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IF-300 CASK - BWR BASKET
INTERNAL SHIELDING SAFETY
ANALYSIS REPORT

Introduction

Dose rate measurements taken during our first Dresden 2 fuel shipping
campaign showed higher than expected readings at the IF-300 cask closure
flange. The dose rates were not in excess of regulatory 1imits, however,

source of this radiation was determined to be Cobalt-60 in the BWR upper
tie plate and handle assembly. Subsequent measurements on an IF-300
cask loaded with PWR fuel showed that a similar situation does not exist
for these assemblies. :

Supplementary shielding will be added to the BWR fuel basket to prevent.

the occurrence of excessive cask flange dose rates on shipments of high
exposure BWR fuel. This additiona) shielding masks the IF-300 closure

{1ange area and will assure that external dose rates remain below unaccentable
evels.

~

This report contains a detailed déscription"of the proposed modification

as well as shielding, structural, criticality and heat transfer analyses.
The shielding assembly fabrication and quality assurance program are also
discussed. .

A

Modification-Description

An add-on modification to the BWR fuel basket has been selected as the best
method of providing supplementary shielding. Due to space limitations,
depleted uranium metal is used as the shielding medium. Uranium pieces
approximately one inch thick are encasca 1n stafnless steel and attached to the
fuel basket between the basket top plate and the- first support ring.

Appendix A contains descriptive drawings of the proposed modification. .
Drawing 159C5238 sheet 6, Rev. 5 shows the entire BWR basket with shielding
pieces; 159C5238 sheet 10, Rev5¢ shows just the BWR basket upper end with

the shielding pieces in place; and 159C5238 sheet 11, RevZ28 shows details

of each shielding piece and its connection to the BWR basket.

In order to conform to the basket geometry, the suppleméntary shielding
consists of fourteen pieces or subassemblies. Al11 subassemblies have

- the same basic construction with the uranium pinned or threaded to a top

and bottom stainless steel block. The uranjum is then boxed-in with stain-
less steel end and side pieces. The steel is welded and makes a water
tight, close fitting encapsulation. As in the cask body fabrication, a
copper diffusion barrier exists at each steel-uranium interface. Each

Vi-1
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clad subassembly is fixed to the basket by pinning and welding.

The depleted uranium pieces are vacu
forged and then machined to shape.

composition of these pieces are similar
head shielding.

um cast in ceramic molds, rough
The physical properties and chemical

to those of the cask body and

In addition to the shielding pieces and their supports, some minor
modifications to the BWR basket are required to provide more structural

rigidity.

First the basket top plate, to which the shielding pieces are

pinned, is extended to a full circle by the addition of four crescent

shaped pieces.

four L-shaped pieces of hig
inserted in the "corners" o

Material Properties

A.

Components/Materials

Second, the basket 1ifting bars are converted into
I-beams to which the crescent-shaped pieces have been welded, and third,
h-strength (216 SST) stainless steel are

f the top plate replacing the 304 stainless steel.
These changes are shown in Appendix A on drawings 159C5238 sheets 6 and 10.

The following is a 1ist of the components, by generic description,

and their materials of construction.
TABLE 1

Component
1. Shielding pieces

2. Toﬁ and bottom subassembly
bars (1/2" thick)

3. Subassembly side plates
(.060" Thick)

4. Subassembly end bars
(3/16" thick)

5. Studs (3/C" & 7/16" 0D)

. Support ribs

Basket corner inserts
. l-beam lifting bar

. Top plate extension

A1l uranium-stainless
. steel interfaces

O W 00 N O
. .

Physical Progcerties

Material

Depleted uranium metal - ASTM
B419 - 64T

304 stainless steel - ASTM A276
304 stainless steel - ASTM A240

304 stainless steel - ASTM A276

Nitronic 60, 17-4 P, 304 SST.

304 stainless steel - ASTM A276
216 stainless steel - AISI 200
304 stainless steel - ASTM A276
304 stainless steel - ASTM A276

Copper, .004" minimum
(flame-sprayed)

There are basically three thermal conditions under which the BWR
basket modification must be evaluated; these are as follows:

vi-2
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~ B. Physical Propéfties (cont'd)
o low temperature - (-40°F)

/ o normal temperature - 450°F(1)

o high temperature - 1000°F
1. Stain1éss’$teels‘

Table 2 shows the properties used fn thesé'evaluations for
-the various stainless steels. .

TABLE 2
"Stainless Steel Properties
Temperature
I1tem -40°F = 450°F - 1000°F References
304 Yield stn, ksi 40.0 20.1 15.6 N, (2), (2)
304 ultimate stn, ksi 140.0 u 64.0 57.7 (M), (3), (3)
304 mod. of elas- ST | . o
ticity, E X 106 psi . - 29.0 26.2 22.5 . (3), (V), (&)
304 coeff. of ther- ’
mal expansion, a x 10-6 8.4 9.65 10.1 (1), (2), (4)
in/in/°F R . L
216 yield stn, ksi >62.4 44.9 - . 36.3 (15), (15), (15)
216 ult stn, ksi ~  >100.0 89.9 75.4 (15), (15), (15)
Nitronic 60 _ ,
yield stn, ksi >57.0 33.5 28.0 (17), (17), (1)
Nitronic 60 P : , -
ultimate stn, ksi >100.0 79.0 74.0 (17, (1), N
17-4 PH Cond. A | ‘
yield stn ksi >129.0 123.0 93.0 (21), (21), (21)
17-4 PH Cond. A '
ult. stn, ksi >140.0 128.6 96.0 (21), (21), (21)
2. Depleted Uranium '
TABLE 3
Depleted Uranium Properties
Item ‘ -40°F RT 450°F  1000°F References
Yield, stn, ksi >51.0 g 51.0 46.0  10.0 (5),(6),(7),(5) & (7)
Ultimate stn, ksi >110.5 110.5  85.0 40.0  (5),(6),(7),(7)
Mod. of elasticity, 30.2 29.5  26.6 20.1 (8),(5),(8),(8)
E x 106 psi :
Coeff. gf thermal exp., 7.5 - 8.56 10.8 (8),-,(8),(8)
a x 10°° in/in/°F

\1) In this case, "normal” means the cask is at maximum heat load with the cooling -
system inoperative under 130°F stil} air ambient conditions.
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C. Dynamic Properties ' —~

A great many materials used in shipping cask construction exhibit
increased strength (yield and ultimate) with increased strain rate.
BMI-1954 (Reference 9) documents this phenomenon for a number of
materials including stainless steel and depleted uranium metal.
Also see References 12 and 13.

In this analysis no credit will be taken for this increasad strength.
However, it should be remembered that the margins of safety based on
static properties will be greater under actual conditions.’

IV. Force-Time Justification/Design Basis Loading

A. Introduction:

The internal shielding assembly experiences its most severe structural
loading under the 30 foot drop defined in 10CFR71, Appendix B. This
hypothetical accident condition combined with certain initial conditions
forms the assembly design basis.

The force-time behavior of the IF-300 cask under 30' drop conditions

was initially defined in 1973 as part of the original design and analysis
report, NEDO-10084-1. This definition, based on the correlation of

fin bending tests conducted at ORNL, was obtained by dividing the cask
drop height (H) by the cask stopping distance (&) thus:

g = % (cask deceleration)

</

This relationship was derived as follows

W'H = cask potential energy
W = cask weight
H = cask drop height
F*s5 = cask energy dissipation
F = fin bending force (assumed constant)
6 = cask stopping distance
Since:

W'H = F+s (to dissipate all energy)

then by rearranging: % = % =9

vi-4
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A. Introduction (Cont'd)

—/ - Defining deceleration in this manner required several assumptions:

0 the fin behding force (F) is constant
0 the cask behaves as a rigid body

The first assumption was believed to be valid because an exami-
nation of the force-time histories of the fins tested at ORNL

showed essentially constant-force behavior following an early-time,
very short duration spike, The second assumption was based on

an examination of cask structural parameters; although not
absolutely rigid, the cask represented an extremely stiff structure.

The AEC/GE agreed-upon method of analysis, for the 1F-300

cask was that components and structures in the immediate vicinity

of the point(s) of impact would be evaluated at twice the H/s
deceleration; doubling the G-load was to account for impact effects.

A11 other components would be analyzed at a deceleration of H/5. This
method was used for the cask structural analysis and AEC approval of the
results was received. : .

For this current application where a serfes of small components
within the cask (rather than the massive cask structure) are being
evaluated under impact condition§ it is necessary to consider the

and evaluate the internal shielding assembly accordingly. The following
is a derivation of the early-time behavior of stainless steel fins

under high strain-rate, large deformation conditions. This derivation
is based on theoretical considerations, computer analyses and actual

fin bending tests and represents the latest work on this subject.

B. Fin Bending Ana1vsis(1)

1. Summary

yield stress were observed in the Sandia tests, while factors
of four were observed in Davis' tests. The differences can be
attributed to the higher strain-rate dependency of the mild
steel. The strain rate effects on stainless steel (see References
12 and 13) are also crucial to any dynamic analysis that might
be undertaken.
\—/
(1) Information furnished by Mr. R.E. Nickell, Pacifica Technology under contract
to General Electric Co.

V1-5
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Numerical analysis of fins has assumed strain-rate independent
properties and, as a result, no peak stresses above static
yield are seen. A significant reduction of the propagated
stress is observed in the cask shells, however, and it would
be expected that similar reductions would occur in strain-
rate-dependent analysis. This reduction is due to geometric
dispersion of wave energy into cask material volume adjacent
to the fin.

Correlation of both the Davis and Sandia Laboratories data
reveals that the high peak stresses can be eliminated by
proper choice of slenderness ratio and aspect ratio, in
agreement with Euler and plate buckling formulas. Based
upon the slenderness ratios of the various IF-300 fins and
the restraint imposed by the lateral or circumferential
dimension, the IF-300 fins should expect, under conservative
conditions, to see the high peak stresses at impact.

Discussion

The planned approach to this investigation consisted of three
parts: (1) an evaluation of the data in Reference 10, including
load cell instrumentation, in order to determine the validity

of the measured early-time force response; (2) esarly-time
analysis of some representative fin geometries, in order to
examine the strain-rate-independent response of the fins when
attached to realistic cask structures; and (3) an assessment

of relevant data available from other sources.

Because of the nature of the findings the tasks will be covered
in inverse order.

(a) Imoact Data

The only significant impact fin analysis discovered is that
reported by Biffle et.al., in Reference 11. Mores important

than the analysis, however, were the static and dynamic experimental
results from prototypic fin tests. A pneumatic type of load cell,
completely different from the strain gage bridge used by Davis

and much better calibrated, recorded similar early-time pulses.

Although the object of these fin tests was primarily to evaluate

a number of alternate fin geometries (some stiffened and some
cylindrical), comparison tests were run on standard, rectangular
fins. These standard fins were referred to as “"simple" fins in
Reference 11. The simple fins that were tested statically were

4 inches high, 1/4 inches thick, and 9 inches long. An
examination of the static load-deflection trace reveals that
buckling of the simple fin occurred when the entire cross-sectional

V1-6
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area reached its compressive plastic 1imit. In this case,

the measured peak load was 80 Kips. The cross-sectional

area was 2.25 in2 which yields an average stress of about 35,000
psi (almost precisely the nominal static yield stress of 35
Ksi). After reaching peak load, of course, the fin eccentricity
(no matter how small) causes the fin to buckle.

The two simple fin dynamic tests were also illuminating.

Because of limitations on the drop table apparatus, the length
of the fins was reduced from the S inch length used in the
static tests to 6 inches. The two fins buckled into two slightly
different mode shapes and two substantially different peak

loads were recorded (slight differences in eccentricity are
probably to blame). These two peak loads were 119 Kips- and

160 Kips, respectively, or, taking the smaller cross-sectional
area into account, the average stresses at peak load were

about 79 Ksi and-107 Ksi. These values represent increases of
about 125% and 205%, respectively, over the static yield stress.

These large peak forces are attributed to the strain-rate dependency

of the austenitic stainless steels, as documented in References 12

and 13. Based upon data_taken on AISI 304 and 316 stainless steels

at strain-rates from 1072 per second to about 10 per second, Steichen
has concluded that the yield strength increases by about 48 MN/m2

(7 Ksi) per decade of strain-rate. If the value at 10-5 per second

is taken to be the static amplitude of the yield stress (35 Ksi), then
the extrapolated value at strain-rates typical of impact (10 per second
to 1000 per second) is between 77 and 91 Ksi, in reasonable agreement
with the peak load stresses reported in Reference 11. It should be
noted that even higher strain-rate effects would be expected in impacts
involving mild steel. ‘

In addition, Steichen reported two other items of interest. First,
the hardening moduli (which determine the longitudinal wave
propagation velocity in the fin and, therefore, the peak pulse

shape) seem to be independent of strain rate. Second, the strain-
rate dependency of the yield stress is reduced at higher temperatures
(~400°F). Both of these items are explained by the pinning

of dislocations at high strain rates. Once the yield stress is
reached, or if the activation temperature is higher, mobility of
dislocations returns.

(b)  Ein Analysis

Two geometries have been discretized for nonlinear dynamic

finite element analysis. One is a plane strain representation of

2 longitudinal fin attached to a layered surface having no cir-
cumferential curvature, as shown in Figure 1. The other is a
three-dimensional representation of an actual circumferential

fin, including the valve box flare (5° fin inclination) as shown in
Figure 2. The analyses were to be carried out with best-estimate

V1-7
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Fin

QOuter Shell

r —
P

Shielding

.Inner Shell

Figure 1. Two-Dinensional, Plan2-Strain Hod2l Circunferential Fin
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strain-rate-independent properties. Durations of the order of

1 millisecond (early-time) were to be analyzed in order to
verify the absence of peak stresses substantially above the
static yield stress. Because of the expense of computation
associated with the three-dimensional analysis, the plane strain
calculations were completed first.

A static yield stress value of 35,700 psi and a hardening

modulus _of 525,000 psi (as contrasted to Young's modulus of

24 x 10° psi) were used in the plane strain analyses. Both

the Sandia Laboratories code HONDO and the M.I.T. code ADINA
were exercised and compared. As was expected, stresses from

the impact end pronanatad at velacities dictated by the hardening
modulus,

where ¢, is the longitudinal wave speed, Ey is the tangent
(hardenihg) modulus, and o is the density.

In addition, and as expected, the amplitude of stress was limited
by the static yield stress (with a small amount of hardening as

a function of plastic straining). No load peaks were observed.
The beneficial effect of geometric dispersion of wave energy

from the fin into cask containment and shielding material adjacent
to the fin was observed. A typical result in a conservative
locaticn (in the outaer shell, directly under the fin centerline)
shows a reduction in peak equivalent stress of about 50%.

(c) Davis Data

An examination of the computer-generated force-time plots from
the data of Reference 10 shows a strain-rate effect that is at
least as pronounced as the Sandia Laboratories impact results.
Peak stresses average out at about 100 Ksi, with the slender

fins showing almost no strain-rate effect and the stubby fins
showing substantial strain-rate dependence. However, the results
are not uniform since some thin, but stubby, fins do not exhibit
these effects.

In order to arrive at a reasonable correlation with the experimental
data, an elastic buckling model is proposed. The reasoning is that
all fins are sensitive to imperfections if the stress is sufficiently
large, and that strain-rate effects aliow the stress to reach these
large compressive values in stubby fins. Also, restraint supplied

by fin width should be accountad for through an aspect ratio
dependence. In the following, an energy method is used to produce
the desired result.

v1-10
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In order to apply an energy method to the buckling of the
fins, an approximate buckled profile must be assumed. This
displaced shape must satisfy the kinematic boundary conditions
and should reflect known information. Here we assume that the
fin is restrained against transverse displacement and rotation
at its attachment to the cask (or base plate). Therefore,

aw

wio,y) = 3x (oy) = 0

We also assume that the fin buckles in shape of a "question

mark"l and that the dynamic loading {is conservative (i.e.,

the applied force always remains directed parallel to the

x-axis and remains in the 2=o0 plane). For initial simplicity

we also assume that there is no dependence on y (i.e., there

is no twisting or warping of the cross section during buckling).
It also should be noted that, because of the strain rate effects,.
uniformity of stress is assumed. Inertia is implicitly in-
cluded in the strain-rate effects on yield, but is not explicitly
considered in the energy balance.

The simplest expression that accomplishes these goals is the
\__/ deflected shape

wix,y)=wg x*(x-1).

Substituting into the bending strain energy »
32"7 az; 2 2.
off | (a‘if ' 57?) -20-) [%ﬁ

and integrating gives

2

ol
%

(58) Y

4Dbwie®,

where D is the flexural stiffness (Eh®/12(1-v?)), v is Poisson's ratio, E is Young's
modulus, h is the fin thickness, £ is the height, and b is the width. The assumed
defiected shape is alsosubstituted into the initial stress membrane energy

7 [s@) ) o @E)]eo

\__" A reasonable assumption based on Davis' tests of 0° and 10° inclined fins all of
which bent into this shape. o
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and integrated to give
2 - 2 S
oMb !

where N N; and N;y are the "initial" resultants (per unit length) that are tc
be scaled by the buckling factor, Y, in order to reach critical values. In ou
case

or

~—
Q
—
[ ]
(78 )
o
o

x‘cr Thn’ N
or, for v = 0.3,
(s,) 2
x‘er h
e 2'75(1)

‘This result is similar to the Euler column buckling formula. It should be noted
that no dependence upon aspect ratio is observed.

In order to develop a correlation that involves the aspect ratio, some
dependence on the coordinate y must be assumed for the trial buckling shape,
or

W(x,y)=wnx’(x-!.)y.
Carrying out similar steps yields

(cx)cr - 2.75(!;’-)2

£ 1+7(

|
oo~
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where the correction term depends both on the aspect tatio, 1/b, and the stres:
resultant ratio, N'/I(x. This term is the most elementary of its kind, but i
describes the effect of lateral restraint on the critical buckling stress. O
course, the stress ratio does not remain constant in either time or space
Therefore, this equation will be replaced by a correlation equation

— [T"’e‘g‘]

where A and B are correlation coefficients to be determined from existing

impact data.

Before attempting to correlate the existing impact data, it is
useful to plot the information (see Figure 3) in a dimensionless

- form, such as normalized peak stress as a function of the square
of the slenderness ratio, with aspect ratio as a parameter. Two
trends are thus observed. First, for a given slenderness ratio,
the peak stress increases as the aspect ratio decreases. This
trend can be interpreted as a lateral restraint effect-namely,

the tendency to buckle is inhibited somewhat by the fin width.
Second, for a given aspect ratio, the peak stress tends to increase
as the slenderness ratio decreases, in agreement with the Euler
column formula. Both trends are explained, to some extent, by the
correlation equation derived above.

In order to fit the data, we choose a slenderness ratio of 16, and
aspect ratios of 4 (Davis) and 2/3 (Sandia). This yields values of

A=0.90, B=0.16

~ The correlations are given in Figure 3 for several values of
aspect ratio, in order to compare with the actual data. Plastic
buckling is shown by horizontal dashed lines, such as the one
representing the static yield stress ratio of 1.2 x 10-3. This
correspgnds to a yield stress of 36 Ksi and a modulus of

30 x 10° psi. Strain-rate dependence is represented by higher
horizontal lines.

Because of these trends, an assessment of the IF-300 impact fins

is possible, provided that some assumption about the "active"
fin width can be justified. For example, the slenderness ratios
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of the IF-300 fins vary from about 5.6 for the four circum-
ferential' rings (7" high by 1.25" thick) to 7.0 and 8.4,
respectively, for the two sets of top end fins (8" high by 1-1/8"
thick and 9.5" high by 1-1/8" thick), A more favorable situation
exists with the circumferential fins near the valve boxes, where
a slenderness ratio of between 12 and 13 could be used, depending
upon impact attitude.

Ba§ed upon the data of Steichen, extrapolated to strain rates of
10° per second, a maximum stress of 90 Ksi is assumed. With

£ = 24 x 10 psi, this yields the solid horizontal line in Figure 3.
This indicates that, for an aspect ratio of unity or less

(typical of IF-300 fins), the slenderness ratio would have to

be greater to reduce the peak stress. Since this is not the case,
the IF-300 fins will see peak stress on the order of 90 Ksi.

Based upon this value and using some knowledge of the wave motion in
the fin (see Figure 4), the wave speed is estimated to be between
40,000 and 70,000 in/sec. The force is seen to build up rather
linearly to peak stress, depending upon the impedence at each end
of the fin. Thus, a stress-time history for the IF-300 fins can
be derived and plotted in Figure 5. Note that, following buckling,
the force is governed by the static yield stress. In reality,
the post-buckling force is difficult to determine, but values that

- are near the membrane yield force seem to correlate reasonably
well with existing data.

Application of Fin Bending Analysis to the IF-300 Cask

Figure 5§ is a plot of stress as a function of time for the variety of

fins found on the IF-300 cask. In order for this plot to be useful in
analyzing the internal shielding assembly response to cask impact, Figure 5
must be converted into a force-time or deceleration ("g") - time
relationship. :

To make the force-time conversion, Nickell suggests multiplying the
active or effective fin cross-sectional area by the stress values
from Figure 5. This cross-sectional area is simply the product of
the fin thickness and the fin effective width. Effective widths of
rectangular fins are the actual geometric widths; for circumferential
fins the effective widths are based on the hinge (bend) line lengths.
The original cask drop analysis used the concept of effective fin
width, a detailed discussion of this is found on page 5-31 of the
cask DAR (Reference 14). This discussion is reproduced as follows:
(Note that what is referred to above as "width" is called "hinge
line ‘length" below): :

“As shown in Figure V-8 [Figure 6, this report], the structural

rings and fins were assumed to form two hinges with the hinge
closest to the cask forming at two times the fin thickness
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away from the cask surface.- The second hinge formed at 0.65
times the fin height away from the cask surface. The effective
hinge length of the circular structural rings was computed

as follows:

L _ 2 1o + Li
eff 3
where: Lo = length of outer hinge line
L; = length of inner hinge line

(See Figure V-8)
[Figure 6, this report]

This is based on the fact that the outer hinge absorbs
approximately two-thirds of the energy and the inner hinge
absorbs the remaining one-third."

It should be noted that the fin deformed shape and location of hinges
assumed above was based on measurements of actual test fins.

The internal shielding assembly will be analyzed under 30-foot drop

conditions considering 5 cask orientations, three on the side (9°,

45°, 90°) and one on 2ach end (head and bottom). The following table

shows these five orientations, the effective impact fin areas and the
resuitant forces (Figure 5-peak and plateau). Effective area ca]cu]ation§\_,/
are in Appendix 8.

TABLE 4

Areas and Forces

(See Figure 6) Total Fin Force, Kips
Cask Orientation Eff. Area, In Peak Plateau
0° - Side (1) 3138 28620 12720
45° - Side (1) 238 21420 9520
90° - Side (1) 207 18630 8280
Top - End 435 39150 17400
Bottom - End 436 40140 17840

The forces appearing in Table 4 are those which would be applied to
the cask body at the appropriate location as a function of time.
Figure 7 is an example of the F-t plot for one of the two pairs of
impact rings in the 0° side drop orientation. The peak force of
14310 Kips is (by symmetry) half of the peak shown in Table 4 for
the 0° drop.

(1) The total side drop area is divided aqually between the upper and lower pair \\_//
of impact rings.

v1-13
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The force-time history represented by Figure 7, although typical
of what the cask body will experience, is not what will be experienced
\_/ by the internal shielding assembly. A more usable relationship for
the evaluation of this internal structure is deceleration (g) vs time.
If the cask were an absolutely rigid body then dividing the forces from
. Table 4 by the weight of the cask would yield the "g" values. However,

.- there is some deviation from rigid body behavior and further analysis

is required to define the cask deceleration as a function of time.

D. Cask Deceleration Anglysis(])

A model has been developed which analyzes the structural response of the
IF-300 cask and its contained fuel rods under 30 foot drop conditions.

This work is preparatory to a future certificate amendment request. The
computer model developed, shown as Figure 8, is a full length repre-
sentation of the IF-300 cask body and fuel assemblies (modeled in
Tongitudinal bending). The model is non-linear static and dynamic. It

was decided to use this model under differing time-related forcing functions
to arrive at a comparison between rigid body and flexible body deceleration
assumptions. The following three cases were evaluated:

o The model (DRAIN-2D code) supports,nodes 8 and 76, were given
a vertical acceleration of 122 g's for 11 milliseconds. This is
the maximum side drop deceleration used in the original cask
SAR (NEDO-10084-1). This is shown on Figure 9. (Flexible body
model- rigid body.deceleration assumption).

: o The model (DRAIN-2D code) supports, nodes 8 and 76, were given a
\_/ vertical acceleration corresponding to the wave-form of Figure
7 but making the rigid-body assumption, by dividing the forces
by the appropriate cask weights to get "g's". This produces a
204g peak, 91g plateau deceleration as shown on Figure 9.
(Flexible body model - rigid body deceleration assumption).

0 The model (ANSR-II) was given an initial velocity of 44 feet
per second (corresponding to the 30 foot drop) and at to the
force-time profile of Figure 7 was applied in the retarding
direction at nodes 8 and 76. (Flexible body model - derived
fin force/time history. .

The results of these three calculations are plotted as Figure 10. This
figure shows cask body deflection as a function of location along the
cask longitudinal axis. The use of cask body deflection as a comparative
measure is appropriate since the impact fins are fixed to the outside
diameter of the cask body and the fuel basket is in contact at various
locations with the inside diameter of the cask body. It should be noted
that the deflections in Figure 10 are first pulse maximums all of which
occur at approximately 10 milliseconds.

(1) Material in this section has been developed from work performed by Engineering
Design Analysis Company (EDAC) under contract to General Electric Co.

—/
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Figure 10 shows that at the cask mid-length, node 42, the
rectangular 1229 deceleration shows the greatest deflection
followed by the initial velocity - force/time input and

finally the 204g-91g rigid body g-time input. The initial
velocity-force/time input is considered the most realistic
representation of cask behavior since it does not make the
rigid body deceleration assumption. It can be seen from

Figure 10 that.at the cask mid-length the 204g-91g input is
somewhat non-conservative and the 1229 rectangular input is
somewhat over conservative when compared to the velocity-force/
time response. However, as one approaches the points of load
application on either end of the cask (nodes 6 and 75) the
variations between deflections for the various input functions
diminishes significantly from those at the cask mid-length.

It is estimated that in the region of the impact fins the 204g-
91g rigid body input is only 5% non-conservative relative to
the initial velocity - force/time input. - The. internal shielding
assembly to be analyzed is located adjacent to the upper impact
fin region and will respond to the local deceleration.

Application to the Internal Shielding Assembly Structural Analysis

The internal shielding assembly will be analyzed in Section V

by using computer methods (STARDYNE) as well as manual techniques.
The most convenient input form for these computations is "g's"

or g-time. As demonstrated above the use of Nickell's fin bending
correlation with a rigid body deceleration assumption is only
about 5% non-conservative in the region of the impact fins where
the internal shielding structure is located. On this basis, the

use of the rigid body g-loads increased by 5% will produce a reasonable

representation of the actual structural response. To account for
impact the dynamic amplification factor (DAF) will be computed for
the internal shielding assembly at 0°, 45° and 90° orientations
(see Figure 6). The shielding structure will then be analyzed
statically under loads defined by:

9 analysis = [s peak  .x 1.05 x DAF] for 0°, 45° and
: o 90° orientations

The end drops will be evaluated by assuming a DAF = 2.0, the
maximum possible value, and applying this to the peak g-loading.
The DAF = 2.0 is assumed to encompass the 5% correction.
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F. Dynamic Amplification Factor (DAF) Determination

As is seen in Figure 9 the internal shielding forcing function is
in the form of a triangular, short duration pulse followed by a
long duration, constant force plateau. The effect of this g-time
history on the shielding must be determined. Since the forcing
function does not conform to any standardized pulse shapes, it is
necessary to utilize a simplified computer model to determine the
DAF's. The model is a simple cantilevered beam with a concentrated
mass at the end. The mass is identical to that of the actual
shielding assembly (top plate, uranium subassemblies and structural
members); the weightless beam has the average stiffness of the
actual shielding assembly; and, the beam-mass model has the natural
frequency of the shielding assembly based on the average deflection
of the actual structure. A cantilevered beam model was chosen
because the shield assembly is cantilevered from the basket top
structural ring when in the side drop orientation. (See Appendix
A, 159C5238 Sheet 10).

Three simplified models were written, one for each of the three
drop orientations (0°, 45° and 90°). The values for stiffness

and natural frequency were taken from the complete shield assembly
STARDYNE model described in Section V, Subsection C. The three
orientations were run on STARDYNE with an estimated DAF of 1.0 and
the output was used to generate the simplified models.

The simplified models use the DYRET brogrém,(1) which is a beam
vibration ccde based on "Timoshenko Beam" theory. In each case the
buiit-in support was subjected to the forcing function appropriate

for *he dros diractizn, Figure 9 shows the function for the 0°

orientation. The folicwing Tabie 5 shows the forcing function parameters
for each conditicn.
TABLE 5
Forcing Functions
Time,msec To End
Peak Plateau to To Start To End of
Deceleration,g [Ceceleration,a Peak of Plateau of Plateau Event
218 26 0.6 0.95 10 19.4
183 71.3 0.6 0.95 13.6 26.1
148 YA 0.3 0.48 15.8 30.3

(1) This code was used to evaluate fuel rods uncer side drop conditions. See August 13, 1972
submittal to Docket 71-353%1, Apcendix A 3A-1

/
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To determine the DAF's from the output of the HYREL models the
peak response forces were divided by the peak input forces. These
peak responses occurred well into the plateau portion of the
forcing function. The following Table 6 shows the DAF s for the

- three side and two end orientations ,

TABLE 6

Dynamic Amplification Factors .
Drop Orientation Pulse DAF

0° - side , long 1.0
45°  side long 1.14
80° - side short 0.975
end - head - short 2.0
end -

bottom short 2.0

Design Basis . g-loads

As discussed above the internal shielding assembly will be
evaluated under static 1oad conditions. The magnitude of the
static load will be determ1ned as follows.

- For side drop

g-Toad = [g peak] orientation X 1.05 x DAF
For end drop:
g-load = [g peak]’orientation x 2.0

In each case the g-peak is determined by dividing the cask loaded
weight (140k) into the product of the peak stress (Figure 7) and

the applicable effective fin are2 (Table 4). The following Table 7
summarizes the design basis g-loads for the internal shielding assembly.

‘ TABLE 7

~ . "~ Design Basis;g-loads -
Cask ' 1.05 x , Design Basis
Orientation ~ g peak =~ g peak - DAF g-load

0° - side 204 214 1.0 214

45° ~ side . 153 161 1.14 184

90° - side 133 140 - 9.975 137

head ‘- ‘end 280 - 2.0 560

bottom-end 287 - 2.0 573
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V. Structural Analvsis

A. Introduction

The structural analysis of the internal shiéIding assembly consists
of the following:

o Calculation of the 30 foot drop loading considering
three side orientations (0°, 45°, 90° - see Figure 6)
and two end orientation (head, bottom) at
maximum normal (1) eparating temperature, 450°F

o Calculation of the thermal stresses under the normal
and maximum temperature conditions, 450°F and 1000°F(2)
respectively

o Calculation of the thermal stresses under low temperature
conditions, - 40°F(3)

o Consideration of brittle fracture of depleted uranium
shielding pieces under 30' drop low temperature conditions,

The basic design requirement is that the shielding assembly
remain essentially fixed in place under the four conditions
listed above.

The g-loads which will be used for the 30' drop analyses are
shown in TA3LZ 7. Section III tabulates and justifies the
material properties used in this analysis.

- B. Limit Stresses

There are three criteria which may be used for evaluating
the calculated stresses; these will be applied as appropriate.
The criteria are as follows:

1.

Ultimate Strength

For thcse comoonents loaded in simple tension {or compression)
or in 2 combination of tension and shear loading, an effective
stress will be computed and the limit stress used will be the
ultimate strengths tabulated and referenced in Section III of
this renort. No credit will be taken for dynamic properties

of materials although elevations in strength do occur under high
strain-rate conditions. Shear sirenott will be ta‘en

at .577 times vield strength.

Y . . . . . . .
\]/"Norma1" is somewnat of a misnomer. In this case the cooling system is assumed

to be inoperative with the cask at max imum heat

(2) Maximum temperature of snieiding following 30 minute, 1475°F fire per 10CFR71

Appendix B.

(3) Minimum evaluation temperature for normal transport per 10CFR71, Appendix A.

v1-28
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. Shape Factors

"~ For members in pure bending the concept of shape factors
will be used. Shape factor bridges the gap between elastic
and plastic action of a beam. It is defined as the ratio of
the plastic moment to the elastic moment of a beam and can
be applied to materials of good ductility such as stainless
‘steel. It essentially is a multiplier of the material yield

strength which accounts for the necessity to plastically
stress the entire beam cross section (not just the outer
fiber) before collapse can occur. This is based on an

" {dealized stress-strain diagram where the plastic region is
" horizontal. For rectangular cross-section beams such as

found in the interna] shielding assembly the shape factor is:

" obh?
SF =—LM T 04h2- T 1 .5
. € 6—- o

where: h is the beam depth
" b 1is the beam thickness
o 1s a material property

and the 1imit stress in bending would beﬁ
lim =1.5 x %yd .

If there is a combined stress in the beam from bending

and tensfon then the 1imit stress is defined by ASME Code
(Sections III and VIII), as shown in Figure 12 . This
is a modification of the shape factor concept. .

Maximum Moment Carrying Capability

Whereas the shape factor concept was predicated on the
assumption of elastic - perfectly plastic behavior of
material, the maximum moment carrying capability concept
_is based on a bi-linear representation of the actual
stress-strain behavior of ductile material. In generating
a2 moment balance within a beam in bending consideration

is given to both the yield and ultimate strength of the
material. The details of how this concept is applied to
‘the shielding assembly are contained in Appendix D.
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Calculational Methods and Computer Codes

The following is a tabulation of the structural analyses perfofmed
and the method(s) employed:

Item Method
Top plate structure - side drop - STARDYNE
Shield Assys #1 & #2 - side drop STARDYNE
Shield ASsys #3 & #4 - side drop Manual
Thermal Stresses - 7 Manual
Shield Assy attachment welds - ' Manual
Stud shear out - Manual
End drop - 211 structures ' - Manual

1. Manual

““Manual calculations were performed using

generally accepted rules for structural analysis.
For cases where it is not possible or feasible

to exactly describe the structure or conditions,

a conservative approach will be taken and justified.

STARDYNE Code

The MRI/STARDYNE - 3 code is a linear elastic, static
and dynamic structural analysis program. The program
has been used extensively in the analysis of nuclear
power plant structures. STARDYNE is a fully warranted
and supported engineering application package available
at CDC-6600 data centers. Detailed information on
STARDYNE-3 is contained in Appendix C.

a) STARDYNE Model Description

The STARDYNE model of the internal shielding assembly
_consists of 685 nodes, 572 beams, 144 quadralateral
plates and 40 triangular plates. The model is three
dimensional, it includes the entire basket top plate,
shielding assemblies #1 and #2, and the basket axial
structural members. The loads from shielding
assemblies #3 and #4 are applied appropriately to
‘the top plate but their stiffnesses against bending

" in the side drop has been omitted since they lend
little to the total assembly stiffness. (These
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components are evaluated by hand calculation).
The nodes are modeled in a global coordinate system \\_z/
which allows a particular loading direction to

be specified; in this instance the 0°, 45° and

90° orientations will be evaluated. Each

case will be evaluated statically at the appropriate

g-load (see Section IV). The shield assembly

STARDYNE model is shown on Page C-5 of Appendix D.

Analytical - Results Summary

The following tables summarize the computer and manual computations
of shielding assembly structural behavior under the conditions
described in Subsection A of this section. Appendix D contains

the complete stress renort for the side drop conditions. Appendix
E contains the calculations for the end drop and thermal stress
conditions.

1. 30 Foot Droo

a) Side Drop - (See Figure 6 and Appendix D)

As previously mentioned the side drop analysis was performed
for the highest decelerations in three drop positions - 0°,
45° and 90°.

The basket top plate together with shielding pieces #1 and

42 and the basket longitudinal structural members were /
analyzed using the STARDYNE computer code. The small shielding

pieces 43 and #4 were analyzed separately using manual

techniques.

The stress report for the side drop analysis is contained in
Aopendix D and is self explanatory. The approach taken
regarding the STARDYNE model output was to examine the
stress levels of all beams and plates but not report those
whose stresses were less than the limit stress refined by
1.5x yield strength. Those elements whose strass exceeds
the forementioned limit were evaluated on the basis of maxi-
mum moment carrying capability. These evaluations are
contained in the Appendix D stress report. The complete
analysis of the smaller shielding subassemblies (#3 and #4)
is in Appendix D since these are manual calculations.
Additionally, all stud connections have been evaluated in the
stress report since the computer model was not written to
consider this amount of detail.

Due to the number of elements involved no attempt will be

made here to tabulate the results. It is sufficient to say that
under the highest loading accident conditions experienced by

the cask none of the shielding components or the basket structure
failed (e.g., exceeded the maximum 1imit stress for this faulted
condition). The design objective of no significant displacement
of the shielding has been satisfied.

/
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b) End Drop

The end drop may occur on either the cask head or the

cask bottom. When in the head down position the shielding
subassemblies- hang from their support ribs and are supported
by the top plate. when in the bottom down position the
shielding subassemblies are carried by the support ribs.

From Table 7 the design decelerations are as follows:

280 x 2.0 =560  head down

9Ydesign

9design = 287 x 2.0 = 573 bottom down
- Detailed calculations are in Appendix E.

Head down - the following table shows the components and
their stresses under 2 static load of 560 "g's".

TABLE 8

Head-Down Drop Stfessgg

Component Stress, Ksi SF
Shield Ass'y #1 - (1)
o Rib-to-support ring weld .9 12.1
o Rib-to-shielding subass'y. negligible -
o Rib-to-top plate weld 5.5 1.6
o Shield Subass'y-to-top plate . ‘
(shear) 8.4 1.4(2)

Shield Ass'y #2

o Rib-to-support ring weld 7.5 8.5
o Shield subass'y-to-rib weld 9.8 6.5
o Shield subass'y-to-toD 1.1 1.05(2)

plate (shear)

(1) No credit taken for top plate support
(2) Safety factors are based on ultimate strength of the material at 450°F except

for those in pure shear which will be based on yield strength x .577.
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Component

Shield Ass'y #3

0 Rib-to-support ring weld

o Shield subass'y-to-rib weld

o Shield subass'y stud and clad

Shield Ass'y #4
o Rib-to-support ring weld (shear)

o Shield subass'y-to-rib weld (shear)

o Shield subass'y studs, clad &
, top plate (shear)

Stress, Ksi SF
7.5 8.5
11.3(1) 5.7
12.5 5.1
2.9(2 3.7
2.152; 4.8
2.6(2) 4.5

Bottom down - the following table shows the components and
their stresses under a static load of 574 "g's". Only
minimum areas of the shielding assembly have been considered

TABLE 9

Bottom-Down Drop Analysis

Component

Shield Ass'y #]
Support ribs

Shield Ass'y #2
Support ribs

Shield Ass'y 43
Support ribs

Shield Ass'y #4
Support ribs

Stress, Ksi _srl3)
11.6 5.5
10.0 6.4
11.6 5.5
5.9 10.8

Conclusion - From above it can be seen that there are no
ccmponent failures under end drop conditions thus meeting

the design objective.

(M
(2)
(3)

No credit taken for top plate support

Safety factors for comoonents in shear will be based on yield strength x .577.

SF is based on ksi ultimate strength in tension.

Under the compressive loading

of this case the ultimate strength would be greater.
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2. Thermal Stresses

In this sectfon three temperature conditions will be considered for
the evaluation of thermal stresses. These conditioqs are as fql]ows:

o . 450°F - Maximum normal operating temperature. Temperature
for the 30' drop structural analysis.

o 1000°F - Maximum accident temperature. Occurs following
drop and fire conditions.

o -40°F - Minimum normal operating temperature. In actual
practice will not be this low due to cask heat load.

The therma) stress evaluation is complex due to the variety of structures
involved. Only axial expansion will be considered. The shielding
subassemblies are captured between fuel basket components (top

structure ring and top plate). The basket is of stainless steel con-
struction; the subassemblies consist of depleted uranium metal encased
in stainless steel and supported on stainless steel ribs. There exists
the potential for interaction stresses between the uranium and its
cladding, the subassemblies and the basket,or both.

a) Derivation

The approach used will be to calculate the unrestrained length at
the elevaged temperature of each subassembly, accounting for any
differential expansion effects between the uranium and its cladding.
These lengths will be compared to the unrestrained length, at
temperature, of the basket structure. If it is shown that inter-
ference will occur then the stresses in the varijous components will
be evaluated by computing the forces required to extend or compress
the components an amount equal to the interference.

The change in length of -a component due to heating is given by

AL = al AT (1)
where: o is the coefficient of thermal expansion
L is the "cold" length of the component
AT is the temperature change of the component
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The change in length of a component due to an axial force is given by

= PL_
AL =7E (2)

where: P is the axial force
L is the component length
A is the component cross-sectional area
E is the modulus of elasticity

When evaluating the inneraction of two components in parallel as is
the case of the uranium and cladding the net length change for each is:
L o=l aT + 4t (3)

Since the 2L is the same for each of the.compohents thase can be equated
and the interaction force, P, determined. This is shown as

(21 _-92) o1

P = (4)

1 1
N * nE)

Referring to Section IIl it can be seen that E of stainless steel and
E of uranium are quite similar therefore the average value, £ will be o/
used in these analyses. Equation (4) becomes:

(5)

2 ]
pa 21 - fs

=T
(x-.)

2 A’

Equation 5 is used to evaluate the stress in the cladding and the uranium
by dividing P by the appropriate area.

The overall length of the unrestrained shielding subassemblies is as follows:

Lpgp=ar be 2T
Pt
. - ) -+ —
lejagTa be 2T X g2
o}
L=l (rn2T) # L (42p2T + —)

da
i
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b) Component Length Summary
o Normal Operating Temperature, 450°F
The following table shows the unrestrained lengths of the
components.
TABLE 10
450°F Component Lengths
Componerit | Length, In
Subassy #1 15.554
Subassy #2 15.555
Subassy #3 15.555
Subassy #4 15.555
" Bskt Structure 15.557
As can be seen the maximum interference is .003 inches
0 High Temperature, 1000°F
The following table shows the unrestrained lengths of the
components. :
- TABLE 11
1000°F Component Length§
Component Length, In
Subassy #1 15.650
Subassy #2 15.650
Subassy #3 - 15.649
Subassy #4 15.649
Bskt Structure 15.646
As can be seen the maximum intérferenqe»is .004 inches.,
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0 Low Temperature, - 40°F \\_4/

The following table shows the unrestricted lengths of the
components.

TABLE 12

-40°F Component Lengths

Component Length, In
Subassy #1 15.486
Subassy #2 15.483
Subassy #3 15.483
Subassy #4 15.483
Bskt. Structure 15.486

As can be seen the maximum interference is .003 inches.

c) Stress Summary

The following table summarizes the combined thermal stresses

TABLE 13
Thermal Stresses \\_//
Condition
450°ormal 1C00°F Post-Accdt. -40°F Cola
Component Stress, Ksi Stress, Xsi Stress, Ksi
Shield Assy #1
Uranium : 3.2 3.8 0.3
Cladding (204 SST) 9.4 12.0 2.1
Support ribs (304 SST) 1.5 1.5 0
Studs 35.4 0 0
Shield Assy #2
Uranium 3.3 3.5 2.9
Cladding (304 SST) 9.6 12.1 2.1
Support ribs (304 SST) 1.6 . 1.6 5.4 ()
Studs 35.4(1) ) 56.1
Shield Assy =2
Uranium 4.3 4.8 0.5
Cladding (304 SST) 8.5 10.8 1.9
Support rib (304 SST) 1.6 1.6 0
Studs 0 3 0
Shield Assy 44
Uranium 3.2 3.6 0.5
Cladding (304 SST) 3.7 11.9 1.9
Support rits (304 SST] 1.5 1.6 0 :
tUdS O 0 0 \\/
Basket Structure (21¢
SST, 304 SST) 3.3 3.8 1.5

(1) Cannot be reached since a thermal stress cannot exceed 9yd
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Table 13 above combines the stresses due to uranium/

clad interaction with the stresses due to assembly/basket
structure interaction. As can be seen the stress levels
are quite low with the exception of shielding piece #1 and
#2 studs. These stresses are, of course, self relieving -
and do not affect the load carrying capability of the member
(see the discussion of thermal stresses in Appendix D).
Appendix E contains the thermal stress calculations.
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3. Brittle Behavior of Uranium Metal

a) Introduction

It is well known that depleted uranium metal loses ductility at low
temperatures. References 5 and 7 show that Charpy V-Notch impact
values of uranium metal increase with increasing temperature. Typical
values are as follows:

TABLE 14
Typical Charpy V-Notch Values
Test Temp, °F Charpy Value, Ft-Lbs
=40 8-10
RT . 12-14
250 40
450 ‘ 60

To confirm the published data GE performed Charpy V-Notch testing

on six samples of the shield material at a test temperature of -40°F.
The values range from a low of 5.0 ft-1bs to a high of 9.5 ft-I@s
with the average being 8.4 ft-1bs. A copy of this test report is
contained in Appendix E.

Brittle fracture is a phenomenon whereby a crack will propagate in

a material from a flaw or other stress rising feature at a stress

level possibly lower than the yield strength of the material. For

a given material at a specific temperature and stress level a critical
flaw size can be determined. Any flaw smaller than the critical value
will not propacate a crack and result in failure of the piece. Flaw
locaticn and orientaticn are also important in brittle fracture analysis.

“ASME Code, Section III Appendix G Zefines the maximum postulated defect

as "... a sharp, surface defect ncrmal to the direction of maximum
stress.” A defect internal to the piece ¢r in some position other than
normal to the maximum stress direction would be of lesser significance.

For common pressure vessei materials tasting has been conducted to
determine stress intensity factor, Ky as a function of temperature.
These rather expensive tests have not be2n conducted on depleted uranium
metal due to the limited use of this material, however, it is possible
to derive Kyp vaiues from Charpy V-Notch test data; values derived in
this manner will te emploved in this analysis.

t£ach uranium piece used in the int2rnal shielding is radiographed to
detect the presence of flaws. The sensitivity of this NDT method is
such that a flaw size of between 2% and 57 of the 1" shield thickness
(.029" to .0%50") would be de<ectzble {Reference 16). The internal
shielding pieces have a 5. rejection ievael for flaws based on the
thickness. Thus any {law ‘arcer tnan .33J inches will be unacceptable
and the piece rengired ¢r rarlacad.

Information furnisned 5y Mr. 2.7. Yizkeii, Pacifica Technology
under contract to Cenerzl tieciric lo.

-

[fO
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Based upon correlations that have been developed (References
18, 19, 20) for a variety of materials, including ferritic and
austenitic steels, titanium alloys, and aluminum, Charpy V-notch
impact test data in the transition and lower shelf regions can be
transformed into lower bound fracture mechanics data through the
relationship
2
Kb
where k is a conversion factor having units of 1n'1ft'], E is the
‘elastic modulus in 1b/in¢, CVN is the Charpy impact energ* in ft-1b,

and Kyp is the dynamic critical stress intensity in 1b/in¢ x-/in.
The correlation implies that the data are taken at the same temperature.

= kE (CVN),

From data on alpha uranium obtained by Paprocki and Saller (Reference 5),
- the brittle-to-ductile transition temperature region lies between 100 to
125°C. In view of this, Charpy V-notch impact data were obtained for the
actual IF-300 shielding material (U-0.2% Mo) at -40°F, well below the
transition temperature and in the lower-shelf portion of the Charpy curve.
Using the lowest value of six tests conducted at -40°F on this material
(6 ft-1b) and observing the agreement with other data on U-2% Mo at

-40°F (5.7 ft-1b), a KID versus temperature curve was constructed by

the above correlation.'“This curve is shown in Figure 13. It should
also be observed that all specimens satisfied the requirements for plane
strain fracture toughness

K
t = 2.5 (-12)2
oys

Where t is the thickness in inches and oys is the yield strength of
the material at the temperature of the test. '

An evaluation of the critical flaw is shown below. In this case, the
maximum stress from the shielding impact analysis (15.6 ksi) was assumed
to be the nominal stress.on a flat plate in bending with a thumbnail-

shaped crack.

b) Critical Flaw Size Analysis

Consider a flat plate in bending with a thumbnail crack (i.e. thumbnail
- crack in Mode I) as shown in Figure 14. The Mode I stress intensity

is given by

_ b-a /ma - /sec (na/2t) (Ref. 18)
Ky =01+ .2 ( 5] =2 ” L

. . 2'-2 . -
Where b0 = f"/2 [1-(b a ) sin2g]ds

] b2

= flaw shape correction
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For b = a, that is a semi-circular crack ¢, = n/2 thus:

Ky = 25 ma . sec (%_a)

L4

"Now suppose -:- = a}— s
then —55 = 0.157, sec 42— = 1.0125
and  /'sec o= = 1.006
therefore: For o . of 15.6 ksi @ -40°F
R L =
= 2.7 inches
This indicates that a fiaw depth of almost 3 inches in a N

uranium piece stressed to 15.7 ksi at - 40°F would result

in a crack propagation to failure. No brittle failure would
occur for a lessor depth.

For a part - through (Griffith) crack
K] = gy 7a

considering = 15.6 ksi and Kyp = 28 ksi /in @ - 40°F or

., = 1.03"

¢) Conclusion

From this analysis and from the inspectable flaw size (.050"), it can be
seen that even for cracks that are a significant fraction of the thickness
of the piece, a factor of safety of at least 30 can be demonstrated against
dynamic fracture. The two analyses, one for a surface crack and the other
for a part-through crack, are felt to be conservative estimates of the type
of flaws that would require inspection.

If future stress analyses demonstrates that nominal stresses are higher than

the 15.6 ksi maximum here, computed Figure 15 illustrates a method for evaluatinc
flaw criticality for any stress. The safe region is denoted by combinations of \\‘,/
nominal stress and flaw size lying below and to the left of the K]D curve.
Combinations above and to the right are above the critical value.
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Other Structural Considerations

Shear Qut Of Threads In Uranium

As can be seen in the Appendix A drawings stainless steel studs are
threaded into the uranium shielding pieces. Calculations were per-
formed to assure that the depth of stud penetration (thread engagement
length) into the uranium is such that the "weakest" area is the stud
tensile cross section rather than the threads.

Machinery's Handbook, 16th Edition, gives a method on pages 1050 -

1051 for computing this minimum thread engagement. Detailed calculations
are in Appendix D. The minimum computed thread engagement is 0.21 inches;
when compared to the design engagement of 0.75 inches this gives a factor
of safety against shear out of 3.5.
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Other Analyses

A.

Shielding

The structural analyses of Section V demonstrate that the
jnternal shielding assembly remains essentially in place under
the accident conditions of Appendix B, 10CFR71. Thus, there
js no reduction in shielding from that under normal conditions
of transport as analized in Reference 14 and consequently no

specific additional shielding analysis is required.

Nuclear Criticality Safety

The addition of this supplementary internal shielding has no
affect on the nuclear safety criticality of the cask and contents

. since (1) there is no fuel in the region encompassed by the shielding,

and (2) the fuel matrix was evaluated in the FSAR with uranium
shielding acting as 2 reflector, and found acceptable.

Heat Transfer

The supplementary shielding does not mask or blanket any heated
section of the fuel matrix nor does it restrict any coolant flow
under normal or accident conditions. Therefore, the additional
shielding does not affect the cask thermal capabilities.
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VII. Fabrication

A. Processes and Methods

1. Depleted Uranium

The uranium shielding pieces are fabricated from depleted
metal. The material is vacuum melted and cast in ceramic
molds. The casting are rough forged and then machined to
shape.

2. Subassemblies

The depleted uranium pieces are encapsulated in stainless steel.
Each subassembly consists of a 1/2" thick top and bottom cap

which is pinned or bolted to the uranium. The uranium is then
boxed-in with thin stainless steel side plates. All steel pieces
are welded together to form a close fitting water-tight seal.

A1l uranium-steel interfaces have a flame-sprayed copper diffusion
barrier. The subassemblies are checked for leak-tightness following
assembly.

(98
.

Basket Modifications (App. A; 159C5238, Sheet 10)

The basket modification consists of 1) the corner piece replace- ‘ j
ments, 2) the I-Beam installation, and 3) the curved segment "
installation.

To install the 216 SST corner pieces it is necessary to remove
an equal sized portion of the existing 304 SST top plate,
prepare the edges and weld-in the replacement section. The
[-2eam is prefabricated and then welded into position. The
curved segments are positioned and welded to both the existing
top plate edge and the I-Beam. Following the basket structure
modification, a jig will be used to drill the shielding sub-
assembly stud holes in the basket top plate.

4. Main Assembly

The shielding assembly consists of fourteen subassemblies. Each
subassembly is pinned to the basket top plate and supported from
the uppermost basket structural ring by one or more stainless
steel ribs. Thes ribs are welded on one end to the subassembly
bottom cap and on the other end to the basket structural ring.
(See Appendix A, 159C5238, Sheet 11 for details ).
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B. Quality Assurance

1. General

The fabrication and installation of this supplementary shielding
will follow the Quality Assurance plan referenced in the IF-300
Cask Certificate of Compliance No. 9001, latest revision. Work
will be accomplished following written and GE-approved procedures.

2. Depleted Uranium Metal

The uranium pieces will be made following GE approved specifi-
cations which are similar to those used for the cask body and

head shielding. Physical and chemical analyses will be performed.
Fissile isotope content will be less than 0.22% U-235. Each

piece will be x-rayed for detection of internal flaws and the
density of each will be determined using 18.70 grams/cc as the
minimum acceptable value. Repairs, if any, will be made following
GE-approved procedures and will be documented as to location and
method. This data, together with the normal quality control
inspection reports, will form part of the fabrication record.

3. Subassemblies, Modifications and Main Assembly

A11 stainless steel components will be made from material
certified to meet the appropriate ASTM specification. A1l
processes, such as welding and copper flame spraying, will be
performed following GE approved procedures. Welds and welders
will be qualified under ASME Code.

A1l welds will be nondestructively tested using liquid
penetrant or a similar method. A1l inspection and test reports,
welder and weld qualifications, material certifications and
procedures will be included in the fabrication record.
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SUBJECT: TOTAL EFFECTIVE AREA CALCULATIONS
FOR SIDE AND END IMPACT FINS

0° Side Orientation

Total no. large impact fins = 4
Thickness of large impact fins = 1.250"
Effective width impact fins = 47.9"
Large fin height = 16" .

Large fin area = 4 x 1.25_ x 47.9
= 239.5 in?

Total no. of effective* small fins = 10
Thickness of small fins = 0.5625"
Effective width of small fins = 14"
Small fin height = 7"

Small fin area = 10 X .5655 x.14

78.75 in
Total 0° drop fin area = 318 in?

Y 45° Side Orientation

Total No. large impact fins = &
Thickness of large impact fins = 1.25"
Effective width of large impact fins = 38.21"
Large fin height = 15"

Large fin area = 4 x 1.25 x 38.21

S = 191.05 in?

Total no. effective small fins = 6
Thickness of small fins = .5625"
Effective width of small fins = 14"
Small fin height = 7"

Small fin area

6 x .5622 x 14
47.25 1in

Total 45° drop fin area = 238 in2

\ + “Effective" small fins are ones which exhibit the double hinge (question
mark) behavior under impact conditions.

\—
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g0° Side Orientation

Total no. large fins = 4

Thickness of large fins = 1.25"
Effective width of large fins = 41.41"
Large fin height = 7"

4 x 1.25 x 41.41

Large fin area
' 207 in

Total no. small fins = 0

Total 90° drop fin area = 207 in®

Top End Drop

No. acting impact fins = 16
Thickness of impact fins = 1.125"
tEffective width of impact fins =
= [(2) (20) + (14) (24.75)]
= 386.5 in :
Height of impact fins = 9.5"
Top end drop fin area = 386.5 x 1.125
= 435 in2

Bottom End Drop

No. acting impact fins = 16
Thickness of impact fins = 1.125

tEffective width of impact fins = 16 x 28.75

396 in
Height of impact fins = 8 in
Bottom end drop fin area = 396 x 1.125
= 446 in
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STARDYNE3 USER'S MARUAL

A Computer System For Structural Engineering

The HRIISTARDYNE3 (Verston J) Structural Analysis System 1s & fully
wvarrantéd and supported. engineering application package available at CDC-
6600 Data Centers. Each data center has one or more Engineering Applica-
tion Specialists available to provide guidance to STARDYNE géers.

1f problems are encountered or if information concerning STARDYNE
1s desired, the user is invited to make immediate contact with Control .
Data Corporation or the developers, Mechanics Research, Inc.,. preferably
in the order shown below: ‘

e Llocal Data Center STARDYNE Analyst
‘ or ' '
. Engl: - <ring Sciences
. Control Data Corporation
Minneapolis, Minnesota
" (612) 853-3090
‘James Ries, Manager

or

- - Mechanics Research, Inc.
los Angeles, California
(213) 670~4650 : .
Structural Methods Department. Extension 203
Richard Rosen, Manager
_Raymond Curtis
“Richard Ragle

This manual {s compatible only vith the CDC 6600 couputet and should not
be used with STABD\NE versions prior to this date:

. N | CApriry, a9m . .

cwmmrm ma
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MRI'S BTARDWNE ANALYSIS SYSTEM
BUMMARY

The MRI STARDVINZ Analysis System consists of a series of compatidle
digital corputer programs designed to analyze linear elastic structwral
models. The system encorpasses the full range of static and dynamic
analysns., These programs provide the analyst with a sophisticated, cost-
effrctive, strucstural-dynamical analysis system.

The STARDYNE systea can be used to evaluate a wide variety of
static and dynamic proble=s:

. L The static capability includes the computation of structural
deformations and memder loads and stresses caused by an
arbitrary set of thermal, nodal applied loads and/or prescribed

. displace=ents. »
.0 - Utilizing the normal mode technique, dynamic response analyses
g can be performed for a wide range of loading conditions,
including transient, steady-state harronic, random and chock
spectra excitation types. Dynamic response results can be
presented as structural deformations (displacemsnts, velocities,
or accelerations), and/or internal mexzber loads/stresses.

The data input and output formats (both numerical and graphical) have

* been prcpared with one basic philosophy: to enable the user to obtain a

meaningful solution in the most logical and straightforward manner possidble

while Xeeping the required data input as simple and minimal as practical.

The prograz=ed mathematical operations in the matrix decoxpesition, the

eigenvaluc-eigenvector extraction,'and the error analysis, contain statee-

of-the-art innovations in the field of numerical analysis. A brief descrip-
tion of the finite el&%mnt and normal mode analysis methods as they are
implemsnted in STARDYNE is presented. Also included is a discussion on
each of the major prearams'comprising the STARDYNE systen.

THE FINITE ELZMTNT, NORMAL MODE ANALYSIS METHOD

The basic conccpt of the "Finite Elem:nt" method is that every
structurc may be considered as a "mathematical” assezblage of {ndividual
structural components or elements. There must be a finite numdber of such
eleaonts, interconnected at a finite number of nodal points. The behavior
of Fhls finite element structural model will closely approximate the
behavioral characteristics of the real structure. '

. Iy VI-C-Z
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MRI'S STARDWE ARALYSIS EYSTEM « SUIMARY - CONTINUED

Comonents of the Structuml Vlode;..' The physical structure to be

podeled must be described in & ripht-hand certesian coordinate gsmmn

systen and is comprised of the “nodes” and. "finite elements”.

Nodes. The characteristics of the node point include posltion in spoce,
movenent in space (3 translation x,y,z and 3 rotation 9 B ,0 )and connectivity
to other nodes via the finite elements. Masses and extemal forces pay be

essigned to each node.

Finite Elements. The node points may be interconnected with finite
elements in such & way as to realistically represent reel physical structures.
The most commonly used elexents are showa on page A - 53, together with the
podal forces which can be transmitted throush the element. The stiffness
propertics of each of these finite elemesnts are defined in the

“STARDYIE Theoretical Manual®™.

Generel Solution Procedure. The generel solution Vproeed.ure consists
of stiffmess matrix formulation, static analysis, eigenvalue/eigenvector
) deternﬂ.nnt.ion, end dynamic response ma.lysi.s.

Stifmess Matrix Formula.tion. ‘.l'he stifﬁxess matrices of the
individual finite elements are first computed a.nd. 'then transformed (if
required) from its local coordinate tormulation to a form releting to the
global coordinate gystem. Finslly, the individual element stitmcsses con-
trivuting to cach nodal point are supericposed to obtein the totcl esset~
dluge stiffmess matrix x)- o

Statie Analy..is. Durl.ng a statie c.na.lysis . the equation

) ?‘_',"i'! ,{P‘.:

viere [K] = the stitmesa mtrb:
{6‘ = the nodal displacement vector
{P] = the applied nodel forces

ray be solved to determine the nodal displacements and element internal
_ forces and/or stresses given a set of applied nodal forces.

v1i-C-3
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MRI'S STARDYNE ARALYSIS SYSTEM - SUMMARY - CONTINUED

Efpenvalue/Eirenvector Anslvsis. The eigenvalues (natural frequencies)

and eigenvectors (norral modes) of a structural system are determined dy
gclving the equation

o> [x) fal - (<] {a} = o

wvhere fr\] a the pass matrix (assuxzed to be diagonal, ie, no mass coupling)
© = the natural frequencies
’q‘ = the normal modes.

Dynamic Resnonse Analvses, Using the natural frequencies and norcal
modes together with the related mass and stiffness characteristies of the
structure, appropriate equations of motion may be evaluated to deterzine
structure response to dynanic loading.

FROGRAMS COMTRISING STARDYIE ANALYSIS SYSTEM--

I. STAR
The STAR program has two distinct functions. They are static load
analysis and gimnvalue/einenvector extraction. The static analysis
. and modal extraction phases are based on the "Stiffness Mathold"” or
"Displacemsnt M:thod" and the answers are in the realm of "Srall
Displacement Theory"..

CAPARTLITY
‘Al Availadle Finite Modelines Elements
1. DBeam and Pipe elements with shear stiffness in 3-D space.
2. Two Triangular Plate Elements (Thick plate and thin plate)
. a. late Bending '
b. Bandwich (Thick plate only)
¢. Inplane (constant strain)
d.. Shear Only (Thick plate only) .
'3.  Quadrilatcral Plate Element (Iso-parametric in-plane)
4. Infinitely Rigid Members. ’
9. Springs, non-standard elements or substructures may b2

entered in numerical form, by direct alterations to the
stiffmess matrix. .

6. Hexahedron (Cubc) Solid Element (Iso-parametric)

Te Wedge Solid Element (Iso-parametric)

8. Tetrahcdron Solid Element (constant strain)
Vi-C-4
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MRI'E BTARDYNE ANALYSIS SYSTEM SUNMMARY = CCNTINUED
;::\:\_/' ') e Commonly Used Finite Elements : G

- |

~ 4 7

- © o - | —
' : e General Bean e Triangular Plate(s)
(2 ncdes) . . (3 nodes)

. @ . . @ (Typical atn;‘;:? | O
“Wesama l_.{..-

¢ Wedge Element
(6 ncdes)

() Quadrnaterai Plate
(¥ ncdes)

_ . . . , _ (Typicel at !
_ 7 _ -each node) /

' ¢ Pipes=-Curved and ' ’/' )
- Straight .
v : @ (2 ncdcs) . ® ©
@ General Six Sided Solid (Hexahedron
/ Vi-C- (8 nedan) )
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STARDINE ANALYSIS SYSTEM SUMMARY - CONTIINUED

I. STAR - CONTINUED

B. Statfc Structural Analysis

1.
2.
3.
4.

3.
6.
7.
8.
9.

Applied Nodal Loadings : | \/ '
Automated Thermal Analysis

Solutions of Free-Free Systems

Automated processing of psuedo-static load or displacement
vectors as obtained from the dynanic response solutions
Element loadings

Inertia Loadings

Combined Cases

Specified Displacements

Substructures

c. Extraction of Eigenvalues and Eigenvectors

1.

2.

Inverse Iteration Method for the eigenvalues within specified
regions

Householder tri-diagonalization and Q-R extraction for all
dynanic degrees of freedom

D. Outpuc‘Section

STAR output processor phase computes element displacenments,
 loads and stress; and nodal equilibrium check. Options are U
available to present the output in report form.

I1. DYNRElL

Transient response to imposed dynamic loadings are treated in DYXREL,

7 1.
Input forcine functions may be in the form of forces, initial displacements

,'1nltial velocities.vhnd base accelerations. Output consists of nodal

displacements, velocities, accelerations, element loads and stresses.

II11I. DYNRE2

Steady state frequency response to steady state sinusoidal dynanic
loadings are computed by DYK3221 Input forcing functions may be in the
. form of distributed forces, base excitations (displacements, velocitics

or accclerations) and unit sinucoidal excitations (displnccments,
velocitics, accelerations or forces) at specific nodes. Displacements
at selectced phase angles may be processed in STAR for elenent stresses.

V1-C-6 \\_’/
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DYNEE

" Response of multi-degree-of-freedom linear elastic structurel models

v.

vil.

ViiI.

» IXe

subjected to stetionery rendon dynezic loeding. DYNREF will ecocpute
the RMS nodel responses, RMS element stresses and generete respense
power gpectral density,(PéD) curves for selected nodal degrees of
frecdon, Input foréing power spectruns are defined as chape of cpectru=
and type of spatiel correlet.on. ' '

DYNREL

Response of multi- degree-of-freedom, lineer elastic models sudblected to

210 g:ht:zgrily oriented foundetion shock 1nput

The user pay enter

. erbitrary shock spectre, shock spectra computed vie DYiRES, or call for

gone retic of the 1940 E1 Centro (California) eerthquake SFECTRA for
any of the directions of motion.

DYNREL will compute user specified combinations of AESOLUTE and/or

RSS end/or NRL su= nodel and/or element stress responses.

DYNRES ’ ‘

Computes shock srectrum values froz e transient bese acceleratien tice

bistory digitized at equal or uwnequal time iuncervels. The user ray
epecify frequencies at which shock spectrum values for displacerment,
velocity end acceleretion will be computed, in turn for each value of
dempihg entered.

PLOT3D

PLOT3D is & versatile grephies program for plotting star finite element
structural models.

pacK |

PACKL pray be used to reduce a STAR math model to fit & smaller DYNRED
program. - o

BOP : .

May be used to consider bottom out, tension only, compression enly

‘members, etec., for the STAR statics problem.

vi-Cc-7 .
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STARDYNE I?U'Al.“" SINCUARY

o STRCTURAL
POOEL DATA

o LOADS DATA

JTAS PR7NUAM
(See Section B)

® STATIC ANALYSES
© MCOAL EXTRACTICN
@ ELDMEST 102DS/STRESSES

USER
SPECIPIED
TPANSIENT

oL PrOCRAY,
~ TAPED TAred (See Section P wn
‘ PLOT STRUCTURR: 0
%8
. A
(13
30
[ ]
"o
PYSE] PROGRAN 4 : DXSEEY PEOGRAN DYKRES PO ViOAY -
(See Section C (See Section D) (Ses Section E) (See Section F) gg ]
TDE NISTORNY (TRANSIENT) FREQUENCY (STEADY SIATZ) STATIONARY RAXDOM SWOCK SPECTRA & w
DINAMIC RESPONSE DYNAMIC RESPONSE DUNAMIC RESPONSE DYSAMIC RESPONSE
o TINZ DEPENIENT o FAECUENCY DEPENDENT o ILEMINT LOADS/STRESSES o BLEMENT LOADS/STRESSLES
FOACEZS/D1SPLACENENTS DISPLACEMENTS .
INEY ‘

BASE
CCELENATT

!i\fv"f\ PPOCAAY
{See Section F)
SHOCK SPECTRUM VALULS

STAR_Pa~-tsg (CPTICNALY
PROCESS LOALS AND STRESS
DATA DUZ TO DYSAMIC A&~
SPiSE ANALYSIS

DYSPEA

® CONTAINS ORIGINAL AND MROADZAZD CROMZTRY POR TER
STRUCTURAL MGOEL (OPTIONAL). SEE PAGE B-0.

TAPL) ® DINAZ VECTOR TAPE, SEE FASE %9,
(FORCE AXD OR DISPLACDMENT VECTOAS)

® STAR OUTPUT TAPE, SER PAGE R-0.
(MODEL DATA/DISPLACEMENTS/LOADS/STRESSES}

o SELFCTED SYSTEN CONADINATE RESPINSTS, DISPLACEMENTS,
VELOCITIES AD ACCELEPATIONS. SEE PAGL C-310.
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1.0 INTRODUCTION

The report describes the design analysis of the additional shieldings
assembled to the IF-300 Shipping Cask Basket. The shielding structure shall
be examined for the impact loadings resulting from a thirty foot drop. The
cask side orientations used in the dropping analysis are 0.0-, 45.- and 90.
degrees, considering the most critical G-loading components.

A static elastic analysis of the topplate - shielding assembly is
performed using the static portion of the MRI/Stardyne 3 analysis program.
The G-load applicable for the drop orientation of the cask is imposed on the
assembly as an acceleration. The resulting external load acting on 2 member
is compared to the internal load carrying (collapse load) capacity. The
criteria for failure is considered to be the external load exceeding the
load carrying capacity of a member, rather than directly comparing the
combined stress in a member to a set stress 1imit. For continuous beam -
and plate - elements of ductile material, redistribution of the load occurs
above the elastic 1imit. Although the load redistribution is discussed
in the analysis of critical areas of the structure, no credit for this
condition is taken into consideration in determining the failure load of
a member.

The steady state temperature of the structure during load application
{s 450°F. and the properties of the materials of the structure is adjusted
to reflect this condition.

Vi-D-1
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