APPENDIX 3.AN: DYNA3D ANALYSES OF HI-TRAC SIDE DROPS AND IMPACT
BY A LARGE TORNADO MISSILE

3.AN.1 INTRODUCTION

This appendix considers the HI-TRAC transfer cask response to two different transient accident
events; namely, (1) a side drop onto a horizontal target surface from a specified height, and (2), a side
impact from a large tornado missile. The analyses are performed as part of Load Cases 02.b and 04
(see Table 3.1.5), respectively. All dynamic analyses are performed using the dynamic finite element
code DYNA3D (also known as LS-DYNA3D). This code has been approved for use in this class of
problems by the NRC in previous submittals (HI-STAR 100), and has been benchmarked in an
approved topical report. DYNA3D has also been used in Appendix 3.A to examine handling accidents
involving a loaded MPC contained in the HI-STORM 100 overpack.

The first analysis in this appendix simulates a handling accident that results in a drop of the loaded
HI-TRAC (Load Case 02.b in Table 3.1.5). The side drop accident considers the HI-TRAC in a
horizontal orientation with its lowest point at a specified elevation above the target. Two initial
orientations of the transfer cask are considered to bound all potential side drop accidents. For this
case, the only loads considered to lead to high stresses are the inertia loads from the deceleration. It is
noted that an alternate analysis of the handling accident has also been performed using a rigid body
model of the HI-TRAC System to provide a confirmatory analysis.

The second analysis in this appendix simulates a strike on the HI-TRAC water jacket by a large
tornado missile (Load Case 04 in Table 3.1.5). The consequences of a large tornado missile strike are
examined by assuming that the vehicle strike is simulated by a specified impact force-time impulse
applied over a fixed area of the water jacket. In this appendix, the impact force is considered as the
only load on the HI-TRAC.

S

3.AN.2 HANDLING ACCIDENT - SIDE DROP

Handling accidents with a HI-TRAC transfer containing a loaded MPC are credible events only with
HI-TRAC initially horizontal (Table 3.1.5). The stress analyses carried out in Chapter 3 of this safety
analysis report assume that the inertial loading on the load bearing members of the MPC, the fuel
basket, and the transfer cask due to a handling accident are limited by the Table 3.1.2 decelerations.
The maximum deceleration experienced by a structural component is the product of the rigid body
deceleration sustained by the structure and the dynamic load factor (DLF) applicable to that structural
component. The dynamic load factor (DLF) is a function of the contact impulse and the structural
characteristics of the component.:A solution for dynamic load factors is provided in Appendix 3.X.

The rigid body deceleration is a strong function of the load-deformation characteristics of the impact
interface, weight of the cask; and the drop height. For the HI-TRAC System, the weight of the
structure and its surface compliance characteristics are known. However, the contact stiffness of the
ISFSI pad (and other surfaces over which the HI-TRAC may be carried during'its movement to the
ISFSI) is site-dependent. The contact resistance of the collision interface, which is influenced by the
HI-TRAC local compliance and the impacted surface compliance, therefore, is not known a priori for
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a site. Analyses for the HI-TRAC body decelerations are presented here for a reference ISFSI pad
(which is the pad used in a recent Lawrence Livermore National Laboratory report).

3.AN.2.2 Purpose

The purpose of this simulation is to demonstrate that the rigid body decelerations of the 125-ton and
100-ton HI-TRAC transfer casks are sufficiently low so that the design basis deceleration of 45g is not
exceeded. Only one type of accidental drop (a side drop) of a loaded HI-TRAC transfer cask on the
ISFSI pad is considered in this appendix. The loaded HI-TRAC, attached to the transfer lid, free-falls
from a horizontal orientation (the transfer cask's longitudinal axis is horizontal) from a height “h”,
before impacting the horizontal target surface. The height, “h”, is measured from the target surface up
to the /owest point on the transfer cask system. For the side drop analyses in this appendix, “h”, is

h=42"
Two initial orientations for HI-TRAC are considered to bound the handling accident:

In scenario A, the cask impacts the target with the lowest point being the rotation trunnion. The cask
has a primary impact between the lower rotation trunnion and the target pad and then a secondary
impact between the water jacket and the upper trunnion and the target pad. Figure 3.AN.2 shows the
orientation for this scenario after the end of the event.

In scenario B, the primary impact occurs between the transfer lid and the target pad with a secondary
impact following between the water jacket and the pad. Figure 3.AN.1 shows the orientation for this
scenario after the end of the event.

Scenario B, with the trunnions initially in a horizontal plane, represents the normal transfer orientation
and maximizes the slapdown angle when secondary impact begins.

Scenario A, with the trunnions vertical, represents a handling accident where the transfer cask is
assumed to rotate 90 degrees prior to target impact. This scenario insures that the rotation trunnion
suffers a direct strike at primary impact and maximizes the potential for the involvement of the lifting
trunnions in the secondary impact.

3.AN.2.3 Backeround and Methodology

The analysis of the HI-TRAC handling accident follows the similar analysis of the HI-STORM 100
accident evaluation. The methodology and the model is based on the work performed by Lawrence
Livermore National Laboratory (LLNL) [3.AN.1, 3.AN.2]. Subsequently, USNRC personnel
published a paper [3.AN.3] affirming the NRC's endorsement of the LLNL methodology. The LLNL
simulation used modeling and simulation algorithms contained within the commercial computer code
DYNA3D [3.AN.6].
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Holtec has previously developed a finite element model for implementation on DYNA3D that is fully
consistent with LLNL's cask model (including the use of the Butterworth filter for discerning rigid
body deceleration from "noisy" impact data). The details of the DYNA3D dynamic model, as it has
been applied to the HI-STAR 100 overpack are contained in a proprietary benchmark report [3.AN.4]
wherein it is shown that the peak deceleration in every case of billet drop analyzed by LLNL is
replicated within a small tolerance by the Holtec model. The cdse of the so-called "generic" cask, for
which LLNL provided predicted response under side drop and tipover events, is also bounded by the
Holtec model. In summary, the benchmarking effort documented in [3.AN.4] is in full comphance
with the guidance of the Commission [3.AN.3]. -

Having developed and benchmarked an LLNL-consistent cask impact model, this model has been
applied to prognosticate the HI-STAR 100 drop scenarios in a previous FSAR, and has been applied
herein (see Appendix 3.A) to evaluate the HI-STORM 100 overpack performance durmg handling
accidents. = -

In this section, the NRC approved target (reinforced concrete pad with undérlymg soil) is modeled
together with the NRC approved MPC model. The HI-STORM 100 overpack isreplaced with a finite
element model of the HI-TRAC transfer cask. For the side drop scenario, con51dermg the reference
target (pad) elasto-plastic-damage characteristics, the object is threefold:

1. To demonstrate that the drop height "h" is such that the rigid body deceleration of the HI-
TRAC, anywhere in the active fuel region, is below the 45g-design basis.

2. To'demonstrate that the inner shell of the HI-TRAC does not sitffer permanent deformation to
the extent that ready retrievability of the contained MPC is compromised.

3. To demonstrate that global stresses in the HI-TRAC transfer cask, away from the impact

interfaces, do not exceed the Level D stress intensities permitted by the ASME Code Section
11, Appendix F, for Class 3 NF comporents. -

A description of the work effort and a summary of the results are presented in the following sections.

3.AN.2.4 Assumptions and Input Data

3.AN.24.1 Assumptions

The assumptions used to create the model are completely described in Reference [3.AN.4] and are
shown there to be consistent with the LLNL simulation. There are two key aspects that are restated
here:

The cask pad is assumed to be identical to the pad defined by LLNL [3.AN.2]. It is also identical to
the pad utilized in the benchmark report [3.AN4]. The essential data that deﬁnes the reference pad
used to qualify the HI-TRAC System is prov1ded in Table 3.AN.1.
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3.AN.24.2 Input Data

Table 3.AN.1 characterizes the properties of the reference target pad used in the analysis. The inputs
are taken from References [3.AN.2] and [3.AN.4].

Table 3.AN.2 details the geometry of the 100-ton and 125-ton HI-TRAC used in the side drop
simulations. This data is taken from applicable HI-TRAC drawings and Tables in Section 3.2.

3.AN.2.5 Finite Element Models

Four finite-element models, corresponding to each of the postulated impact scenarios (A and B)
pertinent to both types of casks (100-ton HI-TRAC and 125-ton HI-TRAC), are constructed using the
pre-processor integrated with the DYNA3D software [3.AN.5]. A typical finite-element model is
organized into 16 independent parts describing all structural components of the HI-TRAC System (the
transfer lid plates, the bottom flange, the interior and exterior shell, the lead shielding, the top flange,
the top lid, the lower and upper trunnions, the radial channels and outer closure plates of the water
jacket), the MPC (steel plates and the basket fuel zone), and the concrete pad and the elastic soil
stratum. Using symmetry, only a half finite-element model is constructed. The finite-element models
used to numerically investigate the postulated side-drop scenarios are depicted in Figures 3.AN.3,
3.AN.4, and 3.AN.11.

The structural components of the HI-TRAC System are represented by elasto-plastic materials
(*MAT_PIECEWISE_LINEAR_PLASTICITY), while the concrete pad and the soil stratum retain
the material description used in the NRC approved HI-STAR 100 FSAR and also used in Appendix
3.A. for HI-STORM 100 overpack accident analyses.

The soil grid is a rectangular prism (800 inches long, 375 inches wide and 470 inches deep), and is
constructed from 13294 solid type finite-elements. The material defining this part is an elastic
orthotropic material. The central portion of the soil (400 inches long, 150 inches wide and 170 inches
deep) where the stress concentration is expected to appear is discretized with a finer mesh.

The concrete pad is 320 inches long, 100 inches wide and is 36 inches thick. This part contains 8208
solid finite-elements. A uniform sized finite-element mesh is used to model the concrete pad. The
concrete behavior is described using a special constitutive law and yielding surface (contained within
DYNA3D). The geometry, the material properties, and the material behavior are identical to the
LLNL reference pad.

The MPC and the contained fuel are modeled in two parts that represent the lid and baseplate, and the
fuel area. An elastic material is used for both parts. The finite-element mesh pertinent to the MPC
contains 1122 solid finite-elements. The MPC model is identical to that used in the cited handling
accident simulations for the HI-STAR and HI-STORM overpacks. Gaps between the MPC and the
transfer cask inner shell and lids are included in the model.
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3.AN.2.6 Impact Velocity

For the side drop events, the impact velocity, n, is readily calculated from the Newtonian formula:

=/(2gh)

“where

= acceleration due to gravity

free-fall height ?

The impact velocity, corresponding to a drop height of 42 inches, used in the numerical investigations
presented in this appendix is 180.16 inch/second.

o

3.AN.2.7 Results

The DYNA3D deceleration time-history results are processed using a Butterworth filter (in
conformance with the LLNL methodology and previously used in the HI-STAR 100 and HI-STORM
100 overpack analyses) to establish the rigid body deceleration of the HI-TRAC cask. All other
outputs (displacements, forces) presented are directly (un-filtered) from the DYNA3D solver. A total
of four simulations have been performed (2 casks with 2 initial orientations). -The following
“roadmap” summarizes the graphical results from the totality of simulations performed in support of

the HI-TRAC transfer cask handling accident.

ITEM HI-TRAC 125 - | HI-TRAC 125 | HI-TRAC 100 | HI-TRAC 100
Scenario A — Scenario B — Scenario A ' | — Scenario B

Overall Model Figure 3.AN.3 Figure 3.AN.11 | - -
HI-TRAC Mesh Figure 3.AN4 | - - -

| z- Displacement at Transfer Lid, Top Lid Figure 3.AN.5 -| Figure3.AN.12 [ - - Figure 3.AN.20
Z- Deceleration at Centroid of Transfer Lid | Figure 3.AN.6 - - -
Z-Deceleration at Centroid of Inner Shell Figure 3.AN.7 | - - -
Z-Deceleration at Centroid of Top Lid Figure 3.AN.8 - - -
Rigid Body Decelerations of Centroid of - - : | Figure3.AN.13 | Figure 3:AN.17 | Figure 3.AN.21
Transfer Lid, Inner Shell, and Top Lid
Interface Force at Target/Primary and Figure 3.AN.9 | Figure3.AN.14 | Figure 3.AN.18 | Figure 3.AN.22
Secondary Impact Sites - - ’ ’
Z-Displacements at Centroid of Inner Shel] Figure 3.AN.10 | Figure 3.AN.15 | Figure 3.AN.19 | Figure 3.AN.23
— Upper and Lower Points ‘ i .- 5 ' )
Interface Force — Top Lid/MPC - Figure3.AN.16 | - Flgure 3.AN.24

Table 3.AN.3 presents the summary of all key results that are gleaned from the analyses Within each
data block in Table 3.AN. 3, the specific figure number is given in parentheses Where impact forces
are reported in the tables, the reported value in Table 3.AN.3 has been doubled to reflect that the
actual analysis model encompassed only one-half of the geometry. Table 3.AN.3 generally reports
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peak values. However, there are three specific additional calculations that use the tabular results to
derive additional information. In the section below, we demonstrate that:

1. The top lid never impacts the target.
The diametric change in the HI-TRAC inner shell diameter is such that the MPC retrievability
is not compromised.

3. The interface force between the transfer lid and the HI-TRAC bottom flange can be computed
from available data from the drop simulations.

To demonstrate that the top lid suffers no direct impact with the target, we examine the maximum
vertical displacement of the top lid and the transfer lid (Figures 3.AN.5, 3.AN.12, and 3.AN.20). The
allowable vertical displacement of the top lid (assuming no vertical displacement of the target pad)
can be obtained from the drawings and bills-of-material for the HI-TRAC casks. Knowing the initial
position of the lowest point on the top lid at the beginning of the event, we need only compare the
allowable displacement plus any target pad displacement distance with the differential distance
obtained from Figures 3.AN.5, 3.AN.12, and 3.AN.20. The following tabulation summarizes the
results from inspection of the drawings and the figures:

ITEM 125-TON —Scenario A | 125-TON Scenario B 100-TON Scenario B

Allowable Top Lid -12.8469° -28.77 -28.462
Vertical Displacement
(from Drawings) Plus
Target Vertical
Deflection (inch)

Top Lid Vertical -9.75 (3.AN.5) -27.3 (3.AN.12) -27.5 (3.AN.20)
Displacement (inch)

Transfer Lid Vertical | -2.0 (3.AN.5) +1.0 (3.AN.12) +2.25 (3.AN.20)
Displacement (inch)

Maximum Angle of 2.31 8.46 8.93
Inclination (Degrees)

Differential Vertical -7.75 -28.3 -29.75
Displacement (inch)

Vertical deflection of target not included in this table value.

An estimate for the local deformation of the target under the secondary impact location is obtained
from Figures 3.AN.29 and 3.AN.30, for example, and is included in the allowable top lid
displacement 1n the columns associated with “Scenario B”. These figures show the 100-ton HI-TRAC
at the instant of maximum vertical deformation; the conclusion that the lid does not impact the target,
as demonstrated in the table, is independently confirmed by Figure 3.AN.30. In the table above, the
angle of inclination is computed as the angle whose “sin” is the differential vertical displacement
divided by the distance between the measurement points (per Table 3.AN.2).

To demonstrate retrievability of the MPC, the change in the diameter of the inner shell of HI-TRAC
can be computed from the DYNA3D output for absolute displacements of two opposing points on the
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inner shell. Figure 3.AN.25 shows the geometry at the beginning of the event, and at a rotated
position. The vertical movements Vy and Vp (a negative sign means displacement is toward target

- pad) are calculated by DYNA3D and shown in Figures 3.AN.10, 3.AN.15, 3.AN.19, and 3.AN.23.
The rotation angle is computed in the tabulation above The diametric decrease is IUB-UTI and is
computed from the following formula L

|V, =V, | =D -cos(8))
cos(f)

U5 =Ur -

The following results are obtained using the results from DYNA3D and the preceding formula:

‘Maximum Change in Diameter of HI-TRAC from Secondary Impacts

CASE Diametric Change (mch)
125-Ton, Scenario A 0.228
125 Ton, Scenario B 0.113
100 Ton, Scenario B 0.067

The above diametric changes are less than the nominal gap (reduced by the thermal expansion effect
calculated in Appendix 3.I). The above calculation, together with the fact that there is no evidence of
global plastic straining of the inner shell at the end of the simulation, supports the conclusion that
ready retrievability of the MPC is not impaired by the handling accident.

Finally, we outline the computation of the interface force between the HI-TRAC bottom flange and

the transfer lid. Figure 3.4.29 in Section 3.4 shows a free-body of the transfer lid at primary impact.
With reference to that figure, the equation of equilibrium is:

Mypay =F, -G,
where
MTL = the mass of the transfer lid
ar; = the time varying acceleration of the centroid of the transfer hd

F = the time varying contact force at the interface with the target
G; = the time varying interface force at the bottom flange/transfer lid interface

Solving for the interface force give the result

G =F-Mgpay
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Using the appropriate transfer lid mass and acceleration, together with the target interface force at the
limiting time instant, provides values for the interface force. Using results from Table 3.AN.3 and
transfer lid bounding weights from Table 3.2.2 gives the following results for peak interface forces:

HI-TRAC BOTTOM FLANGE/TRANSFER LID INTERFACE FORCE

CASE INTERFACE FORCE (kips)
125-Ton, Scenario A 1,183
125-Ton, Scenario B 1,272
100-Ton, Scenario A 1,129
100-Ton, Scenario B 1,070

Finally, we note that decelerations obtained from the DYNA3D numerical solutions are filtered
through a Butterworth type filter identical to the filter used by LLNL to investigate the "generic" cask
[3.AN.2]. The filter has the following characteristics: 350 Hz passband frequency, 10,000 Hz
stopband frequency, 0.15 maximum passband ripple, and 10 minimum stopband attenuation.

The computer code utilized in this analysis is LS-DYNA3D [3.AN.5] validated under Holtec's QA
system.

3.AN.3 LARGE TORNADO MISSILE IMPACT

3.AN.3.1 Model

The finite element model used in the side drop analysis is used with the following modifications:

a. The target is eliminated from the model and the HI-TRAC is restrained at the ends to
equilibrate any applied missile impact force.
b. The large tornado missile impact is simulated by a total input force-time relationship applied

at nodes encompassing an interface area on the water jacket. The total force is apportioned to
the nodes lying within and on the boundary of the interface area. The force-time relation is
obtained from a NRC approved topical report [3.AN.7]. The interface contact area,
appropriate to the large missile, is obtained from [3.AN.8]. The force-time relation (during the
rise to a maximum value), is given by the expression [3.AN.7, Equation. D-6]:

F(t) = 0.625V W p,sin(20t)
V, =184.6 ft./sec.
W, =3960 Ib.
The time “t” in the formula is in “seconds”.

Figure 3.AN.26 shows the interface force-time data imposed on the HI-TRAC water jacket. The
interface area was assumed approximately mid-way along the length of the cask.
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3.AN3.2 Results from Analysis

Figures 3.AN.27 and 3.AN.28 show the Von Mises stress distribution in the water jacket for both HI-
TRAC transfer casks at the instant when the applied interface force peaks. Table 3.AN.4 summarizes
results from these figures as well as the strain data from the two simulations. No plastic strain occurs
in the inner shell due to the impact in either simulation.

3.ANA4 Cé)MPUTER CODES AND ARCHIVAL INFORMATION

The input and output files created to perform the analyses reported in this appendxx are listed for
future retrievability.

The computer code utilized in this analysis is DYNA3D [3.AN. 5] validated under Holtecs QA
system.

The DYNA3D computer code has an extensive finite-element and material description library and can
account for various time-dependent contact conditions that normally arise between the various
structural components during the impact analysis.

The input and the output files created are stored on Holtec’s server disk and tape archived as required
by Holtec's QA procedures under the following address:

F\PROJECTS\S014\HITRAC\....

Each one of the subdirectories contains specific data related to the analyzed drop scenarios and is
organized in five files: DYNA3D input file (XXX.DYN), corresponding to the analyzed drop event,
and four time-history files (MATSUM- the impactor velocity time-history, RCFORC- the impact
force time-history, NODOUT- displacement, velocity and acceleration and PLOT- the model
deformation time-history) generated during the numerical analysis.

All DYNA3D simulations were performed in a PC environment (Windows 98), using a Dell
Corporation Pentium I - 450 MHz computer.

3.AN.5 CONCLUSIONS

The DYNA3D analysis of HI- TRAC reported in this appendix leads to the followmg conclusmns

a. If a loaded HI-TRAC, with its longitudinal axis horizontal, undergoes a free fall for a
height of 42 inches and impacts a reference pad defined by Table 3.AN.1, the
maximum rigid body deceleration at primary or secondary impact is below the design
basis of 45g’s. Therefore, since the design basis deceleration is 45 g’, it is concluded
that there will be no adverse effect on the fuel basket, within the MPC, by this
handling accident.
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The maximum stress intensity in the HI-TRAC transfer cask is below Level D
allowables during the side drop event and during the impact by a large tornado
missile.

The diametric change of the HI-TRAC inner shell is less than the minimum gap
between the MPC and the inner shell of the HI-TRAC transfer cask. Therefore, after
either a side drop or an impact by a large tornado missile, ready retrievability of the
MPC is not adversely affected.

Tables 3.AN.3 and 3.AN.4 provide key results for all drop cases studied herein with additional results
provided within the discussion.
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Table 3.AN.1: Essential Variables to Characterize the Reference Target

Thickness of concrete . . |36 inches
Nomina]vcorhpressive strength of concrete  -| 4,200 psi

Concrete mass density 1 2.097E-04 Ib-sec/in*
Concretevshear modulus .| 1.514E+06 psi

Concrete Poisson's ratio 0.22 .
Mass density of the engineered fill (soil) 1.498E-04 Ib-sec’/in*

Modulus of elasticity of the soil 28,000 psi

Poisson's ratio of the soil 0.3

1

Note: The concrete Young's Modulus is derived from t}_ie American Concrete‘Insti.tute recommended
formula 57,000+/f where f is the nominal compressive strength of the concrete (psi).
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Table 3.AN.2: Key Cask Input Data in Analyses

ITEM HI-TRAC -125 HI-TRAC — 100
Total HI-TRAC Weight 152,636 1b. 109,214 Ib.
Lead Weight 79,109 Ib. 49,810 1b.

Overall Length of the Transfer Cask

207.875 inches

204.125 inches

Length x Width of Transfer Lid*

128 in. x 93 in.

128 in. x 89 in.

Qutside Diameter of the Radial Channels

94.625 inches

91.0 inches

Inner Shell Diameter

68.75 inches

68.75 inches

Outer Radius of Top Lid

40.625 inches

39.0 inches

Longitudinal Distance Between Point on
Transfer Lid and Point on Top Lid where
Vertical Displacements are measured
(inch)

192.25 inches

191.60 inches

MPC Weight (including fuel) 88,857 Ib. 88,857 Ib.
MPC Height 190.5 inches 190.5 inches
MPC Diameter 68.375 inches 68.375 inches
MPC Bottom Plate Thickness 2.5 inches 2.5 inches
MPC Top Plate Thickness 9.5 inches 9.5 inches
* We note that the intermediate plate extends 2” beyond the length and provides the initial

site for impact for the “Scenario B” orientation.
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Table 3.AN.3: Side Drop Analyses Results

ITEM

HI-TRAC 125 -
Scenario A R

HI-TRAC 125 -

ScenarioB . .

HI-TRAC 100 -
Scenario A

HI-TRAC 100 -
Scenario B

Maximum Vertical
Deceleration during
Primary Impact (g’s)
—Transfer Lid

23.5 (3.AN.6)

30.8 (3.AN.13)

31.75 (3.AN.17)

35.0 3.AN.21)

Vertical Deceleration
at Top Lid at Instant
of Max. g’s Primary
Impact (g's)

-1.0 (3.AN.8)

-9.0 (3.AN.13)

-3.0 (3.AN.17)

8.0 (3.AN21)

Max. Interface Force
Target/Primary
Impact Site (kips)

1,700 (3.AN.9)

1,950 (3.AN.14)

1,700 (3.AN.18)

1,700 (3.AN.22)

Maximum Vertical
Deceleration at
Centroid — Instant of
Maximum Primary
Impact Force on
Target(g’s)

6.0 (3.AN.7) .

7.0 (3.AN.13)

12.5 (3.AN.17)

7.0 G.AN21)

Vertical Deceleration
of Transfer L1d at
Instant of Max. g's
Secondary Impact
(g’s)

6.25 (3.AN.6,
3.AN.8)

3.0 (3.AN.13)

3.5 (3.AN.17)

7.0 (3.AN21)

Maximum Vertical
Deceleration at Top
Lid - Secondary
Impact (g’s)

32.0 (3.AN.8)

25.5 (3.AN.13)

45.0 (3.AN.17)

36.5 (3.AN.21)

Vertical Deceleration
at Centroid at Instant
of Max. g's
Secondary Impact
(g's)

13 (3.AN.7,3.AN.8)

9.0 (3.AN.13)

17.5 (3.AN.17)

10.0 (3.AN.21)

Max, Interface Force
Target/Secondary
Impact Site (kips)

1,850 (3.AN.9)

1,300 (3.AN.14)

1,450 (3.AN.18)

1,500 (3.AN.22)

Max. Von Mises
Stress (ksi)

38.367

37.577

40.444

40.690

Inner Shell Plastic
Strain

0.002818

0.001146

0.006631

0.00492

Maximum MPC/Top
Lid Interface Force

(kips)

132 (3.AN.16)

39.0 (3.AN.24)

Max. Difference in
Absolute Vertical
Displacement of
Opposing Points on
Inner Shell (inch)

0.27 (3.AN.10)

0.5 (3.AN.15)

0.55 (3.AN.19)

1.1 (3.AN.23)
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Table 3.AN.4 Large Tornado Missile Impact Analysis Results

ITEM CALCULATED CALCULATED ALLOWABLE
VALUE -125 TON VALUE-100 TON | VALUE

Maximum Stress 19.073 28.331 58.7

Intensity in Water

Jacket (ksi)

Maximum Stress 6.023 11.467 58.7

Intensity in Inner Shell

(ksi)

Maximum Plastic Strain | 0.0 0.0000932 -

in Water Jacket

Maximum Plastic Strain | 0.0 0.0 -

in Inner Shell

HI-STORM FSAR Rev 1

REPORT HI-2002444 3.AN-14




FIGURE 3.AN.1; HI-TRAC TRANSFER CASK IN SHORT-SIDE IMPACT
(CASK RESTS AT A POSITION OF —5° FROM HORIZONTAL)

FIGURE 3.AN.2; HI-TRAC TRANSFER CASK IN LONG-SIDE IMPACT
(CASK RESTS AT A POSITION OF —1° FROM HORIZONTAL)

HI-STORM FSAR \projects\GENERIC\HfZOOZ444\REVO\
HI-2002444 CHAPTERO3\ FIG3AN12.DOC



Figure 3.AN.3 125-ton High Trac, Scenario A
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Appendix 3.AO

-/ Not Used

-/
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Appendix 3.AP

—/ Not Used

-/
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APPENDIX 3.AQ: HI-STORM 100 COMPONENT THERMAL EXPANSIONS; MPC-24E

3.AQ.1 Scope

In this calculation, estimates of operating gaps, both radially and axially, are computed for the fuel
basket-to-MPC shell, and for the MPC shell-to-overpack. This calculation is in support of the results
presented in Section 3.4.4.2.

3.AQ.2 Methodology

Bounding temperatures are used to construct temperature distributions that will permit calculation of
differential thermal expansions both radially and axially for the basket-to-MPC gaps, and for the
MPC-to-overpack gaps. Reference temperatures are set at 70°F for all components.- Temperature
distributions are computed at the location of the HI-STORM 100 System where the temperatures
are highest. A comprehensive nomenclature listing is provided in Section 3.AQ.6. -

- -

3.AQ.3 References

[3.AQ.1] Boley and Weiner, Theory of Thermal Stresses, John Wiley, 1960, Sec. 9.10, pp.
288-291.

[3.AQ.2] Burgreen, Elements of Thermal Stress Analysis, Arcturus Publishers, Cherry Hill NJ, 1988,

3.AQ.4 Calculations for Hot Components (Middle of System)

3

3.AQ4.1 ~ Input Data

Based on thermal calculations in Chapter ;1, the following temperatures are appropriate at the hottest
axial location of the cask ( Table 4.4.27 and 4.4.36).

The temperature change at the overpack inner shell, ATy, := 199 - 70

The temperature change at the overpack outer shell, AT}, := 145 - 70

The temperature change at the mean radius of the MPC shell, ATgy, := 347 ~70
The temperature change at the outside of the MPC basket, ATyy, := (492 - 70)-1.1

The temperature change at the center of the basket (helium gas), ATs}, := 650 - 70

Note that the outer basket temperahfe is conservatively amphﬁed by 10% to insure a bounding
parabolic distribution. This conservatism serves to maximize the growth of the basket.
The geometry of the components are as follows:
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The outer radius of the overpack, b := 6625m
The minimum inner radius of the overpack, a = 34 75-in

68375 in — 05-in

The mean radius of the MPC shell, Ry := >

Repe = 33.938in

o RCmo = 5 (69.5 - 68 5)'m
The initial MPC-to-overpack radial clearance,
RCppo = 0.5in

This imtial radial clearance value, used to perfonn a radial growth check, is conservatively based on
the channel radius (see Dwg. 1495, Sh. 5) and the maximum MPC diameter. For axial growth
calculations for the MPC-to-overpack lid clearance, the axial length of the overpack is defined as
the distance from the top of the pedestal platform to the bottom of the lid bottom plate, and the
axial length of the MPC is defined as the overall MPC height.

The axial length of the overpack, Lyyp .= 191.5n
The axial length of the MPC, Lmpe = 1905 in

The 1tial MPC-to-overpack nominal axial clearance, ACp, = Lovp ~ Lmpc

ACpo=1m

For growth calculations for the fuel basket-to-MPC shell clearances, the axial length of the basket is
defined as the total length of the basket and the outer radius of the basket is defined as the mean
radius of the MPC shell minus one-half of the shell thickness munus the initial basket-to-shell radial
clearance.

The axial length of the basket, Ly, := 1765 in
The nitial basket-to-MPC lid nominal axial clearance, ACypy, := 1.8125-in

The initial basket-to-MPC shell nominal radial clearance, RCy, := 0.1875+in

. 05
The outer radius of the basket, Ry := Rmpe — 5 - RCpm R, = 33 5in
The coefficients of thermal expansion used in the subsequent calculations are based on the mean
temperatures of the MPC shell and the basket (conservatively estimated high).

The coefficient of thermal expansion for the MPC shell, Ompei=9.015 10~ 6

6

The coefficient of thermal expansion for the basket, ayqg := 9.60 107 600 deg. F
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3.AQ4.2 Thermal Growth of the Overpack

Results for thermal expansion deformation and stress in the overpack are obtained here. The system
is replaced by a equivalent uniform hollow cylinder with approximated average properties.

Based on the given inside and outside surface temperatures, the temperature solution in the cylinder
is given in the form:

ol £
Ca+Cb]n\a)
where
C, = ATy, C, =129
:=M . Cp=-83688
ln{B\
. \a)
Next, form the integral relationship:
EFRATY
Int:= | 1C+ Gl Z V) brar
R

The Mathcad program, which was used to create this appendix, is capable of evaluating the integral
"Int" either numerically or symbolically. To demonstrate that the results are equivalent, the integral is
evaluated both ways in order to qualify the accuracy of any additional integrations that are needed.

The result obtained through numerical integration, Int = 1.533 x 10°in2

To perform a symbolic evaluation of the solution the integral "Ints" is defined. This integral is then
evaluated using the Maple symbolic math engine built into the Mathcad program as:

rdr

Ty s cylnf
Ints:=J |.Ca+ Cb-\ln\

I

W1
a )]

1 (b),2,1 2 1 2 1 2 1 2
Intg := —CpInfl = }b° + = Cyb“ = =-Cpb” + =G - =-Cy2
s G \3) 2Ca PR 4Cb 2Ca

Int = 1533 x 10° in
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We note that the values of Int and Ints are 1dentical The average temperature in the overpack cylinder
(Tyr) 1s therefore determined as:

Tpar = -Int Thar = 96348

We estimate the average coefficient of thermal expansion for the overpack by weighting the volume of
the vanous layers. A total of four layers are identified for this calculation. They are:

1) the inner shell

2) the shield shell

3) the radial shield

4) the outer shell

Note that the shicld shell was removed from the HI-STORM 100 design as of 6.01. The
replacement of the slueld shell with concrete. however. has a neghgible effect on the resultant
coeflicient of thermal expansion because (a) the difference in thermal expansion coeflicients between
concrete and carbon steel is small and (b) the shield shell accounts for a small percentage of the total
overpack radial thickness.

Thermal properties are based on estimated temperatures in the component and coefficient of thermal
expansion values taken from the tables in Chapter 3. The following averaging calculation involves the
thicknesses (t) of the various components, and the estimated coefficients of thermal expansion at the
components' mean radial positions. The results of the weighted average process yields an effective
coefficient of linear thermal expansion for use in computing radial growth of a solid cylinder (the
overpack).

The thicknesses of each component are defined as:

t;=125m t2 =075 t3:= 2675 in t4:=075m

and the corresponding mean radii can therefore be defined as:
rpi=a+.5t+20m (add the channel depth)
rp.=Tp+ .5t + 51ty
r3i=1+ Sty + S5t3
T4=r3+ 5t3+ 5y

To check the accuracy of these calculations, the outer radius of the overpack 1s calculated from ry
and t4, and the result is compared with the previously defined value (b).
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byi=14 + 0514

by = 6625in
b = 6625in

We note that the calculated value by is identical to the previously defined value b. The coefficients of
thermal expansion for each component, estimated based on the temperature gradient, are defined as:

ay=578210" 8

ap:=5782-10 6

a3:=5510" 8

ag=563810" 6

Thus, the average coefficient of thermal expansion of the overpack is determined as:

Trtrrog + retyran + 13713703 + 1401404

Gavg = a+b

> .
-6
Qavg=5.628x 10

(t] +t)+ t3+t4)

Reference 3.AQ.1 gives an expression for the radial deformation due to thermal growth. At the
inner radius of the overpack (r = a), the radial growth is determined as:

ARah = aayga-Tpar
ARap = 0.019in

Similarly, an overestimate of the axial growth of the overpack can be determined by applying the .
average temperature (T},,) over the entire length of the overpack as:

Aloyph = Lovp@avg Thar
ALgyph= 0.104in

Estimates of the secondary thermal stresses that develop in the overpack due to the radial
temperature variation are determined using a conservatively high value of E as based on the
temperature of the steel. The circumferential stress at the inner and outer surfaces (O, and O,
respectively) are determined as: -

The Young's Modulus of the matenial, E := 28300000-psi
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Oca i= aavg.a_Ez [ 2 (bz—zz) Int - (C,) 32}

ca = —3200psi

E b b
Och -= aavg'-;'[z ( " 2) -Int - [Ca + Gy (In(-;-
b” -a

V2|

Ocp = 3400ps1

The radial stress due to the temperature gradient is zero at both the inner and outer surfaces of the
overpack. The radius where a maximum radial stress is expected, and the corresponding radial
stress, are determumed by trial and error as:

N:= 037

r=a(l-N)+ Nb

r=46405m
2 r
. —[ T J[ e o nf )]

Or = —678 201 psi

The axial stress developed due to the temperature gradient is equal to the sum of the radial and
tangential stresses at any radial location. (see eq. 9 10.7) of [3.AQ.1]. Therefore, the axial stresses
are available from the above calculations. The stress intensities mn the overpack due to the
temperature distribution are below the Level A membrane stress.

3 AQ4.3 Thermal Growth of the MPC Shell

The radial and axial growth of the MPC shell (ARppen and AL, respectively) are determined as:

ARmpch = Olmpc'Rmpc AT3p ARmpch =0085m

ALmpch = ®mpc Lmpc 4T3
ALppch = 0476in
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3.AQ4.4 Clearances Between the MPC Shell and Overpack

The final radial and axial MPC shell-to-overpack clearances (RGy,on, and AGpyqy,, respectively) are

determined as;

RGroh = RCryo + ARgh ~ ARmpch

RGypoh = 0.434in

AGpoh = ACpo + ALovph = ALmpch

AGyop = 0628in

Note that this axial clearance (AGyop) is based on the temperature distribution at the hottest axial .

location in the system.

3.AQ.4.5 Themnal Growth of the MPC-24E Basket

Using formulas given in [3.AQ.2] for a solid body of revolution, and assuming a parabolic
temperature distribution in the radial direction with the center and outer temperatures given
previously, the following relationships can be developed for free thermal growth.

Define ATy, = ATsp - ATy,

Then the mean temperature can be defined as Ty, = iz

Ry

Using the Maple symbolic engine again, the closed form solution of the integral is:

2 -1 2 1 2
Thar = ——{ Z--ATpas Ry + ~-ATsiRy

Rb2\4

Thar = 522.1

The comresponding radial growth at the periphery (ARy;) is therefore determined as:

ATpys = 1158

ARph = Opas Ry Thar

ATsp - ATbas"r—E

ARy, = 01681in
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and the corresponding axial growth (AL, ) is determined from [3.AQ.2] as:

Lpas
Ry

AlLp, = 0885in

Alyh = ARyy;

Note that the coefficient of thermal expansion for the hottest basket temperature has been used, and
the results are therefore conservative.

3.AQ.4.6 Clearances Between the Fuel Basket and MPC Shell

The final radial and axial fuel basket-to-MPC shell and lid clearances (RGpyy, and AGy 1,
respectively) are determined as:

RGymh = RCpm — ARpp + ARmpch
RGymh =01041n
AGomh == ACpm — ALpp + ALmpch

AGymh = 1404 m

3AQ35 Summary of Results

The previous results are summarized here

MPC Shell-to-Overpack Fuel Basket-to-MPC Shell
RGmoh = 04341 RGymph = 01041
AGpoh = 0.628in AGymp = 1404m
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3.AQ.6 Nomenclature

a is the inner radius of the overpack
AC,, is the initial fuel basket-to-MPC axial clearance.

AC,,, is the initial MPC-to-overpack axial clearance.
AGy 1, is the final fuel basket-to-MPC shell axial gap for the hot components.
AG,,o, is the final MPC shell-to-overpack axial gap for the hot components

b is the outer radius of the overpack.
Ly, is the axial length of the fuel basket.

Linpc s the axial length of the MPC.

Lvp 1s the axial length of the overpack.

I} (r2,r3,r4) is mean radius of the overpack inner shell (shield shell, concrete, outer shell)
R, is the outer radius of the fuel basket. A
Rpypc i the mean radius of the MPC shell.

RC,, is the initial fuel basket-to-MPC radial clearance.

RC,,, is the initial MPC shell-to-overpack radial clearance. :

RGyy, is the final fuel basket-to-MPC shell radial gap for the hot components.

RG,,q, 1s the final MPC shell-to-overpack radial gap for the hot components.

t; (ta:t3,t4) is the thickness of the overpack inner shell (shield shell, concrete, outer shell).

Tyar 1s the average temperature of the overpack cylinder.

o (ag,a3,04) is the coefficient of thermal expansion of the overpack inner shell (shield shell,

concrete, outer shell).
@y, Is the average coefficient of thermal expansion of the overpack.

Oy, 1s the coefficient of thermal expansion of the overpack.
Qmpc 18 the coeficient of thermal expansion of the MPC.
ALy, is the axial growth of the fuel basket for the hot components.
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AL,pch the the axial growth of the MPC for the hot components.

ALqyph 1s the axial growth of the overpack for the hot components.

AR, 1s the radial growth of the overpack inner radius for the hot components.
ARy, is the radial growth of the fuel basket for the hot components.

ARppeh 1 the radial growth of the MPC shell for the hot components.

ATy, 1s the temperature change at the overpack inner shell for hot components.
AT,y is the temperature change at the overpack outer shell for hot components.

ATsy, 1s the temperature change at the MPC shell mean radius for hot components.
ATy, 15 the temperature change at the MPC basket periphery for hot components.
ATgy, is the temperature change at the MPC basket centerline for hot components.

ATy, is the fuel basket centerline-to-periphery temperature gradient.
O, 15 the circumferential stress at the overpack inner surface.

Oy 1s the circumnferential stress at the overpack outer surface.

O, 1s the maximum radial stress of the overpack

0,, 1s the axial stress at the fuel basket centerline.

0,, 1s the axial stress at the fuel basket periphery.
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\_J APPENDIX 3.AR - ANALYSIS OF TRANSNUCLEAR DAMAGED FUEL CANISTER
AND THORIA ROD CANISTER

3.AR.1 Introduction

Some of the items at the Dresden Station that have been considered for storage in the HI-STAR
100 System are damaged fuel stored in Transnuclear damaged fuel canisters and Thoria rods that
are also stored in a special canister designed by Transnuclear. Both of these canisters have been
designed and have been used by ComEd to transport the damaged firel and the Thoria rods.
Despite the previous usage of these canisters, it is prudent and appropriate to provide an
independent structural analysis of the major load path of these canisters prior to accepting them for
inclusion as permitted items in the HI-STAR and HI-STORM 100 MPC's. This appendix contains
the necessary structural analysis of the Transnuclear damaged fuel canister and Thoria rod canister.
The objective of the analysis is to demonstrate that the canisters are structurally adequate to support
the loads that develop during normal lifting operations and during postulated accident conditions.

The upper closure assembly is designed to meet the requirements of NUREG-0612 [2]. The
remaining components of the canisters are governed by ASME Code Section III, Subsection NG
[3]. These are the same criteria used in Appendix 3.B of the HI-STAR 100 to analyze the Holtec
damaged fuel container for Dresden damaged fuel. o

3.AR.2 Composition

—/ f This appendix was created using the Mathcad (version 8.02) software package. Mathcad uses the
symbol "=' as an assignment operator, and the equals symbol '=' retrieves values for constants or
variables.

3.AR. 3 References

-1. - Crane Manufacture's of America Assocmtlon, Specifications for Electnc Overhead
" Traveling Cranes #70 -

2. NUREG-0612, Control of Heavy Loads at Nuclear Power Plants

3. ASME Boiler and Pressure Vessel Code, Section III, July 1995

3.AR4 Assumptions

1. Buckling is not a concern during an accident since during a drop the canister wﬂ]
be confined by the fuel basket.
2. The strength of the weld is assumed to decrease the same as the base metal as the

temperature increases.
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3.AR.5 Method
Two are considered: 1) normal lifting and handling of canister, and 2) accident drop event.

3.AR.6 Acceptance Criteria

1) Nommal Handling -
a) Canister governed by ASME NG allowables:
b)Welds governed by NG and NF allowables;
quality factors taken from NG
stress limit = 0.3 Su

c) Lifiing governed by NUREG-0612 allowables.

2) Drop Accident -

a) canister governed by ASME NG allowables:
shear = 0.42 Su (conservative)

b)Welds governed by NG and NF allowables;
quality factors taken from NG
stress limit = 0.42 Su

3.AR.7 Input Stress Data

The canisters is handled while still in the spent fuel pool. Therefore, its design temperature for lifting
considerations is the temperature of the fuel pool water (150°F). The design temperature for accident
conditions is 7250F. All dimensions are taken from the Transnuclear design drawings listed at the end
of this appendix. The basic input parameters used to perform the calculations are:

Design stress intensity of SA240-304 (150°F) Sm1 = 20000 ps1
Design stress intensity of SA240-304 (775°F) Sma2 = 15800 ps1
Yield stress of SA240-304 (150°F) Sy1 = 27500 psi
Yield stress of SA240-304 (775°F) Syz = 17500 ps1
Ultimate strength of SA240-304 (150°F) Se1 "= 73000 psi

Ultimate strength of SA240-304 (775°F)

HI-STORM FSAR 3.AR-2
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Ultimate strength of weld material (150°F) Su,, := 70000-psi

Ultimate strength of weld material (775°F) St yace = Sty = (Su1 = Si2)
Weight of a BWR fuel assembly (D-1) R W gy = 400-1bf

Weight of 18 Thoria Rods (Calculated by Holtec) Winona = 90 1bf
Bounding Weight of the damaged fuel canister (Estimated by Holtec) W eontamec = 150-1bf
Bounding Weight of the Thoria Rod Canister (Estimated) W rodean = 300-1bf

Quality factor for full penetration weld (visual inspection) n:=05

Dynamic load factor for lifting o DLF = 115

The remaining input data is provided as needed in the calculation section

3.AR.8 Calculations for Transnuclear Damaged Fuel Canister

3.AR.8.1 Lifting Operation (Normal Condition)

J The critical load case under normal conditions is the lifting operation. The key areas of concem for
ASME NG analysis are the canister sleeve, the sleeve to lid frame weld, and the lid frame. All
calculations performed for the lifting operation assume a dynamic load factor of 1.15 [1].
3.AR.8.1.1 Canister Sleeve
During a lift, the canister sleeve is loaded axially, and the stress state is pure tensile membrane. For

the subsequent stress calculation, it is assumed that the full weight of the damaged fuel canister and
the fuel assembly are supported by the sleeve. The magnitude of the load is T T

F:= DLF'(WCOntamer + Wﬁtl) F = 6321bf

From TN drawing 9317.1-120-4, the canister sleeve geometry is

idgjeeve = 4.81-in  geeve:=011n

The cross sectional area of the sleeve is

. 2 . 2
Ag = (idg, + 214 —idg .2
sleeve ( sleeve 5 eevc) sleeve Ageeve =2 16in

/
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Therefore, the tensile stress in the sleeve is F

o =292psi

The allowable stress intensity for the primary membrane category is S, per Subsection NG of the
ASME Code. The corresponding safety margin is

S
SM = —= _ | SM =675
g

3.AR.8.1.2 Sleeve Welds

The top of the canister must support the amplified weight. This load is carried directly by the fillet
weld that connects the lid frame to the canister sleeve. The magnitude of the load is conservatively
taken a the entire amplified weight of canister plus fuel.

F = 6321bf

The weld thickness is tpase = 009-1n
The area of the weld, with proper consideration of quality factors, is

Ayeld = -4 (idslee\e + 2'ts]eeve)'-7071'tbase Averg =0 641n2
we

Therefore, the shear stress in the weld is . F

Ayeld 7 =988ps1

From the ASME Code the allowable weld shear stress, under normal conditions (Level A), is 30% of

the ultimate strength of the base metal. The comesponding safety margin is

03 Sy
M := -1 SM =212
T

3.AR.8.1.3 Lid Frame Assembly

The Lid Frame assembly is classified as a NUREG-0612 lifting device. As such the allowable stress

for design is the lesser of one-sixth of the yeld stress and one-tenth of the ultimate strength.

o =0 oy e
: 2710
o = 4583 psi G, = 7300psi
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For SA240-304 material the yield stress govems. Gallowable = O1
The total lifted load is F := DLF-(W contaner + Wiet) F = 6321bf

The frame thickness is obtained from Transnuclear drawing 9317.1-120-11

thame = 0395-in
The inside span is the same as the canister sleeve idgeeve = 4 81in

The area available for direct load is

} ’ 2 . 2 .2
Aframe = (ldslcevc +2- 1:fmme) — idgleeve Afame = 8.224in
The direct stress in the frame is
o= Afame o = T7psi
The safety margin is
Callowable
Mi=z——m -1 SM = 5859
g
—/ The bearing stress at the four lift locations is computed from the same drawing
Apeanng = 4tiame (2-0.38-n) Apearng = 1.2011in°
P o 526 732psi * Ogllowable
b = beanng = — _ .
“% " Apearmg . SM: :1 SM =77

Obearing

3.AR.8.2 60g End Drop of HI-STAR 100 (Bounding Accident Condition since HI-STORM limit
is 45g's)

The critical member of the damaged fuel canister during the drop scenario is the bottom assembly
(see Transnuclear drawing 9317.1-120-5). It is subjected to direct compression due to the
amphﬁed weight of the fuel assembly and the canister. The bottom assembly isa3. 5" Schedule
40S pipe. The load due to the 60g end dropis -

Fi= 60'(Wﬁgl + wcontamcr) F =330001bf

The properties of the pipe are obtained from the Ryerson Stock Catalog as

(od -id) ; =0226in *

od = 4in id := 3 548-in tppe = toupe
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The pipe area is

=268m°

A pipe —

pipe = E-(od2 - 1d2) A
4
The stress in the member is F

o=
Apipe o = 12316ps1

The allowable primary membrane stress from Subsection NG of the ASME Code, for accident
conditions (Level D), is

Callowable = 24 St Galtowable = 37920ps1
The safety margin is
o bl
SM = allowable - SM =21
g

To check the stabulity of the pipe, we conservatively compute the Euler Buckling load for a simply
supported beam.

' ul 1
The Young's Modulus is E := 27600000 ps1
Compute the moment of inertia as (=T ( od® — id4) 1=4788in"
64
L:=22m p =nt Bl Pepe = 2695 x 10°1bf
2
L
The safety margin is Py
SM:=%—1 SM = 80654

3.AR.8.3 Conclusion for TN Damaged Fuel Canister

The damaged fuel canister and the upper closure assembly are structurally adequate to withstand the

specified normal and accident condition loads Al calculated safety margins are greater than zero.

3.AR.9 Calculations for Transnuclear Thoria Rod Canister

3.AR9.1 Lifting Operation (Normal Condition)

The critical load case under normal conditions is the lifting operation The key areas of concemn for
ASME NG analysis are the canister sleeve, the sleeve to lid frame weld, and the lid frame. All
calculations performed for the lifting operation assume a dynamuc load factor of 1.15.

3.AR9.1.1 Canster Sleeve

During a Lift, the canuster sleeve is loaded axially, and the stress state is pure tensile membrane. For
the subsequent stress calculation, 1t is assumed that the full weight of the Thoria rod canister and the

Thona rods are supported by the sleeve. The magnitude of the load is
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F= DLF'(Wrodcan + Wthona) F =4491bf

From TN drawing 9317.1-182-1, the canister sleeve geometry is

idsl:cve =481in toleeve = 0.11:in

The cross sectional area of the sleeve is

7 ] 2. 2
Agleeve = (ldsleevc +2 tslc‘.cve) idsteeve Ageeve = 2.1 6in’
Therefore, the tensile stress in the sleeve is R ‘,
T A o =207psi
sleeve

The allowable stress intensity for the primary membrane category is Sy, per Subsection NG of the
ASME Code. The corresponding safety margin is

s
sM=-2 _ SM = 95.5
(o]

3.AR.9.1.2 Sleeve Welds

The top of the canister must support the amplified weight. This load is carried directly by the fillet
weld that connects the lid frame to the canister sleeve. The magnitude of the load is conservatively
taken a the entire amplified weight of canister plus Thoria rod.

F = 4491bf

The weld thickness is thase := 009 in (assumed equal to the same weld for the damaged fuel

canister
The area of the weld, with proper consideration of quality factors, is

Aweld = n'4'(idslecve + 2'tslcevc)'-707l'tbasc - Aweld = 0.64 inz

Therefore, the shear stress in the weldis - - 7o F

Agerd 1 =701psi

From the ASME Code the allowable weld shear stress, under normal conditions (Level A), is 30% of

the ultimate strength of the base metal. The corresponding safety margin is -

03-Sy

T

SM = -1 SM =303
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3.AR91.3 Lid Frame Assembly

The Lid Frame assembly 1s classified as a NUREG-0612 lifting device. As such the allowable stress
for design is the lesser of one-sixth of the yield stress and one-tenth of the ultimate strength.

) )
- ST
oy =4583psi G, = 7300ps1
For SA240-304 material the yield stress governs. Oallowable == O]
The total lifted load is F := DLF-(W oacan + Wihona) F = 4491bf

The frame thickness is obtained from Transnuclear drawing 9317.1-182-8. This drawing was not
available, but the TN drawing 9317.1-182-4 that included a view of the lid assembly suggests that it is
1dentical in its structural aspects to the lid frame in the damaged fuel canister.

thame = 0395-in

The inside span is the same as the canister slecve idgeeve = 4 81in

The area available for direct load is

2, 2 2

Aframe = (ldslecve +2 tfrarm:) = idgeeve Afame = 8224m

The direct stress n the frame is .
o= A fame C = 55psi
The safety margin is
Callowabl
SM o= owable SM = 83.04
a

The bearing stress at the four lift locations 1s computed from the same drawing

Abeanng =4 teme (2 038 n) Abearmg =1201 inz
F
Obeanng *= Obeanng = 373501 ps1 SM = Callowable _
bearing s SM =1127
beanng
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3.AR.9.2 60g HI-STAR End Drop (Bounds Accident Condition in HI-STORM)

The critical member of the damaged fuel canister during the drop scenario is the bottom assembly.
Transnuclear drawing 9317.1-120-5). It is subjected to direct compression due to the amplified
weight of the Thoria rods and the canister.

F:=60 (wthona + Wrodcan) F = 234001bf

The properties of the pipe are obtained from the Ryerséﬁ Stock Catalog as

- (od —id)

od := 4in id = 3.548in tppe = tppe=0226in
The pipe area is
nf 2 .2 . 2
Appe = -Z-(od —~id ) Apipe = 2.68in
The stress in the member is __F
A o = 8733psi

pipe

The allowable primary membrane stress from Subsection NG of the ASME Code, for accident
conditions (Level D), is ' ‘

Gallowable = 24-Sm2 Callowable = 37920 psi
The safety margin is
c
SM 1= —oable SM =33
c

To check the stability of the pipe, we compute the Euler Buckling load for a simply supported beam.

‘ .
The Young's Modulus is E := 27600000-psi

Compute the moment of inertia as [ % .(0 o d4) I < 4788in"

L:=22in 2 Bl
Py =10 -— Pory = 2.695% 10°1bf
L
The safety margin is Pey,
SMi=—= -1 SM = 114153

3.AR.9.4 60g HI-STAR Side Drop (Bounds Accident Condition for HI-STORM)

The Thoria Rod Separator Assembly is shown in TN drawings 9317.1-182-1 and 9317.1-182-3.
under the design basis side drop or tipover accident, we examine the consequences to one of the rod
support strips acting as a cantilever strip acted upon by self-weight and the weight of one Thoria rod.

HI-STORM FSAR 3.AR-9
REPORT HI-2002444

Rev. 1



biid

<
<—_

y
—p

<
L
Weight of 1 rod per unit length
length := 113 16-m
Ibf 1 Ibf
W =90 — Wyog = 0044 —
rod 18 length rod n

Weight of support per unit length  (per drawing 9317.1-182-3

L=1.06-1n t:=011-mn
Ibf Ibf
Wep = 29 —- Lot Wsup = 0034 —
in® n

Amplified load (assumed as a uniform distribution)

Ibf
q:=60 (w,od + wsup) q=468—
m
12
Moment := qT Moment = 2.629in-1bf

Bending stress at the root of the cantilever beam 1s

o = ¢ Moment o =1304x% 10°psi
2
lmt
Shear stress at the root of the cantilever 1=q IL T =45098ps1
t-1-m

Large margins of safety are indicated by these stress results.
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3.AR.9.5 Conclusion for TN Thoria Rod Canister

The Thoria rod canister is structurally adequate to withstand the specified normal and accident
condition loads. All calculated safety margins are greater than zero.

3.AR.10 General Conclusion

The analysis of the TN damaged fuel canister and the TN Thoria rod canister have demonstrated that
all structural safety margins are large. We have confirmed that the TN canisters have positive safety
margins for the HI-STAR 100 governing design basis loads. The HI-STAR design basis handling
accident load bounds the corresponding load for HI-STORM. Therefore, the loaded TN canisters
from ComEd Dresden Unit#1 can safely be carried in both the HI-STAR and HI-STORM 100
Systems.

3.AR.11 List of Transnuclear Drawing Numbers

9317.1-120 - 2,3,4,5,6,7,8,9,10,11,13,14,15,17,18,19,20,21,22,23

9317.1-182-1,2,3,4,5,6
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APPENDIX 3.AS - ANALYSIS OF GENERIC PWR AND BWR DAMAGED FUEL CONTAINERS
3.AS.1 Introduction

This appendix contains an analysis of the damaged fuel containers that are used for the HI-STAR
100 MPC-24E and MPC-68, respectively. The objective of the analysis is to demonstrate that the

two types of storage containers are structurally adequate to support the loads that develop during
normal lifting operations and during an end drop.

The lifting bolt of each containers is designed to meet the requirements set forth for Special Lifting

Devices in Nuclear Plants [2]. The remaining components of the damaged fuel container are
compared to ASME Code Section ITI, Subsection NG allowable stress levels.

3.AS.2 Composition

This appendix was created using the Mathcad (versig)n 2000) software package. Mathcad uses the
symbol =" as an assignment operator, and the equals symbol =" retrieves values for constants or
variables.

3.AS.3 References

1. Crane Manufacture's of America Association, Specifications for Electric Overhead
Traveling Cranes #70. S

2. ANSI N14-6, Special Lifting Devices for Loads Greater than 10000 Ibs. in Nuclear
Plants.

3. ASME Boiler and Pressure Vessel Code, Section ITI Subsection NCﬂ},lJul‘y'1995
4. Roark’s Formulas for Stress & Strain, 6th Edition, 1989.

5. Kent's Mechanical Engineers' Handbook, Design and Production Volume, 12th Edition,
1965 .

6. ASME, "Boiler & Pressure Vessel Code," Section II, Part D-Material Properties, July 1,
1995

3.AS.4 Assumptions

1. Buckling is not a concern during an accident since during ‘a drop the canister will
be supported by the walls of the fuel basket.

2. The strength of the weld is assumed to decrease the same as the base metal as the
temperature is increased.
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3.AS.5 Method
Two cases are considered: 1) normal handling of container, and 2) accident drop event.

3.AS.6 Acceptance Criteria

1) Normal Handling -

a) Container governed by ASME NG[3] allowables:
shear stress allowable is 60% of membrane stress intensity

b)Welds are govemned by NG Code allowables; stress limit =60% of tensile stress
intensity(per Section III, Subsection NG-3227.2).

¢) Lifting bolt is governed by ANSI N14-6 criteria
2) Drop Accident -

a) Container govemned by ASME Section II, Appendix F allowables:
(allowable shear stress = 0.42 Su)

3.AS.7 Input Data for MPC-24E (PWR) Damaged Fuel Container

The damaged fuel container is only handled while still in the spent fisel pool. Therefore, its design
temperature for lifting considerations is the temperature of the fiel pbol water (1500F). The design
temperature for accident conditions is 7250F. All dimensions are taken from Dwg. 2776. The
basic input parameters used to perform the calculations are;

Design stress intensity of SA240-304 (150°F) Smt = 20000-psi

Table 1.A.1
Design stress intensity of SA240-304 (725°F) Sin2 == 15800-psi
Yield stress of SA240-304 (150°F) Sy1 = 27500-psi

Table 1.A.3
Yield stress of SA240-304 (725°F) Sz = 17500-psi
Ultimate strength of SA240-304 (150°F) Su1 = 73000-psi

Table 1.A.2
Ultimate strength of SA240-304 (725°F) Sy = 63300-psi
Minimum Yield stress of SA564-630 (200°F) Spy = 97100-psi

Table 2.3.5
Minimum Ultimate strength of SA564-630 (200°F) Spu = 135000-psi
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Weight of a PWR fuel assembly (allowable maximum value)

Weight of the damaged fuel container
Wall thickness of the container sleeve
Dimension of the square baseplate
Thickness of the baseplate

Diameter of baseplate through hole
Nmnbe;r of baseplate through holes
Diameter of the baseplate spot weld
Inner dimension of the container sleeve
Wall thickness of container collar
Distance from end of sleeve to top of engagement slot
Thickness of the load tab

Width of the load tab

Thickness of the closure plate

. Radius of the lifting bolt

Weight density of the stainless steel

Thickness of the nut
Length of the bolt
Height of the bolt head
Thickness of the washer

Dynamic load factor for lifting [1]

Wi == 1507-1bf
W contamer = 173-1bf
tsteeve := 0.075-in
dpplate = 8.75-in
tpplate = 0.75+in
dppp = 2-in

Npph =35

dWpase = 0 125-in
idgeeve := 8.75-in
teollar = 021-in
dgot -= 0.1875-in
tp = 0.125-in
Wb i=2.01in

tep = 0.5:-in

Tholt = 01875-in

Yos = o.zsz-ii

m
tys=0346in  [3]
Lyoir =2 0in
tyor = 0268in [5]
tyasher = 0 125-in

DLF =115
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3.AS.7 Calculations fc;r MPC-24E Damaged Fuel Container

3.A8.7.1 Lifting Operation (Normal Condition)

The critical load case under normal conditions is the lifting operation. The key areas of concern
are the container sleeve, the weld between the sleeve and the base of the container, the container
upper closure, and the lifting bolt. All calculations performed for the lifting operation assume a
dynamic load factor of 1.15.

3.AS8.7.1.1 Container Sleeve (Item 1)

During a lift, the container sleeve is loaded axially, and the stress state is pure tensile membrane. For
the subsequent stress calculation, it is assumed that the full weight of the damaged fuel container and
the fuel assembly are supported by the sleeve. The magnitude of the load is

F 1= DLF(Wooniane + W) F = 19321bf

The cross sectional area of the sleeve is

. 2 . 2
Agleeve = (ldslecvc + 2'tsleevc) — idgeeve Ageere = 2.65 inz

Therefore, the tensile stress in the sleeve is

F

o= o = 730psi

Asleevc

The allowable stress intensity for the primary membrane category is Sy, per Subsection NG of the
ASME Code. The corresponding safety factor is

S
SFi= -1 SF =274
g

3.A8.7.1.2 Base Weld (Between Item 1 and Item 7)
The base of the container must support the amplified weight of the fuel assembly. This load is carried

directly by 16 spot welds (4 on each side) which connect the base to the container sleeve. The
weight of the baseplate is

- 2 NppoZedy 12 e
Wbplate = (dbplatc Nl?ph 4 dbph ] tbplate Yss \prlate =131bf
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The total load carried by the spot welds is
F := DLF-(Wge + Wplare)

The area of the weld is

Therefore, the amplified shear stress in the weld is

F
Awe]d

o= o = 8907psi

From the ASME Code the allowable weld shear stress, under normal conditions (Level A), is 60% of
the membrane strength of the base metal. The corresponding safety factor is

06-Spy

SF:= SF=13

c

3.AS.7.1.3 Container Collar (Items 1 and 2)

The load tabs of the upper lock device engage the container collar dunng alift. The load transferred

to the engagement slot, by a single tab, is

DLE-(W,o oo+ W
Fi= ( °°°':’"°’ fe) F = 483 1bf

The shear area of the container collar is

2
Acoltar = z'dslot'(tslccve + tt:ollar) Acollar = 0.107in

The shear stress in the collar is

F
Acollar

o= o = 4519psi

The allowable shear stress from Subsection NG, under normal conditions, is

Callowable = 06 Spy Oallowable = 12000p51

4 Ageg=02 inz

F = 17481bf
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Therefore, the safety factor is

Callowable

SF := SF=27

(o)

3.AS.7.1.4 Load Tabs (Item 3)

The load tabs of the lock device engage the container collar during a lift. The shear area of each
tab is

Apah 7= gy Wigh

Agp = 025in
The shear stress in the tab is
_F
fab = Tub = 1.932x 10°psi
Therefore, the safety factor is
06S
Fo=— SF = 6211
Tiab

3.AS.7.1.4 Upper Closure (Item 4)

The damaged fuel container is lified by a bolt at the center of the upper closure plate. Assuming
that the square upper closure plate is simply supported at the boundary and loaded by a uniform
concentric circle of radius of the bolt, we can use the formula given in Table 26 of Ref, [4] to
calculate the maximum bending stress of the plate. For a square plate, the coefficient of the stress
formula is:

B :=0435

The maximum bending stress in the plate is

3 (W + W) DLF 2-idgjeeye
Umax_c - ( contamer ﬁr]) . ( 1+ 0.3). sleeve + B
2-7t-tq,2 TTholt

Omax ¢ = 1.787x 10*ps1

The allowable primary stress for the plate, per Subsection NG of ASME code, is
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4 .
Gallowable_cp = 158m Callowable_cp = 3% 10 psi

c
Safety factor SF 1= —uable.cp SF=1678 °

Gmax_c

3.AS.7.1.5 Lifting Bolt (Item 5)

The stress area of the 1/2-12UNC bolt is

Apope=00773-in>  [5]

) . w + Wget)-DLF
The tensile stress in the bolt Ot = ( °°““”“°’A =) Opon = 2499 x 10° psi
bolt

The lifting bolt must meet the requirements set forth for Special Devices [2]. As such the allowable
tensile stress for design is the lesser of one-third of the yield stress and one-fifth of the ultimate

strength.

I I
1~ S 5
o) = 32367 psi G, = 27000 psi

For SA193-B8 material the yield stress governs at the lifting temperature.

Oallowable = 02

O,
Safety factor SE = allowable

- SF = 1.08

Now check the thread engagement of the bolt. The minimum required length of the bolt is
I—tngage =t + tuacher T tab 2thu ngagc =1442m

The length of the bolt is Ly = 2in

Therefore, the thread engagement requirement is satisfied.

— — — — — — — — — — — — o (i S e e S G G Gt S G s s . S G E e Eme Sen e S S S e S v — —
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3.A8.7.2 60g End Drop (Accident Condition)

The critical member of the damaged fuel container, during a postulated upside down end drop
scenario, is the 16 spot welds. The total load applied to the welds in a 60g end drop is

Farop = 60-Wiptare Farop = 774.9831bf

F,
o= drop o = 3949 psi

Aweld
Oallowable = 042-S Callowable = 26586 psi

The safety factor is o Cllowsble
) o
SF =6.7

3.AS.8 Input Data for MPC-68 BWR Damaged Fuel Container

The damaged fuel container is only handled while still in the spent fuel pool. Therefore, its design
temperature for lifting considerations is the temperature of the fuel pool water (1500F). The design
temperature for accident conditions is 7250F. All dimensions are taken from the Dwg. 2775. The

basic input parameters used to perform the calculations are:

Design stress intensity of SA240-304 (1500F) Sm1 = 20000-psi
Table 1.A.1
Design stress intensity of SA240-304 (725°F) Sm2 = 15800 psi
Yield stress of SA240-304 (150°F) Sy1 = 27500-psi
Table 1.A.3
Yield stress of SA240-304 (725°F) Sy2 == 17500 psi
Ultimate strength of SA240-304 (150°F) Sy = 73000-psi
Table 1.A.2
Ultimate strength of SA240-304 (725°F) Suz = 63300-psi
Total weight of the loaded container Wioad := 700-1bf
Wall thickness of the container sleeve toeeve = 0035-in
HI-STORM FSAR 3.AS-8 Rev.1
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Dimension of the square baseplate
Thickness of the baseplate

Diameter of baseplate through hole
Number of baseplate througli holes
Diameter of spot welds

Inner dimension of the container sleeve
Thickness of the tube cap top plate”
Diameter of the hole on the top plate
Thickness of the tube cap side plate
Width of the side plate

Length of the locking slot

Width of locking slot

Distance between locking bar center to the top plate bottom
Thickness of locking bar

Width of the locking bar

Diameter of the lifting bolt

Length of the Iifting bolt

Stress area of the bolt
Weld size at the bolt and top plate connection
Weight density of the stainless steel

Dynamic load factor for lifting [1]

dpplate = 5.7-in
tpplate = 0.5-in
dppy = 125-in
Npph =4

dWppee := 0 125-in
dgleeve := 5.701-in
teap_tp = 050
diph = 1.25-in
teap_sp = 0.035-in
Wsp i= 4-in

Ly =3 OSA-.in
W10t == 034-in

L por = 1.5:in
thar :;' 0.1-in

W) bar = 0.25-in

dboll =10in

Ly =101in

Apgpe = 0 6051-in”

— 1 +
WWholt = T2

-in
16

Yoo 1= o.zss-if

m

DLF :=1.15
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3.AS.9 Calculations for MPC-68 Damaged Fuel Container

3.AS89.1 Lifting Operation (Normal Condition)
The critical load case under normal conditions is the lifting operation. The key areas of concemn are

the container sleeve, the spot welds, the tube cap plates, and the lifting bolt. All calculations
performed for the lifting operation assume a dynamic load factor of 1.15.

3.AS.9.1.1 Container Sleeve (Item 1)
During a lift, the container sleeve is loaded axially, and the stress state is pure tensile membrane. For

the subsequent stress calculation, it is assumed that the full weight of the damaged fuel container and
the fuel assembly are supported by the sleeve. The magnitude of the load is

F:=DLF-Wgq F = 8051bf

The minimum cross sectional area, located at the locking slot elevation, of the sleeve is
Agteeve = (idgteeve + 2tgeeve)” = idsteeve: = 4-Letort 2
sleeve - sleeve sleeve sleeve ot’ *sleeve Aslecvc =038in

Therefore, the tensile stress in the sleeve is

F

o= 3 .
Ageeve o =2x 10" psi

‘The allowable stress intensity for the primary membrane category is S, per Subsection NG of the
ASME Code. The corresponding safety factor is

Sml
SF = — SF=93
c
The tube may tearout at those four slots. From the ASME Code the allowable shear stress, under
normal conditions (Level A), is 60% of the membrane strength of the metal. The minimum distance
between the slot center line to top edge of the tube is determined as

d — F + Wilot
L 06 S B tgeere | 2 dgjor = 0.411n

The tube won't tearout since the center line of the slot is located below the top edge at a distance of

Ly por = 15in
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3.AS.9.1.2 Spot Weld

Some of the container parts are connected by spot welds at three locations: (1) between base
plate of the container and the sleeve (2) between the locking bars and the tube cap side plates,
and (3) between the tube cap side plates and the top plate. At each location, there are at least 12
spot welds to carry the load. To evaluate the structural integrity of these spot welds, the load
applied to the welds is conservatively assumed to be the weight of the fully loaded container in
each case.

The total load carried by the spot welds is

F := DLF-Wq,gq F = 8051bf

The rmmmurn total area of the weld connection is

3.14-dwyyel

Awelg = 12 Ay = 0.15in°

Therefore, the amplified shear stress in the weld is

F
Aveld

G:= C = 5469 psi

From the ASME Code the allowable weld shear stress, under normal conditions (Level A), is
60% of the membrane strength of the base metal. The corresponding safety factor is

06-S
SF= m!

SF=22
o

3.AS5.9.1.3 Tube cap top plate (Item 2A)

The damaged fuel container is lifted through a lifting bolt welded to the center of the tube cap top
plate. Assuming that the square top plate is simply supported at the boundary and loaded by a
uniform concentric circle of radius of the bolt, we can use the formula given in Table 26 of Ref, [4]

to calculate the maximum bending stress in the plate. For a square plate, the coefficient in the stress

formula is:
dbolt
2

: B:=0435 ’ ' Tholt =

The maximum bending stress in the plate is

3:Wyoaq'DLF 2-id
Grmax o = load - I: (1+0 3)-In sleeve + B}
2T teap p T Tpolt
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Omax_c = 4631 x 10° psi

o}
Safety factor SF = —les® SF = 6479

Omax_c

3.A5.9.1.4 Tube cap side plate (Item 2B)

Four locking bars are welded to each of the four side plates. These side plates are bent to allow the
locking bars to fit into the slots of the tube for lifting the container. Subsequent to bending, the side
plates are forced to be vertical by the locking "ring" which pushes the locking bars into the slots in
the container walls. While the side plates are deformed into the plastic range during the initial
insertion over the canister tube process, the lowering of the locking ring reverses the state of stress
in the side plates. It is required that the side plate should not reach the ultimate stress value during
this single cycle of loading .

Deflection of the side plate dyp = tgr 4 =01in
The bending stress of the side plate is calculated by assuming that the side plate behaves as a
cantilever beam.

W)_bar

2

7 .
Ejp :=2.7-10"-psi Loend_sp = L4 _par +

 LSEgdgtey o

Ogp _ 4 .
2 Og, = 5368 10" psi
Lbcnd_sp P P

The bending stress is less than the ultimate stress of the material (73 ksi) and therefore acceptable.

3.AS.9.1.5 Lifting Bolt (Item 5)

The stress area of the bolt is Apoy = 0605in®
. . Wioaq: DLE
The tensile stress in the bolt O polt = ;L. O boit = 1.33% 10°psi
bolt

The lifting bolt must meet the requirements set forth for Special Devices [2]. As such the allowable
tensile stress for design is the lesser of one-third of the yield stress and one-fifth of the ultimate

strength.

"
—) oy = 9167psi 27 0 = 14600psi
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C

For SA240-304 material the yield stress governs at the lifting temperature.

Callowable == 1

[e]
Safety factor SF:= allowable

O bolt SF=689

The bolt is welded to the tube cap top plate by the 1/16 fillet weld surrounding the periphery of the
bolt. The shear stress in the weld is

DLF-W a4
“'dbon'(o 707 WWpot)

Tp_weld = Ty weld = 5799 % 10° psi

From the ASME code the allowable weld shear stress, under normal condition (level A), is 60% of
the membrane strength of the base metal. The corresponding safety factor is

06 Sy

SF: -
To, weld SF =2.069

3.AS.9.2 60g End Drop (Accident Condition)

The critical member of the damaged fuel container, under a postulated top down end drop scenario
(that would occur only when the MPC is in transit), is the 16 spot welds. The total load applied to
the welds in a 60g end drop (while installed in a HI-STAR 100 overpack) is

= 2 N Ed 2 e

wbplatc = (dbplatc Nbph 4 dbph ) tbplatc Yss Wbp]atc =41bf
Farop ™= 60 Wpiaee Farop = 234.165Ibf

Farop
o= o = 1591 psi

Aveld Oatlowable = 042-Sya Callowable = 26586 psi

The safety factor is g
T o SF =167

3.AS.10 Conclusion
) ,
Both of the two types of damaged fuel containers are structurally adequate to withstand the
specified normal and accident condition loads. All calculated safety factors are greater than one,
which demonstrates that all acceptance criteria have been met or exceeded.
.
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