1.02

Primary Impact Hot 9.6 43.5 1.01

The resulting spacer disc in-plane loads for each of the flatside oblique drop conditions are

summarized in Table 2.10.3-4 for the bounding analysis and Table 2.10.3-3b for the actual

configuration. As shown in Table 2.10.3-4, spacer disc #26 (i.e. the top end spacer disc) is the

most heavily loaded spacer disc for all flatside oblique drop conditions, and the resulting loads

are used for all spacer disc analyses. These results bound the revised loads shown in Table

2.10.3-5b.

Table 2.10.3-4
FC Spacer Disc Flatside Oblique Impact Bounding Analytical Tangential Loads

I —— — ——————— _
Disc Cold Flatside | Hot Fiatside | Cold Flatside| Hot Flatside | Cold Flatside | Hot Flatside
Spacer Axial Distance | 30° 30° Slapdown Slapdown | 60° 60°
Disc Cenferline| from Impact Impact impact Impact Impact Impact
Number Location C.G. Load Load Load Load Load Load
(in.) (in.} (kips) (kips) (kips) (kips) (kips) {kips)

1 8.625 76.76 178. 87.5 212. 141, 104, 446
2 14.57 70.8 157. 77. 186. 124, 1. 394
3 20.525 64.86 149, 74.0 177. 118. 87.2 37.9
4 26.475 58.9 142, 70.8 169. 112. 83. 36.4
5 32425 52.96 135. 67.6 160. 106. 78.9 349
6 38.375 47.0 128. 64.4 152. 101. 74.8| 33.3

7 44325 41.0 121, 61. 143. 95.3 70.7 31.
8 50.275 351 114, 58. 135. 89.5 66.5 303
9 56.225 29.1 107. 54.9 126. 83.7 62.4 28.8
1 62.17 232 100. 51. 118. 77.9 58.2 273
1 68.12 17.2 93.0 48.6 109. 72. | 54, 25.8
1 74.075 1.3 85.9 454 101. 66.3 50.0 243
1 80.025) 5.35 788 423 92.85 60.5 458 228

1 85.975 0.60 73. 39.7 86.0 55.9 42.5 21.

1 91.92 8.55 80.2 429 94.5 61. 46.7 23.
1 97.875 125 87.4 46. 103. 67.5 50.8 246

1 103.82 184 945 49.2 1. 73.3 54.9 26.
1 100.77 24.40 101. 52.4 119. 79. | 59. 276

1 115.72 30.35 108. 55.6 128. 84.9 63.2 29,
20 121.67 36.30 115. 58.7 136. 90.7, 67.3 30.6

2 127.62 42.25 122 61. 145, 96.5 71. 32.
22 133.57 48.20 130. 65. 153. 102. 75.6 336
23 139.52 54.1 137. €8.3 162. 108. 79.8 35.2
24 14547 €0.1 168. 834 199. 133. 8.0 428
25 153.87 68.50 104. 51. 123. 82.6 60.7 26.2
26 160.75 75.37 180.4 88.4 214.0 1431 105.0 45.0

Maximum
impact Load 180. 88.4 214, 143 105. 450
(kips)
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Table 2.10.3-5
FC Spacer Disc Flatside Oblique Impact Actual Tangential Loads

Spacer | Spacer Disc Location Disc || Cold 30' Flatside Drop Load (kips)
Disk | Centerline | Dist. From | Total Dead|| 30° Primary| Flatside [60° Primary
Number | Location | CG (in) | Load (lb) Impact Slapdown Impact
1 6.88 78.645 1,834.4 137.2 169.3 80.5
2 12.38 73.145 2,101.5 150.9 186.2 88.6°
3 17.88 67.645 2,101.5 144.7 178.5 849
4 23.38 62.145 2,178.0 143.4 177.0 84.2
5 29.38 56.145 2,330.9 146.0 180.0 85.7
6 35.88 49.645 2,445.6 144.6 178.3 84.9
7 4263 42.895 2,483.8 137.8 169.8 80.9
8 49.38 36.145 2,483.8 128.7 158.6 75.6
9 56.13 29.395 2,483.8 119.7 147.4 70.3
10 62.88 22.645 2,483.8 110.86 136.2 64.9
11 69.63 15.895 2,483.8 101.6 124.9 59.6
12 76.38 9.145 2,483.8 92.5 113.7 54,3
13 83.13 2.395 2,483.8 83.4 102.5 49.0
14 89.88 4.355 2,483.8 86.1 105.8 50.6
15 96.63 11.105 2,483.8 95.1 117.0 55.9
16 103.38 17.855 2,483.8 104.2 128.2 61.2
17 110.13 24.605 2,483.8 113.2 139.4 66.5
18 116.88 31.355 2,445.6 120.4 148.3 70.7
19 123.38 37.855 2407.4 127.0 166.5 74.5
20 129.88 44.355 2,407.4 135.4 167.0 79.5
21 136.38 50.855 2,407.4 143.9 177.4 84.5
22 142.88 57.355 2,330.9 147.5 181.9 86.6
23 148.88 63.355 2,216.2 147.4 181.9 86.5
24 154.63 69.105 1,120.3 78.0 96.3 45.8
25 1569.50 73.980 1,589.4 114.8 141.7 67.4
26 160.75 75.230 1,589.4 115.9 143.1 68.0
Flatside Drop Maximums: 150.9 kip | 186.2 kip 88.6 kip
Note: Hot drop loads are enveloped by cold drop loads. Thus, only trib_wi7.ds

cold drop loads are listed.
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The in-plane loads due to the weight of the fuel assemblies and guide sleeve assemblies tributary
to the spacer disc are modeled as a uniform pressure load acting on the supporting spacer disc
ligaments. Edge pressures applied to elastic shell elements are input on a force per unit length
basis. Therefore, the in-plane pressure loads applied to the type "A" and "B" ligaments due to an
equivalent static deceleration, G, for the 1-foot and 30-foot flatside horizontal drop conditions

are calculated as follows:
q = WG/b
where;

W = 1,866.6/24 +272.9(237)/[(237 + 274)(12)]

= 88.3 Ib. (type "A" ligaments)

w = 1,866.6/24 + 272.9(274)/[(237 + 274)(12)]
= 90.0 Ib. (type "B" ligaments)

G = Equivalent static in-plane g-load

b = 9.47 in., Type "A" modeled ligament width

= 9.57 in., Type "B" modeled ligament width

Therefore,
qu = (88.3 x G)/(9.47)
= 9.32G psi
9 = (90.0 x G)/(9.57)
= 9.40G psi

NUH-05-151 2.10.3-17



NUHOMS®-MP187 Multi-Purpose Cask SAR Rev. 17, 07/03

The in-plane pressure loads applied to the type "A" and "B" ligaments due to an equivalent static

deceleration, G, for the 30-foot flatside oblique drop conditions are calculated as follows: ~
q = WG/b

wl;ere;
W = 1,782.8/24 + 167.8(237)/[(237 + 274)(12)]

= 80.7 Ib. (type "A" ligaments)

W = 1,782.8/24 + 167.8(274)/[(237 + 274)(12)]

= 81.8 Ib. (type "B" ligaments)

G = Equivalent static in-plane g-load
b = 9.47 in., Type "A" modeled ligament width
= 9.57 in., Type "B" modeled ligament width
e’ ‘
Therefore,
q, = (80.8 x G)/(9.47)
= 8.53G psi
a5 = (81.8 x G)/(9.57)
= 8.55G psi
In addition to the in-plane pressure loads due to the fuel assemblies and guide sleeve assemblies,
longitudinal equivalent static accelerations are applied for the oblique drop conditions to
determine the out-of-plane bending stresses due to the spacer disc self weight.
N4
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The spacer disc loading is applied in the following sequence:

1.) A vertical displacement of 0.1901 inches is applied to the node at the bottom edge
on the symmetry plane in the first load step to bring the spacer disc into contact

with the DSC shell.

2.) The vertical displacement constraint applied to the spacer disc to close the gaps in

the initial contact region is removed. The spacer disc drop loads are applied.
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Symmetry Boundary Constraints
Applied to the Nodes Lying on
The Half Symmetry Plane

Load from Fuel Assemblies

and Guide Sleeve Assemblies

is Modeled as a Uniform
Pressure Load on the Supporting
Spacer Disc Ligaments

\ Gap Elements are Used to Model
|

E

nteraction Between the Spacer
and the DSC Shell. The Gap
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Figure 2.10.3-3
Spacer Disc 1/2 Symmetry Model
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Figure 2.10.3-4
Spacer Disc 1/2 Symmetry Model Node Numbers - Lower Quadrant
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Table 2.10.3-6

DSC Shell Stiffness Analysis Results ~
Node Number Load Step Angle!V Reaction Force Stiffness
(Degrees) (10°Ibs.) (10° Ibfin.)
1122 1 5 5.92 11.84
1123 2 10 242 484
1124 3 15 1.72 3.44
1125 4 20 1.49 2.98
11286 5 25 1.39 278
1127 6 30 1.34 268 ,
1128 7 35 1.30 2.60
1129 8 40 1.24 248
1130 9 45 1.17 2.34
1131 10 50 1.10 2.20
1132 1 55 1.04 2.08
1133 12 60 0.98 1.96
500000
450000 1
400000 1
z
2 350000 |
3
@ 300000 +
=
&
250000 |
°
200000 | . ®
150000 , ; . ; ; , .
10 15 20 25 30 35 40 45 50 55 60
Angle (Degrees)
———— Polynomial Fit ® FEResults
Figure 2.10.3-5
DSC Shell Stiffness Vs. Angle
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Table 2.10.3-7
Summary of PWR Fuel Assembly Weights

Fuel Assembly Weight(1) Line
Fuel Region Component Load
kilograms pounds (Ib.fin.)
Bottom Region Grid Spacer 1.30 2.87 -
(8.63") Bottom Nozzle/Misc. Steel 8.31 18.32 -
Support Spacers 4.27 9.42 , -
Region Totals 13.88 30.61 3.55
In-Core Region Fuel(2) 534.39| 1,178.33 -
(141.87) Cladding 107.10 236.16 -
Guide/Inst. Tubes 7.97 17.57 -
Grid Spacers 4.90 10.80 -
Grid Supports 0.64 1.41 -
Control Components(3) 42.14 92.92 -
Region Totals 697.15| 1,537.22 10.84
Plenum Region Grid Spacer 1.04 2.29 -
(11.72") Guide/Inst. Tubes 0.67 1.48 -
Cladding 8.28 18.26 -
Support Spacers 4.27 9.42 -
Control Components(3) 3.48 7.67 -
Region Totals 17.74 39.12 334
Top Region Holddown Springs 1.80 3.97 -
(3.73%) Top Nozzle/Misc. Steel 8.96 19.76 -
Control Components(3) 1.11 2.45 -
Region Totals 11.87 26.17 7.01
Above Top Region | Spider(4) 14.5 31.97 6.24
(5.125")
Fuel Assembly Totals (w/ Control Components) 755.14 1,665.0 -
Notes:

1 All fuel assembly component weights are taken from Reference [2.8], except as noted.

2) The weight of the fuel is calculated as the difference between the maximum fuel weight
(1,530 pounds) and the total of all other fuel assembly components (not including control
components).

3) The weight of the control components (less the weight of the spider) is assumed to be distributed
evenly over the in-core fuel, plenum and top regions.

()] The reported weight includes the weight of the spider assembly (7.8 pounds per Reference [2.9])
plus the weight of the control components in the above top region.
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2.10.3.1.3 Spacer Disc Corner Impact Half Symmetry Model

2.10.3.1.3.1 Model Description

The FC-DSC spacer disc corner impact half symmetry model, shown in Figure 2.10.3-6, is used
only to determine the in-plane corner ovalling fundamental frequency. The spacer disc is
modeled using 2-D structural solid elements (PLANEA42), using the plane stress option with
input thickness. Each element consists of 4 nodes, each having two translational degrees of
freedom (UX and UY.) The spacer disc plate thickness (1.25 inches) is input as a real constant.
The spacer disc is conservatively modeled with ligament widths of 1.660 inches, 1.190 inches, -
0.990 inches, 0.810 inches, and 0.675 inches, which are less than the nominal ligament widths of
1.680 inches, 1.210 inches, 1.010 inches, 0.830 inches, and 0.695 inches, respectively.

The spacer disc supports the mass of the fuel assemblies and guide sleeve assemblies in the in-

plane direction. The mass of the fuel assemblies and guide sleeves are modeled as structural

mass elements (MASS21) distributed to the supporting spacer disc ligaments. The bounding fuel

assembly and guide sleeve assembly mass tributary to each of the type "A" and "B" fuel cell ~
openings of 0.231 Ib-s%/inch and 0.235 Ib-s%/inch, respectively, as calculated in Section

2.10.3.1.2.1, are applied to the supporting spacer disc ligaments. Each fuel assembly and guide

sleeve is supported by two spacer disc ligaments, having a total of 40 elements with equal

widths. The fuel assembly and guide sleeve mass is distributed to the supporting spacer disc

ligament nodes based on the nodal tributary widths. Therefore, the fuel and guide sleeve

assembly mass is distributed as follows:

Type "A":  Corner nodes = 0.231/80 = 0.00289 Ib/in/sec’/node
Mid-span nodes = 0.231/40 = 0.00578 Ib/in/sec’/node
Type "B":  Corner nodes = 0.235/80 = 0.00294 Ib/in/sec’/node

Mid-span nodes = 0.235/40 = 0.00588 1b/in/sec¥/node
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2.103.1.3.2 Boundary Conditions

The spacer disc is restrained from radial translation (UX) in the region of contact expected for a
typical 30 foot drop through the impact limiter corner. Symmetry boundary displacement

constraints are also applied to the nodes lying on the symmetry plane.

2.103.1.33 Loading

No loads are applied to the spacer disc for the free vibration modal analysis.
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Figure 2.10.3-6
FC Spacer Disc Corner Impact Half Symmetry Model
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2.103.14 Spacer Disc Full Model

2.10.3.1.4.1 Model Description

The full spacer disc finite element model, shown in Figure 2.10.3-7, is used for the corner
ovalling modal analysis and all 30 foot corner impact drop analyses. The model consists of 2653
nodes and 2160 elements. The ovalling analysis uses the fundamental frequencies developed in
Section 2.10.3.1.3. The full spacer disc is generated by symmetry reflection from the 1/2
symmetry spacer disc model described in Section 2.10.3.1.2. The spacer disc model node
numbers and mesh in the upper and lower right side quadrants are shown in Figure 2.10.3-2 and
Figure 2.10.3-4, respectively. The node numbers and mesh in the upper and lower left side
quadrants are shown in Figure 2.10.3-8 and Figure 2.10.3-9, respectively. The spacer disc is
modeled with conservative ligament widths of 1.660 inches, 1.190 inches, 0.990 inches, 0.810
inches, and 0.675 inches based on the specified minimum material condition. The 1.25 inch
thickness of the spacer disc is defined by a real constant, and is assumed constant over the

element area.

The spacer disc is modeled using 2-D plane stress elements with input thickness (PLANE42) for
those load condition in which only in-plane response is expected (i.e. in-plane modal analysis,
30’ side drop, and 30’ c.g. over corner drop,) and elastic shell elements (SHELL63) for load
conditions in which normal loads exist (30’ corner oblique drops.) Gap elements (CONTAC12)
used to model the interface between the spacer disc and DSC shell. The gap elements are
defined by an orientation angle (THETA), a contact stiffness (KN), an initial gap size (GAP) and
an initial gap status (STAT). The spacer disc is modeled