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2.12.1.11.11. Case 11 Corner Drop with Thick Shell, Cold Condition and Light Payload
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Figure 2.12.1.11-41. Case 11 Deformed Overpack Shape (Effective Plastic Strain)
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Figure 2.12.1.11-42. Case 11 Payload Acceleration Time History
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8 Case_11_CornerDrop_thick_cold_light
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Figure 2.12.1.11-43. Case 11 Impact Energy Plot
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Figure 2.12.1.11-44. Case 11 Interface Sliding Energy Time History
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2.12.1.11.12. Case 12 Corner Drop with Thin Shell, Hot Condition and Heavy Payload
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Figure 2.12.1.11-45. Case 12 Deformed Overpack Shape (Effective Plastic Strain)
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Figure 2.12.1.11-46. Case 12 Payload Acceleration Time History
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8 Case_12_CornerDrop_thin_hot_heavy
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Figure 2.12.1.11-47. Case 12 Impact Energy Plot
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Figure 2.12.1.11-48. Case 12 Interface Sliding Energy Time History
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2.12.1.11.13. Case 13 Slapdown Drop (5°), Thick Shell, Ambient Condition and Nominal

Payload
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Figure 2.12.1.11-49. Case 13 Deformed Overpack Shape (Effective Plastic Strain)
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Figure 2.12.1.11-50. Case 13 Payload Acceleration Time History
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8 Case_13_SlapDown_Thick_ambient_normal
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Figure 2.12.1.11-51. Case 13 Impact Energy Plot
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Figure 2.12.1.11-52. Case 13 Interface Sliding Energy Time History
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2.12.1.11.14. Case 14 Slapdown Drop (10°), Thick Shell, Ambient Condition and Nominal

Payload
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Figure 2.12.1.11-53. Case 14 Deformed Overpack Shape (Effective Plastic Strain)
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Figure 2.12.1.11-54. Case 14 Payload Acceleration Time History
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Figure 2.12.1.11-55. Case 14 Impact Energy Plot
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Figure 2.12.1.11-56. Case 14 Interface Sliding Energy Time History
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2.12.1.11.15. Results for 30 ft Drop Followed and 40 in Pin Puncture Drop Sequence
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Figure 2.12.1.11-57. Strain Contour of Package after 30 ft End Drop and Pin Puncture
Sequence
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Figure 2.12.1.11-58. Strain Contour of Package after 30 ft Side Drop and Pin Puncture
Sequence
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2.12.1.12. Summary of Impact Analysis Results

Conservative impact analyses of the Model 2000 cask during the NCT and HAC impact events
were performed to evaluate the performance of impact limiter design. This report summarizes
the results of structural analyses of the Model 2000 Transport Package during NCT per
10 CFR 71.71 and HAC per 10 CFR 71.73. The summary of results for the bounding drop cases
are presented in Table 2.12.1-1.

The worst-case HAC accelerations occur during the cold/thick/light side drop and the
hot/thin/heavy bottom end drop. For the bottom end drop, the acceleration trend showed that the
accelerations dropped until the honeycomb temperature was increased to 400°F and the
honeycomb fully compresses. Because the average temperature of the honeycomb is less than
350°F, the honeycomb has sufficient capacity to protect the package during hot conditions.

The results of the evaluations presented in this section show that the Model 2000 overpack
provides sufficient protection of the cask and contents.

2.12.1.12.1. Benchmark Tests

The peak accelerations of the benchmark analysis results from Drop Cases 1 through 3 are
compared with the drop test results from Section 2.12.5 in Table 2.12.1-14.

Table 2.12.1-14. Comparison of Benchmark Simulations and Drop Tests Acceleration

1
Careno, | Proe Contiuration | 500 07 |y perurements
1 30-ft End Drop 130.0 g 408/4=102¢g Quarter-scale model
2 30-ft Side Drop 1570 g Not available Instrument failure, No result
30-ft Corner Drop 709 g 156/4=39 g Quarter-scale model

Note: 1. Section 2.12.5.

The comparison of i-scale drop test deformation results and the LS-DYNA benchmark
simulation is provided in Table 2.12.1-15.

Table 2.12.1-15. Comparison of Benchmark Simulations and Drop Tests Deformations

Case No. Drop Configuration Analyss e
1 30-ft End Drop 3.5in 2.255x4=9.0 in
2 30-ft Side Drop 9.4 in 3.18x4=12.7in
3 30-ft Corner Drop 11.8 in 53%x4=21.21in

Note: 1. Section 2.12.5.

The comparison of measured accelerations and deformations with LS-DYNA analysis results for
each drop orientation shows that the LS-DYNA model is stiffer, which results in higher
accelerations.

2.12.1.12.2. Shallow Angle Drops—Slap Down

Two shallow angle drop simulations are also performed. The drop configurations include
nominal payload at ambient temperature with thick toroidal shell thickness (t=0.76 inches) to
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compare with the side-drop test performed for the benchmarking test. The two shallow angles
are 5° and 10° slapdown drops that are designated as Drop Cases 13 and 14. The results of
shallow angle drops for the 0° (Drop Case 2, side drop), 5° (Drop Case 13) and 10°
(Drop Case 14) conclude that the side drop (Drop Case 2) bounds the shallow angle cases with
and acceleration of 157 g. Table 2.12.1-16 provides a summary of results for the shallow angle
analyses.

Table 2.12.1-16. Comparison of Shallow Angle Drop Analyses

Drop Shallow Angle )
Case No. Drop Angle Peak Acceleration
2 0° 157.0 ¢
13 5° 1150 ¢
14 10° 118.0 ¢

2.12.1.12.3. Pin Puncture

Besides the 30-foot drop configurations, two HAC drop configurations (side drop and end drop)
are selected to perform the code-required pin puncture test, where the cask is dropped 30-feet
and then followed by a drop height of 40 inches onto a rigid pin 6 inches in diameter. Evaluation
of the pin puncture results shows that the maximum strain is limited to local area and will not
result in the degradation of the containment boundary. As the figures show, the maximum strain
is 39%. However review of results show the maximum strain is limited to local deformation of
the overpack. The maximum strain in the outer shell of the cask is 31% and limited to the
puncture area. Therefore, no gross deformations of the cask are predicted. Additionally, results
for the combined 30-foot impact and pin puncture are used as input for the HAC thermal
evaluation.

2.12.1.12.4. Containment Integrity

Based on the analyses presented in the calculation, there are no gross structural deformations of
the cask body or containment boundary. Therefore, the containment integrity of the cask is
maintained.

2.12.2. Lead Slump Calculation

The following sections provide a detailed analysis for lead slump. Section 2.12.2.1 assesses the
thermal expansion of the lead at the operating temperature of the lead shielding. Subsequently, in
Sections 2.12.2.2 and 2.12.2.3, the shielding capability of the Model 2000 cask is evaluated for
the potential of lead slump during a bottom end drop using classic methods to support the
shielding analysis assumptions. Further, Sections 2.12.2.4 through 2.12.2.6 assess the thermal
contraction of the lead and the lead deformation that results at the NCT extreme cold ambient
temperature of -40°F (-40°C).

2.12.2.1. Thermal Expansion of Lead Shielding at Operating Temperature

It is possible that during fabrication an air gap will develop between the lead and the outer steel
shell of the cask (Reference 2-24), which could potentially result in a lead slump condition,
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meanwhile noting that the lead is inspected during fabrication. However, during NCT the
operating temperature of the lead is taken at S00°F (260°C) (see Section 3.3.1.1) to envelope all
conditions. The change in the outer radius of the lead shield due to thermal expansion is
calculated as follows:

i =  Fo (1 +aAT)=18.40in (467.4 mm)
where

Io = 18.25 in
Outside radius of lead shield
1.90x10” in/in/°F
= Coefficient of thermal expansion at S00°F
AT = 500°F-70°F =430°F
=  Temperature difference

(00

NOTE: Coefficient of thermal expansion for lead extrapolated from data provided in
Section 2.2.1.

For the outer steel shell the thermal expansion for the inside radius is:

final =  1i (1 + 0AT)=18.33 in (465.6 mm)
where
I; = 18.25 in
= Inside radius of steel shell
o = 9.70x10° in/in/°F
= Coefficient of thermal expansion at S00°F
AT = 500°F-70°F = 430°F

=  Temperature difference

Comparing the final outside radius of the lead shield to the inner radius of the outer shell, the
difference is -0.07000 inches (1.800 mm), which indicates that the lead expands more than the
steel shell during NCT. Further, this demonstrates the temperature sensitivity of lead and steel at
high temperatures. Relative expansion of the lead exceeds the expansion of the steel. Therefore,
any existing gap that may have formed during fabrication will close, minimizing the potential for
lead slump.

2.12.2.2. Compressive Stress in Lead Slump During Bottom End Drop

The previous section shows that the relative change in thermal expansion does not create a void.
However, if the lead shield column did not bond to the mating steel shells during the fabrication
process, compressive stress will develop in the column. The maximum stress occurs at the
bottom of the column and progressively decreases as the elevation increases. The maximum
compressive stress is

Gmax

- P _ .
= A 3,613.6 psi

2-147



NEDO-33866 Revision 0
Non-Proprietary Information — Class I (Public)

where

P = Total load
= WxG = 1.476 x 10° 1b
= Weight of lead shield
W = Vxp = 9370.21b
vV = Volume of lead shield
= Axh = 22870.8 in?
A = Cross-sectional area of lead shield
= T(ro?-r?) = 408.4 i?
o, = Outside radius of lead shield
= 18.25in
I = Inside radius of lead shield
= 14.25 in
h = Height of lead column
= 56 in
p = Density of lead
= 0.4097 Ib/in?
G = End drop acceleration
= 1575¢g

NOTE: Value for the height of the lead column is rounded up to the nearest integer for
conservatism.

Table 2.12.2-1 shows the stresses varying along the length of the lead column. The yield
strength at 500°F is 189 psi. However, lead is sensitive to the strain-rate effects of the material.
During the end drop, the estimated strain-rate is 12 in/in/sec (see Section 2.12.1). The yield
strength varies from 823 psi at 0.002 in/in to 6,279 psi at 0.30 in/in. Therefore, during the end
drop if yielding of the lead occurs it is localized to a small region near the bottom of the column.

NOTE: Yield strength of lead shielding at 500°F is extrapolated from data provided in
Section 2.2.1.

2.12.2.3. Elastic Deformation During Bottom Impact

The elastic deformation is calculated assuming the cask lead shield column is unsupported by the
steel inner and outer shells during an end drop event. The response of the lead shield is
determined by multiplying the shield weight by the HAC end drop acceleration of 1,57.5 g.
Therefore, an estimate of lead slump during HAC free drop conditions is (Reference 2-19):

Yo = = = 0075in(1.91 mm)
where
k = Effective stiffness of the lead shield
= A:G = 1.98 x 107 Ib/in
G = Bulk modulus of lead
_ E _ 6
= 3029 = 2.72 x 10° psi
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A = Cross-sectional area of lead shield
= 1(r?r?) = 408.4 in?
W = Weight of lead shield
= 93702 1b
P = Total load
= Wxg=1476x10°1b
g = Enddrop acceleration
= 1575¢g
h = Height of lead column
= 56in
E = 1.63x10%si
= Modulus of elasticity of lead at S00°F
v = Poisson’s ratio for lead
= 04

The calculation shows that this estimate of lead slump is small for an unsupported lead shield.
With the lead fully supported by the inner and outer shells of the cask, the actual lead slump is
even smaller.

Table 2.12.2-1. Compressive Stress in Lead Shield

Column Height Compressive Stress / G Compressive
from Bottom (psi) Stress (psi)

55.0 0.4 64.5

50.0 2.5 387.2
45.0 4.5 709.8
40.0 6.6 1032.4
35.0 8.6 1355.1
30.0 10.7 1677.7
25.0 12.7 2000.4
20.0 14.7 2323.0

2.12.2.4. Axial Thermal Expansion at NCT Extreme Cold Ambient Temperature

A small gap occurs at the top of the lead column when the cask is exposed to the extreme cold
temperature of -40°F (-40°C) per the NRC requirements of 10 CFR 71.71 (c)(2). This is due to
changes at the molecular level that cause the materials to contract. This reduction in the height of
the lead shield is represented by the following equation:

hieada = ho.ead (1 + Oieag AT) = 55.904 in (1420.0 mm)
where
hotead = Initial lead shield height
= 56 in

Oead = Lead coefficient of thermal expansion at -40°F
= 1.56E™ in/in/°F
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AT = Temperature difference
-40°F — 70°F =-110°F
The same calculation can be made to determine the reduction in the height of the steel shells:

hseet = hosteet (I + Oseet AT) = 55.95 in (1421.1 mm)
where
hosteel = Initial steel shell height
= 56 in
Ogteel = Steel coefficient of thermal expansion at -40°F
= 8.09E-0° in/in/°F
AT = Temperature difference

-40°F — 70°F = -110°F
2.12.2.5. Radial Thermal Expansion at NCT Extreme Cold Ambient Temperature

The radial gaps that occur during exposure to NCT extreme cold conditions can also be
calculated in a similar manner by taking the initial radius prior to exposure and then adding the
change in radius due to thermal expansion. The outside radius of the lead shield at -40°F is:

r, = To-outer(1 + Oliead AT) = 18.22 in (462.8 mm)
where

ro-outer =  Initial outside radius of the lead shield
18.25 in (463.6 mm)

Accordingly, the inside radius of the lead shield at -40°F is:
where

T0sinner = Initial inside radius of the lead shield
14.25 in (362 mm)

Now the decrease in radius is evaluated for the steel shells starting with the inside radius of the
outer steel shell at -40°F:

R() RO_Outer (1 + asteel AT) = 18.23 il'l (463.1 mm)
where

Ro-outer = Initial inside radius of the outer steel shell
18.25 in (463.6 mm)

The decrease in the outside radius of the inner steel shell at -40°F is:
R, = Roinner (1 + 0gteet AT) = 14.24 in (361.6 mm)
where

Rocinner = Initial outside radius of the inner steel shell
14.25 in (362 mm)
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2.12.2.6. Lead Slump Due to Impact After NCT Extreme Cold Ambient Temperature

A small gap occurs during extreme cold exposure due to the contraction of components in
relation to each other as determined by the calculations in the previous section. In order to
determine the magnitude of lead slump, the reduced height of the lead column based on the net
gap is calculated and then the difference between the reduced height of the lead column and the
height of the annular region is taken. The volume of the lead column at the extreme cold
conditions (-40°F) is:

Vitead = Attead X Diead

(407.011 in*x 55.904 in)= 22,753.59 in’ (3.73E+08 mm’)

where
_ 2 2
Afjead = m(r, - 17°)

[(18.22 in)*— (14.23 in)’] = 407.011 in® (262,587.22 mm?®)

The cross sectional area of the annulus between the outer and inner steel shells at -40°F is:
Aannulus = '|'|'(R02 - Riz)
[(18.23 in)*— (14.24)"] = 407.68 in® (263,018.83 mm?)

The reduced height of the lead column when taking into account impact after contraction of
components is:
Ve

h =
final Aannulus

3
- msmow = 55.81in(1417.57 mm)

Taking the difference between the reduced height of the lead shielding and the height of the
annular region, the lead deformation due to impact after NCT extreme cold (-40°F) is:

hslump = hsteel - hﬁnal
= 5595in-5581in = 0.14in (3.56 mm)

2.12.3. Lifting and Tie-Down Analysis
2.12.3.1. Model 2000 Transport Package Lifting Analysis

The purpose and scope of this analysis is to demonstrate the structural integrity of the lifting ears
and lid-lifting lug on the Series 2000 shielded shipping casks.

There are two types of ear designs employed during the handling of the Model 2000 cask,
standard and auxiliary (see Figure 2.12.3-1). The ear design identified as standard is used for
crane and fork truck lifting, and only one pair is required for these operations. The auxiliary ear
is used in crane lifting only, and two pairs or four ears are required. The user may combine the
different types of ears as follows:

1. 2 Standard/2 Auxiliary
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2. 4 Auxiliary
3. 2 Standard

Security-Related Information Figure
Withheld Under 10 CFR 2.390.

Figure 2.12.3-1. Structural Locations for Ear Analysis

Both ear designs (Auxiliary and Standard) are attached to the cask outer shell by means of four
ASTM A193-B6 1-8 UNC-2-1/2 attaching bolts; only two bolts are shown. Also on this figure,
the line of action of the different lifting forces is drawn. The different lifting forces are: Case I,
straight up by crane; Case I, angular lift 30° from vertical, also by crane; and Case 111, fork truck
lift at two different points on the standard ear only. This analysis mainly considers Case II and 1.
The loading conditions are the following:

e The design rated load, W, shall be 23,630 pounds. This includes the dead weight of the cask
(1 body, lid, 2 standard ears, and 2 auxiliary ears) and the cask payload including the liner.

o The two pairs of auxiliary ears (Auxiliary) are to support 3W such that the lifting cable does
not make an angle of more than +30° measured from the vertical.

o The pair of standard ears (Standard) is to support 3W.

e These ears are removed from the cask during transport and are shipped separately.

Material properties are based upon 250°F for the outer cask. The 249°F temperature is the
maximum temperature under normal conditions for the cask outer surface. Both types of ears,
standard and auxiliary, and the cask outer shell are ASTM A240, Type 304 stainless steel. The
attaching bolt material is ASTM A193-B6.

The standard ear individual load is obtained by dividing the weight of the cask and content
(23,630 1bs.) by 2 (only two standard ears are used), and multiplying the resulting value by 3.
The auxiliary ear load is obtained in a similar manner with the weight divided by 4 instead of 2
because 4 ears are used when this design is employed. Case III represents the fork truck loading
condition on the standard ear, and it has a magnitude equal to that of Case I for the standard ear.
Case I1I loading is not shown in Figure 2.12.3-2.
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17.7 KIP 17.7 KIP 17.7 KIP 17.7 KIP
[35.4 KIP] BS4KIPl  soakp. [354KP] 354Kl 204kP
[40.9 KIP] [40.9 KIP]
| I
| |
+30e |
102KIP g — — g 10.2KIP
[20.5 KIP] [20.5 KIP]

R

Load Case I [ III | LoadCase I [IV ]

Figure 2.12.3-2. Magnitude and Direction of Loading in Model 2000 Cask

The following modes of failure are investigated for both ear designs:

Shear tearout of lifting hole
Tensile failure of ear plate
Bearing of shackle pin on ear
Yielding of weld joint
Yielding of attaching bolt
Shearing of bolt threads
Shearing of tapped threads
Yielding of cask outer shell

e SHEAR TEAR-OUT OF LIFTING HOLE-AUXILIARY AND STANDARD DESIGNS

Auxiliary Ear Design
For Load Case I, the shear tearout stress is computed as follows:

T = ZT Reference 2-25 page 89.
where
F = 17.7 kip (see Figure 2.12.3-2) and
A = cross sectional area along the force line of action

2.12

= (4-22)x 1 (seeFigure 2.12.3-1)=2.94 in®

= £ =17 _602ksi<15ksi
A 2.94
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Standard Ear Design
For Load Case I, the shear tearout stress is:
F 35.4 ) .
S S — <
T " (5_¥)X1 8.98 ksi < 15 ksi

e TENSILE FAILURE OF EAR PLATE

Auxiliary Ear Desiegn

In order to compute tensile failure for Load Case II, the internal forces that react to the
lifting force are resolved into planes containing the minimum ligament cross-sectional
area, as illustrated in Figure 2.12.3-3.

MA MA
A
™
VA TB‘ VA (9]
MB.# (g
8 /\ Zlve [N
@ L
MB vB - k/
20.4 kip 203
B \( ’
=]
- 30
Y
X._T
Figure 2.12.3-3. Ear Hole Cross Section
FH = 20.4 (sin30°) =10.2 kip
FV = 20.4 (cos 30°)=17.7 kip
Equilibrium:
Eq.1 YMo = 0=MA-MB-253TA+2.03TB
Eq.I  YFV = 0=17.7-VA-TB
Eq.IIl }FH = 0=10.2-TA-VB

This is a statically indeterminate problem; however, by making some conservative
simplifying assumptions, a solution may be obtained without resorting to indeterminate
analysis methods. For the evaluation of primary stresses, we may conservatively assume
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MA = MB = 0. Also, on the basis of relative stiffness, TA > VB; consequently, it may be
conservatively assumed that TA = VB. Therefore, we may write the following:

From Eq. II1,
TA = VB==2=51kip
From Eq. [,
2.53 .
B = — TA=6.35kip
2.03
From Eq. II,
VA = 17.7-TB =11.35kip

The principal stresses will now be calculated at point A.

From Reference 2-25, page 81, the principal stresses are calculated using:

FG)

011 02 = 2
o = A3l _q735ksi
A 2.94
T o= Ao 18 3 ge6ksi
A 2.94
_ 2
op = 1738, (ﬂ) +3.862 = 4.82<23.7ksi
2 2
Standard Ear Design
Load Case [ or 111

Standard ear dimensions and loading are shown in Figure 2.12.3-4. The critical tensile
section is at Section X-X, see Figure 2.12.3-4. The exact force distribution cannot be
determined without a detailed analysis that would include all of the stiffness characteristics
(e.g., a finite element analysis). However, it can be deduced that the limiting load at the
critical section (i.e., point “A”) will not exceed P/2. Then the tensile stress is:

or = 2 =322-177ksi<23.7ksi
A 1x1
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Security-Related Information Figure
Withheld Under 10 CFR 2.390.

Figure 2.12.3-4. Standard Ear Load Case I or 111

e BEARING OF SHACKLE PIN ON EAR

Auxiliary Ear Design
The bearing stress is computed assuming that the force is uniformly distributed over the
projected contact area of the pin. This gives a stress:

_F
¢ = 3
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Where the projected area for the pin is A =t x d. Here, t is the thickness of the ear plate (1")
and d is the pin diameter (2").

20.4

o = — =10.2 ksi <23.7 ksi
1X 2
Standard Ear Design
Case ]
o = % = 17.7 ksi < 23.7 ksi
Case I11
o = 2% -472ksi<23.7 ksi
1X 7.5
YIELDING OF WELD JOINTS
Auxiliary Ear Design

Figure 2.12.3-5 shows a free-body diagram of the ear with the lifting force acting through the
center of the hole for Load Case I and Case II. The center of gravity of the weld group and
of the bottom of the bracket point A is G. The force FG is the force of the weld group acting
on the ear. Because FG has a different line of action than the lifting force, there is also a
moment M.

Load Case I
The moment M produces a bending stress in the welds. The force Fg produces shear

throughout the weld. These effects are:
M = 17.7x3=53.10k-in

Fo = 17.7kip

WELD GEOMETRY AND CROSS SECTION PROPERTIES

Weld throat area (Ay)
Ay = 1414 (0.375)(6.75 +2.0 +2.25)=5.833 in?
Centroid of weld group (G)
o _  X3ViAD _ ((1.125x2.25x0.375)+(4.75X2x0.375)+(10.625X6.75X0.375))
Y = = = = 7.614
Y3 A (2.25%0.375+2x0.375+6.75%0.375)

in

Unit moment of inertia (I):

lu Y1, + Aidi?)

6.75°

2 x {(% +2.25 x 6.4882) + (f—2+ 2 x 2.8632) + (7 +6.75 x 3.0122)}
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= 39917 in?
Casel :
7.7 %p 20.4 kip
L 40— y f4.0—

0.38 1.00-++

.y
|
| 6.75—
00 |
1500l

Ls
Weld 4384 g0+ Q-
Figure 2.12.3-5. Auxiliary Ear, Case I and Case II Weld Stresses

Then the moment of inertia about an area through G parallel to area Z is:
I = 0.707 hIu=0.707 (0.375) (399.17) = 105.83 in*

For the weld metal the normal stress at point A:

Mc _ 53.10(7.614 .
Oy = — = B0 _ 3 8 ksi
1 105.83

The shear stress is:
17

=277 —303ksi
5.833

>|m

Txy

The resulting Von Mises stress in the weld metal is:

6’ = ox® +3Ty? = /3.822+3(3.03)2 = 6.5 ksi <75 ksi

CALCULATION OF STRESS IN THE PARENT METAL.:

The area subject to shear is :

A = 0375(6.75+2.0+2.25)=4.125 in?
Ty = == =429ksi
4,125
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The section modulus of the ear at the weld interface is:
1 hl,  0.375X 0.5x399.17

- = = = 9.83in®
C C 7.614
Thus, the tensile stress at A in the parent metal is:
= = 20 5 4ksi
Ox 1/C 9.83 )
c’ = ox’ + 3Tyy° = V5.4% + 3(4.29)% = 9.19 ksi < 23.7 ksi

Load Case Il

Figure 2.12.3-5 (Case II) shows a free body diagram of the ear for the Load Case II.
The moment M produces a bending stress in the welds.
The force component Fx produces tension throughout the weld.

The force component Fy produces shear throughout the weld.
These effects are:

M = 20.4(1.42)=28.97 k-in.
Fx = 10.2kip
Fy = 17.7kip
Aw = [(2.25+2+6.75) x0.375x0.707] x 2 = 5.833 in?

At the point A the bending stress and tensile stress due to Fx add. For the weld metal the
total normal stress is:

F Mc _ 102 . 28.97(7.614 .
Oy = —X+—C=—+#=3.83k51
A I 583 105.84
The shear stress is:
F 17.7 )
Txy = _y =— = 3.03 kSl
A 583

Thus, the Von Mises stress in the weld is:

0’ = |ox®+314% = /3.832+3(3.03)> = 6.51 ksi<23.7 ksi

The stresses in the parent metal are:

Apm = (225+2+6.75)x0375= 4.125
Ty = =20 —429ksi

_ Fx M 10.2 28.97

Ox = —+ —=——+—-=542ksi
A I/C 4125 983
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o' = ox® + 3Txy? = /5422 +3(4.29)* =9.2 ksi <23.7 ksi

Standard Ear Design

Figure 2.12.3-6 shows a detailed sketch of the standard ear design. It includes dimensions, weld
lines identification diagram, and a free body diagram of the ear plate for load conditions Case I
and Case II. The investigation of stress on the welds is conducted conservatively by considering
only welds A and B are active, in this part the welds are analyzed for both load conditions Case I
and Case II. Case III was not analyzed because the resultant force in this case acts along the
same line of action as the force in Case I.

Load case I
Figure 2.12.3-6 (Case I) shows a free body diagram of the standard ear for Load Case 1.
Centroid of weld group (Y)

= S2(¥; A) _  (2.25x0.375 % 0.19)+(15.87 X 0.375 X 7.935) .
Yy = > = =6.97 1n
Y2A; 2.25% 0.375+15.87 X 0.375

Unit moment of inertia (Iu):

Y, + Aid;?)

lu

2 x (225 1 1587 x (7.935 - 6.97)%) + (2.25 x 6.97%)]} _

914.13 in?

Then the moment of inertia about an axis through G parallel to axis Z through the weld minimum
effective throat is:

I = 0.707hI,=0.707 x (0.375) x 914.13 = 242.36 in*

For the weld metal the normal stress at point A:
Mc 35.4 (5)6.97

ox = — = ————— =5.09ksi
I 242.36
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Security-Related Information Figure
Withheld Under 10 CFR 2.390.

Figure 2.12.3-6. Standard Ear, Case I and Case II Weld Stresses

The shear stress is:
G 35.4

]

Ww T AT 2(0.707)(2.25 x 0.375+15.87 x 0.375) =3.68 ksi
The resulting von Mises stress in the weld metal is.
¢’ = ox> + 3T,y = /5092 +3(3.68)> = 8.16 ksi<23.7ksi
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CALCULATION OF STRESS IN THE PARENT METAL.:

The area subject to shear is:

A = 2x(0.375)%(2.25+15.87) =13.59 in?
Thus, the shear stress on the parent metal is:
Ty = 8= =26ksi<137ksi

The section modulus of the ear plate at the weld interface is:

I 0.38%x914.33 .
Z o= 23O _4985in’
C 6.97

Thus, the tensile stress at A in the parent metal is:
35.4 (5)

6y = ———==36ksi
49.85
c’ = /O'XZ + 3‘[,'Xy2 = \/3.62+ 3(2.6)* = 5.77 ksi < 23.7 ksi
Load Case 1l

Figure 2.12.3-6 (Case II) shows a free body diagram of the standard ear for Load Case II.

A = 2(0.707) (0.375)(2.25 + 15.87) = 9.61in?
M = 40.9(0.31)=12.68 k-in

Fx = 20.5kip

Fy = 35.4kip

At the point B the bending stress and the tensile due to Fx add. For the weld metal the
total normal stress is:

Fx , Mc _ 205  1268(1625-6.97)
A I 9.61 242.36

Ox = =2.62 ksi

The shear stress is:
Txy - A - 961 3.68 ksi
Thus, the von Mises stress in the weld is:

o’ = /oxz +31,,% = 4/2.62%+3(3.68)% = 6.9 ksi < 23.7 ksi

The stresses in the parent metal are:

A = 2x(0.375)%(2.25+15.87) = 13.59 in
Ty = == 26ksi

_ 205 | 1268 _ .
Ox = Tieg + w85 = 1.77 ksi
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o' = J1.77%+3(2.6)® =4.85ksi<23.7 ksi

e YIELDING OF ATTACHING BOLT AND SHEARING OF BOLT AND TAPPED
THREAD

Bolt Loading Auxiliary Ear Design
For the auxiliary ear design, the external bolt force produced by the lifting condition is:

Load Case 1
The moment applied to the bolts is:
M = 17.7(4.00) = 70.8 k-in

The tensile stress oy, at the bottom of contact area due to the applied moment is:

Where b and d are the base and height dimensions of the contact area. The tensile load
on the bolt is the area Ag, of each fastener times oy,

Fro= 2% Ae
Where Ag, for the bottom row bolt is:
Agp = 3.00 x(2.5+1.75)=12.75 in?

Fr o=  2U%% 51275 =10.00 kip
6.0X9.5
Load Case Il
The moment for this Load Case is reduced by the action of the horizontal component as
follows:
M = 17.7%x(4.54)-10.2 x(0.92 +0.50 + 3.50 + 1.75) = 12.32 k-in. see

Figure 2.12.3-1.

The tensile load on the bolt is:

Fr = %xAtb +%:% +%=1.74+2.55=4.29kip

Bolt Loading, Standard Ear Design

Load Case I and Case II (Slot Lift)
The moment applied to the bolt is:
M = 35.4(6.00)=212.4 k-in

Aw =  3.00(3+1.75) = 14.25 in?
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The tensile load F; per bolt at the bottom row of bolts due to the applied moment is:

6MAy, 6(212.4)(14.25)

F, = _ =30.27 kip

bd? 6.0(10.0)%
Load Case 11
The moment for Load Case 11 is:

M = 354(6.54)—20.5(0.92 +7.75 + 3.50+ 1.75) = -53.84 k-in

The tensile load F;per bolt at the top row of bolts is:
Ap = 3.003.5+1.75)=15.75in?

6(53.84)(15.75) L 205

Fo= 6.0(10.0)2 T4

= 13.61 kip

Load Case III ear base lift is not considered because the moment area is less than that of

Load Case I and the load acts on the same directions as Load Case 1.

Table 2.12.3-1 presents a summary of bolt loading for each of the ear designs (auxiliary and
standard). Because the standard design under Load Case I, straight lift, imposes the largest
tensile load on the bolt than in the other conditions, this load value (30.27 kip) is used in the

analysis of the bolt.
Table 2.12.3-1. Bolt Loading Per Ear Design and Load Case

Bolt Loading (kip)
Ear Design Load Case Yield(sstir)ength Shear( lfstil;ength
I 11 III (Slot Lift)
Auxiliary 10 4.29 N/A 85 51
Standard 30.27 13.61 30.27 85 51

Bolt Analysis

Bolt and thread section properties use in the analyses for both internal and external threads are
evaluated for a standard 1-8 UNC x 2-1/2 in bolt as follows.

Tensile stress area (A;) for high strength bolt with oy > 100ksi,

Machineries Handbook , Reference 2-26, Page 1490 is:

A
where:

Smin

A

Es . 0.16238)\2
- (ﬂ _ _)
2 n

Minimum pitch diameter = 0.9188 inches

Number of threads per inch = 8

(0.9188
2

0.16238)2 _

0.61 in?
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Shear area of the external (As) and the internal (A,) threads, Machineries Handbook,
Reference 2-26, Page 1491.

As = mnleK, [=+0.57735(Es -Kn )]
max “2n min max
where:
n = 8
L. = Length of engagement = 1.680 inches
Knmax = Maximum minor diameter of internal thread = 0.8795 inches
A, = T (8)(1.680)(0.8795) [Tls) + 0.57735 (0.9188 — 0.8795)]= 3.164 in?
1
A, = mnlLe DSmin [Z +0.57735 (Dsmin - Enmax)]
where:
Dsmin = Minimum major diameter of external thread = 0.9848 inches
Enmax = Maximum pitch diameter of internal thread = 0.9242 inches
A, = T (8)(1.680)(0.9848) [Tls) +0.57735 (0.9848 — 0.9242)] = 4.05 in?
Bolt Preload

J.E. Shigley and L.D. Mitchell (Reference 2-27) suggest the preload (F;) on the bolt should
be between 60% and 90% of the proof load. The proof load is equal to 85% of the yield
strength (S,) multiplied by the tensile stress area (A,). Therefore, using 80% of the load, the
preload value is:

F; = 0.80(0.85S,A)=0.8(0.85) x 85(0.6057) = 35.01 kip
The tightening torque for a lubricated bolt is:

T = k Fi d
Where:

T = torque

k = torque coefficient = 0.2

d = bolt nominal diameter

T = 0.2(35030)(1/12) = 600 ft Ib

Stresses produced by preload:

Bolt tension

o = Li=339_45780ksi

Ay 0.606

Bolt thread stripping

F; _ 3503 .
T = — ==—==11.07 ksi
As  3.164

Tapped thread stripping

Bearing stress between cask and ear

(#of bolt)(F;)  _ 4(35.03)
Contact Area 6.0(10.0)

=2.33 ksi

Oip =

The initial bearing pressure, o, previously calculated, is assumed to be uniform over the contact
area. The bearing pressure should not be exceeded by tensile stress, Gp.
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a, = 2.33ksi Oip=2.12 g, + 9

f — — —

I - - —

\ — - -

I -— - —

— m— |

I -— I — |

SN r— S

. —— A

— (i . -

Initial compressive Stress on contact area o -0
stress on contact area  due to applied load ib to

(a) (b)

&M _ 6(2124) _ .
b~ 6(10.0)? 2.12 ksi

Op > O

Owp =

The moment M (212.4 k-in) is produced by Load Case I or III on the standard ear design
attaching bolt as previously calculated.

The nominal tensile stress, o, in the bottom row bolts is:

Ft

O, =
t Ay

As previously calculated the tensile load for Load Case I is 30.27 kip per bolt.

o = 2% -49.95ksi< 85 ksi

0.606

and the direct-shear component is:

T = 3% -146ksi<51ksi
4(0.606)

The interaction equation for the strength of a connection with bolts in combined shear and
tension may be approximated by the elliptical relationship:

2 2
) 4 () <10
oy 0.60,) ~—

(49.95)2 +( 14.60 )2 <10
85.0 0.6(85)) ~

043 = 1.0
Therefore, the selected bolts are adequate to carry the lifting load criteria.

For the shearing of the bolt threads due to tensile load F;.
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o= B =23% 957 ksi < 51.0 ksi

As 3.164

For the shearing of the tapped threads due to tensile load F;.

Fy 30.27

T = ™ = 4_0'? = 7.47 ksi < 51.0 ksi
Bolt Fatigue Analysis
Bolt and Load Data:
1-8 UNC-2A, ASTM A193-B6
Yield Strength: 85 ksi (minimum)
Operating Temperature: 250°F
Modulus of Elasticity: 28.1 (10°) psi
Maximum Tensile Stress: 57.8 ksi (Preload)
Maximum Shear Stress: 14.6 ksi

(Shear neglects the reducing effect of friction between ear and cask body.)

The maximum cycle of stress is due to a combination of the preload stress, 57.80 ksi, and the
shear stress (14.6 ksi) due to lifting. These give a maximum principal stress of:
Omax = 2804 (ﬂ)2 +14.62 =6128ksi
2 2

From ASME Section III NB 3232.3, the fatigue strength reduction factor to be used is 4.0.
Because the fatigue curve (ASME Section III, Figure 1-9.4 (Reference 2-28)) is based on
modulus of elasticity of 30(10°) psi and the bolt has a modulus of elasticity of 28.1(10°) psi, the
stress range is given by:

S = (61.28ksi)x 4(30(10%)/28.1(106)) = 261.7 ksi

To select the correct fatigue curve, the stress intensity value, Sp, of 26.5 ksi is used at 250°F.
Calculating the alternating stress:

S, = 38 =2(261.7)=130.85ksi

Using the fatigue curve for a maximum nominal stress < 2.7 S,, the fatigue limit is = 600 cycles
as provided in Figure 2.12.3-7. Assuming an average of four ear lifts per usage and 12 usages
per year, this gives a bolt life of:

600

(12usages)(4 cyc. )
year usage

12.5 yrs.
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{b) Table 1-8.1 contains tabulated values and a formula for accurate interpolation of these curves,

Figure 2.12.3-7. Design Fatigue Curves For High Strength Steel Bolting Above 700°F
(from Reference 2-18)

YIELDING OF CASK OUTER SHELL

The lifting ears are mounted to the outer shell of the cask on a mounting plate embedded to
the cask. The mounting plate is embedded about 1.75 inches into the cask through the outer
shell and the lead shield. However 1 inch thickness of the outer shell and the maximum
vertical load of 35.4 kip (standard ear) are conservatively considered for yielding due to the
lifting load.

= 4.72 ksi

o. = F. _ 354
¢ A

75

where Area (A) = thickness of shell x width of mounting plate =1x 7.5=7.5 in?

334 283 ksi

F
As 12.5

T = =

where the shear area (A) =2 x (6.25 x 1) = 12.5 in?

= ——— =15.07 ksi

_ Mc 247.8 x 3.125
Oy, = —
I 152.59

where M = 35.4 x 7=247.8 k-in,
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6.25/2=3.1251in

bh® _ 7.5x6.25°
12 12

=152.59 in*

’ V(472 + 5.07)% + 3x(2.83)% = 10.95 ksi

Q
1]

e EXCESSIVE LOAD FAILURE

The lifting devices must be designed such that their failure under excessive load would not
impair the ability of the package to meet other requirements of 10 CFR 71. In this section a
margin of safety (MS) is determined for each of the lifting system components based on the
results presented in Table 2.12.3-2.

Table 2.12.3-2. Summary of Ear Analysis for Model 2000

Condition pllesihoone ) (kﬁiloBv;::(;eon MS(y) ?322:?2:: MS(U)
Auxiliary | Standard Yield Aux./Std. Su Aux./Std.
Shear tearout of lift hole 6.02 8.98 14 1.33/0.56 26.18 3.35/1.92
Tensile failure of ear plate 4.82 17.7 23.7 3.92/0.34 68.6 13.23/2.88
Bearing of shackle pin on ear 10.2 17.7 23.7 1.32/0.34 68.6 5.73/2.88
Yielding of weld joint 9.2 8.16 23.7 1.58/1.9 68.6 6.46/7.41
Yielding of attaching bolt --- 57.8 85 0.47 110 0.90
Shearing of bolt thread - 11.07 51 3.61 - -
Shearing of tapped thread --- 8.64 14 0.62 26.18 2.03
Yielding of cask outer shell --- 10.95 23.7 1.16 68.6 5.26

Note:

Bolt and bolt thread stress levels are documented in Table 2.12.3-2 for standard ear because
maximum bolt loading is documented during slot lift (Case III) of the standard ear (see
Table 2.12.3-1).

The margins of safety MS (y) with respect to yield is calculated as follows:

Allowable based on yield strength

MS (yield) = 1

Stress level

The ear and cask shell material is ASTM 240 type 304 stainless steel. The margins of safety
with respect to ultimate failure M(U)are:

For shear tear-out of lifting hole

oule _ _686
2(1+p)  2(1.31)

Shear Strengths = = 26.18 ksi

A
Il

8.98 ksi (Standard Ear, Load Case I)

2618 1-1.92
8.98

MS(U) =
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For tensile failure of ear plate
or = 17.7 ksi (Standard Ear, Load Case III)

MS(U) = £°_1-288

17.7

For yielding of weld joints

c’ = 9.2 ksi (Auxiliary Ear, Load Case II)
MS(U) = 22-1=646
For bolts
P = 110 x 0.606 = 66.66 kip
Ft = 57.8(0.606) =35 kip
MS(U) = 2%_1=0904

35.0

For yielding of cask outer shell
o’ = 10.95 ksi

MS(U) = ==-1=526
A review of the above margin of safety indicates that, under excessive loading, the ear attaching
bolts will fail before the ear plates, ear welds or cask shell. Failure of the bolts assures that the

ability of the package to meet any other regulatory requirements is not impaired.

e MODEL 2000 LID LIFTING LUG ANALYSIS

The lifting lug is covered during transport. It is shown by analysis that this lifting device
complies with requirements of 10 CFR 71.45(a) . The lifting lug is able to support three times
the weight of the lid without yielding.

The weakest part of the lifting lug is the fillet weld, which attaches the stainless steel loop to the
cask lid. Using the maximum shear stress theory the weld is determined to have a factor of
safety of 1.76 when analyzed for lifting 3 times the weight of the lid.

The lifting lug is analyzed by considering the rigid frame shown in Figure 2.12.3-8. The
analytical model has the same height and distance between the supports as the lifting lug.
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3W =3 x (Weight of closure lid)
=3 x 1900 = 5700

" .

Vv \ a Gr/ b N

5.0
Vv Vv

Figure 2.12.3-8. Analytical Model of Lifting Lug

The statistically indeterminate forces and moments are obtained by solving the following set of
equations from Reference 2-29.

—1/3HL3; + 1/2M,L?%; - 1/3HL3, ) 1/2M,L32,
I L L I
S1/2HL% | Mily | -1/3Mils 1/6W(bL3-E—:) _ 1/6Mylg
I I I I I,
S1/2HLG | Male | 1/3Mls | 1/6Mils _ 1/6W[2bL3+(%§)‘3b2]
I, I, I 15 I
And by symmetry:
M, = M, =M
H = H, =H
Vi, =V, =V =28501Ib.
Also,
L, = L,=25
Ly = 5.0
L = L=1
a = b=25
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Using substitution and solving the above equations simultaneously gives:

V = 28501

H = 2671b

M = 4452 1b-in

y
h =0.5" fillet weld
!
X - o v
{
H M

Figure 2.12.3-9. Loading on the Weld Area

The loading in the weld area is shown in Figure 2.12.3-9. The moment M produces a bending
stress, oy , in the weld. This stress is assumed to act normal to the throat area (see
Reference 2-27, P. 427).

The unit moment of inertia of the welds is from Reference 2-27, P. 429, given by:

l, = mrd

But the moment of inertia based on the weld throat is:
I = 0.707hnrd
The normal stress in the weld is therefore given by:
MmcC MC

o‘ = —_— =
I 0.707hTr3

The maximum stress occurs at the outer fibers where:
C = r
Z = 2nr

The maximum stress is therefore given by:

M
" 0.707hmr2

Om =

From Reference 2-27, Equation (9.3), p. 417, the stress in the weld due to the force V is given
by:

\%
0.707hZ

Ty =

Similarly, from Reference 2-27, Equation (a), p. 427, the stress in the weld due to the force H is
given by:

H

’[ = —
H 0.707hZ
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Figure 2.12.3-10 shows the stresses acting on the weld at the point where the bending moment is
a maximum.

In

Figure 2.12.3-10. Stresses Acting on the Weld

4452 .
0O = On = > =16,035.3 psi
0.707 x 0.5 x T x (0.5)
T = Ty — THCOS 45°
= 2,850 _ 2,671

x 0.707

0.707x0.5x2mx0.5 0.707x0.5x2mx0.5

T = 2,566 - 1,700 = 866 psi

From Reference 2-27, p.31, the principal stresses are found using:
o o 2
ono: = () +7

2
Tmax — + (g) + 2

Substituting for 6 and t yields

2
01,0, = 16,0235.3 + \/(16,0235.3) + 8662
= 8,017.7 + 8064.3
6, = 16,082 psi
6, = -46.6 psi
Tmax = +8064.3psi

The maximum shear stress is applied to determine the likelihood of failure or safety.

Allowable = T allowable = 0.6 Sy

Where Sy denotes the yield strength.
The yield strength of stainless steel Type 304 is 23.7 ksi.

Substituting into equation (32)
Allowable Stress = 0.6 x 23.7 = 14.22 ksi
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Tmax =  8.06ksi < 14.22ksi

Therefore, the factor of safety is given by

FS = 22 _ 176 (this is for lifting 3W)

8.06

2.12.3.2. Tie-Down Analysis

The purpose and scope of this analysis is to demonstrate the structural integrity of the tie-down
rib. The Model 2000 Transport Package is shipped normally by truck. Figure 2.12.3-11 shows
the overall plan for tying the package to the vehicle. Eight wire ropes or chains tie the package
to the vehicle: four connect to the upper tie-down ribs of the overpack, and the other four connect
to the overpack base tie-down ribs. In addition, the base of the package is wedged to the truck
bed to prevent sliding. Evaluation of the tie-down loading on the tie-down rib adjacent area
consisted of the following:

1) Identification of the maximum tie-down member tension force due to loading.
2) Evaluation of the effect of the above force on the tie-down rib.

Classical hand calculation is used to identify the maximum tie-down member tension forces due
to the combined loads. The results of this analysis were added to establish the maximum load.
Table 2.12.3-3 gives a summary of each rope tie-down tension load for each force component
and the total force. The maximum tie-down wire tension force is estimated to be 148.62 kips.
This maximum load is then applied to the tie-down rib to determine the structural integrity of the
tie-down rib by analyzing the following modes of failure:

e Shear tear-out of tie-down rib hole
¢ Bearing of shackle pin on ear
e Yielding of weld joints and parent metal
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Security-Related Information Figure
Withheld Under 10 CFR 2.390.

Figure 2.12.3-11. Tie-Down of Transport Package to Vehicle
e TIE-DOWN MEMBER TENSION FORCES

The package (wt. = 33,550 Ib) is subject to accelerations of 10g longitudinal, S5g transverse, and
2g vertical (up) Per IAEA’s “Package stowage and retention” regulations. These accelerations
result in the following forces acting on the C.G. of the cask:

Fiong = 33,550(10) = 335, 500 Ibf
Fians = 33,550(5) = 167, 100 Ibf
Fven = 33,550(2) = 67,100 Ibf

In this calculation, each load is independently applied to the package and the tensile load on
members for each case is calculated. The tensile loads are then added to calculate the maximum
tension load on members.

10g Longitudinal

Because the base of the package is chocked, the 10g acceleration will cause it to rotate about
point “0” counterclockwise (-x direction). This rotation will cause Ropes 1, 2, 3 and 4 to go
slack and tension Ropes 5, 6, 7 and 8. From Figure 2.12.3-12.

F7 = F8

F5 = Fé6
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The component forces for these ropes are:

FS5y = F6y =F6 cos23.2° cos 32.7° =0.774 F6
F5z = F6z =F6 sin23.2° =0.394 F6
F7y = F8y =F8 cos46.3° cos 18.69° =0.654 F8
F7z = F8z =F8§ sin 46.3° =0.723 F8

The reaction forces from chocking and friction (Rr) and bearing on the package base (Rp) are:

RF = F5y+F6y+ F7y + F8y — Wa
RB F5z + F6z + F7z + F8z + Wg (assuming F; =F, =F;=F,=0)

The center of gravity is 63.60 inches.
SMox = 0=-Wa63.60+Wg24.25—RB 24.25 + (F5y + F6y )25.5 + (F7y + F8y)
105.0 + (F5z+ F6z + F7z +F8z ) 46.25

2Mox

- Wa 63.60 + Wg24.25 - (F5z+ F6z + F7z + F8z + Wg)24.25 +...

...(F5y + F6y)25.5 + (F7y + F8y)105.0 + (F5z+ F6z + F7z + F8z )46.25

= - Wa 63.60 - [2x0.394F6 + 2x0.723F8]24.25 + 2x0.774F6(25.5) + ...
...2x0.654F8 (105.0) + [2x0.394F6 + 2x0.723F8]46.25

= -Wa63.60—19.1F6 —35.1F8 + 39.5F6 + 137.3F8 + 36.4F6 + 66.9F8

= -Wa63.60+ (-19.1 +39.5+36.4) F6 + (-35.1 + 137.3 +66.9) F8

= - (63.60) Wa + (56.8) F6 + (169.1) F8

=> 2.134(107) = (56.8 )F6 + (169.1) F8
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Top tie-down
attachment

Figure 2.12.3-12. Tie-Down Wire Ropes

This cannot be solved for F6 and F8 so an additional equation relating F6 and F8 is required. By
making certain assumptions, this equation can be obtained from consideration of the force and
deflection ( or extension) characteristics of the different length wire ropes. Figure 2.12.3-13
shows the extension of the ropes at small angle rotation. Assuming the ropes initially have no
tension, the ratio of loads due to stretching of the ropes is:

F, L
Fs 5.EA
Ls
.
b ]
1]
e
[ 1 [
Q |
w) P \ ~
T L~ ! ™~ AN
1 ot g 1 Sy
i Y
@ -
o
- 46.25 -
= 48.50 -l
= 96.25 -

Figure 2.12.3-13. Wire Rope Extension at Small Angle (0) Rotation
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Because both ropes are of the same size and material,

For a rotation of 6° about point “O”, line 5 would be extended as follows
0sZ Lsf — Lsi
Lsf is the final length of rope 5 as shown in Figure 2.12.3-14.
Lsi = +/59.4%+2552 = 64.6in
odl = oa =\/W+25.52 = 52.8in

Change in “a” in y direction is:
aa, = 52.8[cos 28.9°-cos(28.9 +6)]

Change in “a” in z direction is:

aa;
‘Z
aI
a
H i
S
g /X
¢ ;C . A
Vi _
2
nr o N
L) oY,
Vg
Y 4 N . \
- : 5
= 50.00 -
Figure 2.12.3-14. Final Length of Rope 5
L = (25.5 + 52.8[sin(28.9° + 6) — sin28.9°])2 + ---
° (32.13% + (50.0 + 52.8[cos 28.9° — c0s(28.9° + 0)])?)

To evaluate the effect of small rotations, Ls; will be evaluated for 6 = 0.1°, 6 = 1° and 6 = 10°.
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L = (25.5 + 52.8[5in(29.0)° — sin 28.9°])% + ---
° 32.13% + (50.0 + 52.8[cos 28.9° — ¢0s(29.0°)])2

{6544 + 3,536.8 =64.7in

_ (25.5 + 52.8[5in(29.9°) — sin 28.9°])% + -
Lef = > i
° 32.13% + (50.0 + 52.8[cos 28.9° — ¢0s(29.99)])

\/691.8 + 3,577.8 =6531in

Lt _ (25.5 + 52.8[sin(38.9°) — sin 28.9°])% + ---
5 32.13% + (50.0 + 52.8[cos 28.9° — c0s(38.9°)])?

v1,098.2 + 4,072.0 =719in

A similar evaluation for line 7 yields:

J100.32+ 1052 = 145.2in
ob ob’ =/46.25% +105% = 114.71in

Change in “b” in y direction is:

Li

bb;, = 114.7[cos 66.2° - cos (66.2 + )]

Change in “b” in z direction is:

bb, = 114.7[sin(66.2+0) - sin 662]
Lf = (105 + 114.7[sin(66.2 + 0) — sin 66.2 [)* + -+
! 32.13% + (95 + 114.7[c0s66.2 — cos(66.2 + 6)])?

Evaluation at 8 =0.1°, 8 = 1° and 0 = 10°gives:

Lf \/ (1052 + 114.7[sin 66.3 — sin 66.2 )? + --- )
A 32.13% + (95 + 114.7[c0s66.2 — cos 66.3])
=  4/11041.9 + 10,092.2 =145.4in
L7f1° = /11,1919 + 10,410.1 =147.0in
Lf = 4/12,419.6 + 14,011.7 =162.6in
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Calculation of the ratio % for each rope at each rotation value yields:

Lf/Li
0 Rope 5 Rope 7
0.1° 1.002 1.001
1° 1.011 1.012
10° 1.113 1.120
1.14 -
1.12 %& —]
11 - //
1.08 T //
= A
=1.06 - Z —o—Rope 5
- /
1.04 - Z —&—Rope 7
1.02 ‘/ Linear
) f/
0.98 -

0 1 2 3 4 5 6 7 8 9 10 11
Angle (0°)

Figure 2.12.3-15. Final to Initial Rope Length Ratio per Small Angle Rotation

The fact that the ratios are the same for each rope and liner indicates that their derivation is
correct. Their similarity and linearity would be expected from rigid body rotation.

Back to the relation between Fg and Fg (or Fsand F7), the ratio of loads due to stretching are for
6=0.1°%

=4

7Ls
sLy

F;
Fs

o]

o= 22140 - (8898,

Fs 0.1* 145.2

Ly = 646

L, = 1452

65 = L5f -L5i

= 64.7-64.6 =0.1

5 = 1454-1452 =02
For 6 =10°

Zoo= o061

Fs 7.3

Because the ropes cannot stretch 7.3 or 17.4 inches, this just shows that the ratio of forces in the
ropes is fairly close at the two extremes. For the purpose of analysis, the value of 0.8898 will be
used as this represents a more realistic elongation of the ropes.

F; =F;=0.8898 Fs=0.8898 F;
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F56.8 + (0.8898 F¢)x169.1 =2.134 (107)

Fs =Fs = 102,960.00
F; =Fy =0.8898 Fs = 91,614.00
RF FSy + Foy + F7y + F8y — Wa
0.774F5 + 0.774F6 + 0.654F7 +0.654F8 — 335,500 = -56,287 1b

Sg Transverse

This time the 5g acceleration will cause the package to rotate at a point 90° clockwise from point

0”. This will cause ropes 2, 4, 6 and 8 to go slack, and tension ropes 1, 3, 5 and 7. From
symmetry the following assumptions can be made with reference to 2.12.3-11.

F1 = F7
F3 = Fs

The component forces for these ropes are:

Fsx = Fsx =F;5cos23.2° sin 32.7° =0.497 F;
Fzz = Fsz =Fs sin23.2° =0.394 F;
Fix = F,;x =F; cos46.3° sin 18.69° =0.221F;

Fiz = F,z =F; sin46.3° =0.723 F,

The reaction forces from chocking and friction (RF) and bearing on the package base (RB) are:
RF = Fgx+F;x+Fx+Fx—Wa
RB = Fsz+F3z+F,z+F,z+Wg
RB is calculated assuming F,=F, =Fs=Fg=0
$Mox = 0=-Wa63.60 +Wg24.25 - RB 24.25 + (Fsx + F3x)25.5 + (F,x + F1x)

105.0 + (Fsz+ Faz + F,z +F,2 ) 40.12

>Mox = -Wa63.60+Wg24.25-(Fsz+Fsz+F,z+Fz+Wg)2425+ ...

.. (Fsx +F3x)25.5 + (Fsx + F1x)105.0 + (Fsz+ F3z + F;z + F1z )40.12

- Wa 63.60 - [2 x 0.394F; +2 x 0.723F,]24.25 + 2 x 0.497F3(25.5) + ...

... 2% 0.221F; (105.0) + [2 x 0.394F; + 2 x 0.723F,]40.12

-Wa 63.60 — 19.1F3 — 35.1F; +25.3F3 +46.41F; +31.6F3 + 58F;

“Wa 63.60 + (-19.1 +25.3 + 31.6) F3 + (-35.1 + 46.41 +58) F;

- (63.60) Wa + (37.8)F; + (69.31)F,
= 1.063(107)  =(37.8)Fs + (69.3)F*

From equation** F5 and F, are related as:

F, = 0.8898Fs

= 0.8898F; =F,

=>1.063 (107) = (37.8)F5 + (69.3)(0.8898F)*
F; = 106,874
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Fs = 106,874
F, = 95,096
F, = 95,096
From above: RF = Fgx+Fsx+F,x+F;x—Wa

= 0.497F5 + 0.497F3 + 0.221F7 +0.221F1 — 167,100 = -18,835 1b

2g Vertical

During the 2g vertical load all 8 members are expected to experience tension, and all vertical
components of the members will react. From symmetry the following assumptions can be made
with reference to Figure 2.12.3-12.

Assumption from symmetry: For the 2g vertical load, all ropes at the bottom (3,4,5,6) experience
equal load and all ropes on top (1,2,7,8) experience equal load.

Fsz = F4z=F3z=Fqz=Sin(23.2)F; =0.394 F;
F,z = Fyz=F,z=Fgz=Sin(46.3)F; =0.723 F,
Where Fz is the vertical component of the forces on the ropes.

2Fz =0=(Fsz+Fuz+F3z+Fgz)+ (F;z+F,z+ Fiz+ Fgz) + Wg—Wa=0
=4Fsz+4F,z+ Wg—-Wa=0
=4x0394F;+4x0.723 F; + Wg—-2Wg=0
=1.576F; + 2.892F; - Wg=0
=1.576F; +2.892F; = 33,500

From above, F; = 0.8898Fs;.

Hence — 1570 b 42 892F, =33,500
0.8898
=> 1.771F, + 2.892F; =33.,500
4.663F; = 33,500

F, = 718393=F,=F;=Fg
F; = 8073.65=F,=Fs=Fs

438

Table 2.12.3-3. Tie-Down Ropes Tension Forces

Rope No. | 10W Long. (Ib) | 5W Transv. (Ib) | 2W Vert.(Ib) Total (Ibf)
1 --- 95,096 7,184 95,367
2 --- --- 7,184 7,184
3 --- 106,874 8,074 107,179
4 --- --- 8,074 8,074
5 102,960 106,874 8,074 148,620™
6 102,960 --- 8,074 103,276
7 91,614 95,096 7,184 132,242
8 91,614 7,184 91,895

Friction 56,287 18,835 -— -
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As documented in Table 2.12.3-3, the maximum cable tension force is 148.62 kip. This load
value is used in subsequent tie-down analysis of the rib.

e TIE-DOWN RIB ANALYSIS

The tie-down ribs are triangular plate two inches thick supported at the short side by a
5 inch x 6.5 inch pad that is 0.5 inch thick. This plate is rolled to confirm with the toroidal shell
contour. The vertical edge of the tie-down rib is welded to a stiffening ring. The tie-down rib,
pad and stiffening ring are fabricated from ASTM A240, Type [[ ]] material. The toroidal shell
material is ASTM A403, Type 304 stainless steel; and the overpack outer shell, where the
stiffening ring attaches, is fabricated from ASTM A240, SS304.

The maximum temperature, 249°F,of the overpack bottom toroidal shell, where the tie-down ribs
will be attached, is used as a reference.

Several modes of failure are investigated for the components of the tie-down rib system. These
modes of failure are:

e Shear tearout of tie-down rib hole
e Bearing of shackle pin on ear

e Yielding of weld joints and parent metal
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e SHEAR TEAROUT OF TIE-DOWN RIB HOLE

Figure 2.12.3-16 shows a sketch of the tie-down rib with the rope tension force line of action and
lines of failure in shear.

1.62

=Py

6.25

F = 148.62 kip

l*—-"-0f75

'— Line of Shear Failure

Figure 2.12.3-16. Tie-Down Rib Hole Loading

F
A
where A = 2x (1.58+1.96) =7.08 in2

_ 14862
7.08

= 20.99 ksi < 27.12 ksi

e BEARING OF SHACKLE PIN ON EAR

The bearing stress is computed assuming that the force is uniformly distributed over the
projected contact area of the pin’s 1.75-inch diameter. This gives for the stress:

_ 14862

F _ )
A 2.041.75 42.3 ksi

42.5 ksi <45.2 ksi

Q
1
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YIELDING OF WELD JOINTS AND PARENT METAL

Figure 2.12.3-17 shows the approximate weld pattern for the top tie-down rib.

R 6.20

A
o
18° 8 —
-
58 0
1Z 1.62 TN o0
F =148.62 kip
Y
’&_1
B

- § 90 4.4

Figure 2.12.3-17. Weld Pattern of Top Tie Down Rib
Using the line load method (actual weld is 2 inch fillet 2 sides):

L = 6.2+6.25 = 12.45 inches
< XL _ 6-2X(6'2%S(180)) _ 62x295 _ 147 in
YL; 12.45 12.45 :
_ o 625x(625/2)+6.2x 6.25+(M)
y = 20k - < : > ~5.16 in
XL 12.45
Ix = Z(l,+Ad?
_ 6253 , , 6.23sin?18°
= — + 6.25 (6.16 - (6.25/2))* + +
12 12
6.2sin(18°)
... 6.2(6.25 + (T) ~5.16)
= 74.13 in*in
_ 6.23cos?(18°)
ly = — +6.2(2.95-1.47)* + 6.25(1.47)*
= 45 in*/in
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< IZ = IX+IY = 119.14 in4/in

There are two welds:

~I; = 119.14 x 2 = 238.28 in*/in.
~Mz = Fxr =148.62x 0.44 =65.39 k-in.
Fx = Fcosd = 148.62 cos 46° = 103.24 kip
Fy = Fsinf = 148.62sin 46° = 106.91 kip
~ @ Point A:

Py = Fx oy May _ 10324 | (6539)(6254192-516) _ 4 ooy i
L I 2(12.45) (238.28)

p, = Fr 4 Mmx _ 10691, (6539)(62c05(18)=147) _ ¢ o1 1 o
L I (24.9) (238.28)

PZ = 0

Total line load:

PT = 4/ PXZ + PYZ + PZZ = 7.42 k/in.

Shear stress in the effective throat area of the weld is:

Sy = 22 =_7% _ _ 599 ksi<27.12 ksi (allowable base metal)

0707t  0.707%0.5

Shear stress on the weld leg
7.42

St = — =14.84ksi
0.5
~ @ Point B:
10324 (65.39)(5.16) _ .
Px = 210 | (23828) 5.56 kip
1069 (65.39)(1.47) _ .
Py = (24.9) * (23828) 4.7 k/in
Pr = /(5562 +4.72 +0) = 7.28 k/in
S, = 222 -20.59ksi<27.12 ksi
0.3535

Shear stress on leg of weld:
7.28

St = — = 14.56 ksi <27.12 ksi

0.5
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The following analysis checks weld failure mode of weld attaching tie-down rib and gusset to
overpack, refer to Figure 2.12.3-18.

F = 148.62 kip

2
L\ .
; 5.90 N> ><._T

Figure 2.12.3-18. Weld Geometry of Tie-Down Rib and Gusset to Overpack

L = 5+(62)x2 +5 + 6.25x2= 34.9 inches
g = ZX) _ 5*6.2cos(18)+12.4*(6'2%5(“”) - 189in
YL; 34.9
st 5*(6.25+6.2sin(18))+12.4*(6.25+(%"(18)))+5*(6.25)+12.5*(6'225) - '
Y = = =5.751n
YL 34.9
I, = (5)[(6.:2cos(18) — 1.89)% + (6.2 sin(18)+6.25-5.75)7
6.2 cos(18) _ > 6.2sin(18) _ >
+ (124)( 221D g goje + (6.25 +°250 _ 5 75y
+ (5)((6.25-5.75+1.89%) + (12.5)[1.892 +(22 +(6.25-5.75))2] + 22 + 2%
= 33977 in?
MZ = 148.62 X 1.15=170.91 k-in.
.. @ Point A:
p, - 1324 (17089)(817-575) _ 4 4g k.
34.9 339.77 in
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I 10691 | (170.55)(5.9-189) =5.08%

34.9 339.77

PZ =0

.. Total line load:

P; = +/4.182 +5.08% =6.58 %

Shear stress in the effective throat area of the weld is:

658 _ 658
0.707t 0.707%0.5

Sy = = 18.60 ksi < 27.12 ksi (allowable base metal)

For a 2 inch fillet, shear stress in the weld leg is:

Sy = 2% =13.15ksi<27.12 ksi

(0.5)
.. (@ Point B:

Py = 10324 | (17091)(575) _ 5.85_5
34.9 339.77 in

p, = 10691 (170.91)(1.89) =4.02'£
349 339.77 in

PZ = 0

.. Total line load:

P; = +/5.83%+4.00% = 7.09%

Shear stress in the effective throat area of the weld is:

7.09
0.707t

Sy = = 20.07 ksi <27.12 ksi

For a % inch fillet, maximum shear stress on the weld is:
7.09

S, = — =14.19ksi<27.12ksi
(0.5)

The lower allowable stress for welds made to the A240 material is not a problem because of the
direction of the applied load. The weld takes the load in tension. At Point C:

PX _ 103.24 + 170.91 (—0.5) — 271 E

349 339.77 in
P, - 1069 | 170.91(1.89) _ 4.01 ﬁ

349 339.77 in

Forces acting in tension against the A240 are:
PT = PX sind + PY Cosd
= 2.71xsin 18°+4.01 x cos 18° = 4.65

S, = T2=931ksi<237ksi
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e EXCESSIVE LOAD FAILURE

The tie-down system must be designed such that its failure under excessive load would not
impair the ability of the package to meet the requirements of 10 CFR 71. The tie-down system is
attached to the overpack structure; the cask (containment vessel) resides within the overpack
Therefore, failure of the tie-down will not affect the

without attachment to its inner surface.
performance of the cask. The results are presented in Table 2.12.3-4.

Table 2.12.3-4. Tie-Down System Stress Analysis Results

Stress Level Allowable based Allowable based on
Condition . on Yield Strength | MS (y) Ultimate Strength MS (U)
(ksi) . q
(ksi) (ksi)
Shear tear-out of hole 20.99 0.6%45.2=27.12 0.29 36.95 0.76
Bearing of shackle pin 42.46 45.2 0.06 96.80 1.28
Yielding of weld joints 20.99 0.6%¥45.2=27.12 0.29 36.95 0.76

The tie-down rib and pin materials are type [[ ]] stainless steel.

The margins of safety (MS (y)) with respect to yield is calculated as follows:

MS (yield) =

Allowable based on yield strength

1

Stress level

The margins of safety with respect to ultimate failure are:

Shear Strength:
Oult _ 96.8
21+ 2(131)

= 36.95 ksi

Shear tear-out of tie-down rib hole

36.95

MS = —-=1=0.76
20.99
Bearing of shackle pin
MS = 2% _1-128
42.46
Yielding of weld joints
MS = 2%2_1-076

20.99

2.12.4. Cask Closure Bolt Evaluation

2.12.4.1. Cask Lid Bolt Torque Calculation

This section documents the cask lid bolt torque calculation. The torque is calculated using the

following equation:

where

KxDxP Reference 2-14, Page 19

Torque friction coefficient

0.15 (Reference 2-30)

Nominal bolt diameter (in)
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= 1.25 in
P = Clamp force (Ib)

The bolt clamp force is defined as the sum of the non-prying tensile bolt force due to
temperature, non-prying tensile bolt force due to pressure, axial load for gasket seating, and axial
load for gasket operation for this calculation. The non-prying tensile bolt force due to
temperature and non-prying tensile bolt force due to pressure can be easily calculated utilizing
the parameters and formulas specified in NUREG-6007 (Reference 2-15). The axial load for
gasket varies depending on the gasket material used and gasket width, which is the focus of this
evaluation. The formulas for the axial loads for gasket seating and gasket operation are given in
Equation (1) and Equation (2), respectively (Reference 2-15, Table 4.2, page 13).

) Vs Dlg by
Fa = N (1)
b
where
D, = Closure lid diameter at the location of the gasket load

Reaction (in)
= 29.25 in
= Effective gasket surface seating width (in)
= Minimum design seating stress (psi)

Ny, = Total number of closure bolts
= 15
F, _ 27Z-Dlg bm(PIi_PIo) (2)
Nb
m = Gasket factor for operating conditions
Py = Pressure inside the closure lid (psi)
= 30 psi
P, = Pressure outside the closure lid (psi)
= 15 psi

Equations (1) and (2) use two experimentally determined constants, which are the gasket factor,
m, and the minimum design seating stress, y. The gasket factor is taken into consideration for the
axial load for gasket operation and is defined as the ratio of the required minimum gasket
pressure to the pressure contained by the gasketed joint. Additionally, the seating stress is
applied for the axial load for gasket seating and is defined as the minimum design seating stress
of the gasket. Both of these constants are determined per Table E-1210-1 of the ASME B&PVC
Section III Division 1 Appendices (Reference 2-18, page 222).

Further, equation (1) and equation (2) both utilize the parameter b, which is the effective gasket
or joint contact surface seating width. The effective gasket seating width is determined by first
calculating the basic gasket seating width (b,) per Table E-1210-2 of the ASME B&PVC
Section III Division 1 Appendices (Reference 2-18). From Table E-1210-2, face sketch is used
for the evaluation due to the fact that this sketch is the closest to the actual geometry as
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Figure B-1 depicts. It can be seen that b, is a function of the variable w for face sketch, which is
based upon the contact width between the flange facing and the gasket. Following, the effective
gasket seating width is determined based off of the following criteria (Reference 2-18,

page 223):

where

Once the effective gasket seating width is determined, both axial loads for gasket seating and
gasket operation can be calculated by use of Equation (1) and Equation (2). For the calculations
of this document, the parameters presented above are determined for soft aluminum, soft steel,
and stainless steel. Furthermore, the seal detail drawing shown in Figure 2.12.4-1 is used to
establish the contact width between the flange facing and the gasket (w) and is shown to be 0.872

inches (0.218 inches

NEDO-33866 Revision 0
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Cb =

x 4).

The gasket factor, minimum design seating stress, basic gasket seating width (b,), and effective
gasket width (b) are tabulated in Table 2.12.4-1 for each gasket material.

b, , when b, <% in

Cb\/b_o , when b, > Y4 in

effective width factor

0.5 for U.S Customary calculations

2.5 for SI calculations

oGk A 77 i 7
L—Lﬂ 218  TYPICALBOTH SIDES

Figure 2.12.4-1. Seal with Contact Width Dimension

22|

Table 2.12.4-1. Input Parameters

Gasket Seating Basic Gasket Effective Gasket

Stress, y Seating Width, b, Seating Width, b
Material Gasket Factor, m (psi) (in) (in)
Aluminum 4.00 8800 .109 .109
Carbon Steel 5.50 18000 .109 .109
Stainless Steel 6.50 26000 .109 .109

The calculation for the basic gasket seating width (b,) and effective gasket seating width (b) is
determined by use of face sketch per Table E-1210-2. Therefore, the effective gasket width is:

b =

©|g

Because b, is less than Y4 in, b, is equal to b.
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With all parameters calculated, the axial loads due to gasket seating and gasket operation can be
calculated and the required bolt torque determined accordingly. Table 2.12.4-2 is a summary of
the calculation for the stainless steel gasket retainer:

Table 2.12.4-2. Bolting Calculation

[l
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Table 2.12.4-3 summarizes the magnitude of each of the loads and the resulting bolt clamp force.

NEDO-33866 Revision 0
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Table 2.12.4-3. Clamp Force Loads

Axial Load Axial Load Axial Load A"“‘(l;is"lfe‘: For
Due to Due to For Gasket Bolt Clamp
Pressure Temperature Seating Operation Force, P
Material (Ib) (Ib) (Ib) (Ib) (Ib)
Aluminum 671.96 10856.79 5876.16 80.13 17485.04
Carbon Steel 671.96 10856.79 12019.42 110.18 23658.35
Stainless Steel 671.96 10856.79 17361.38 130.21 29020.35

Now that the required clamp force has been determined for each of the selected gasket materials,
the required torque is calculated. The new torque values for each material type is shown in

Table 2.12.4-4.
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Table 2.12.4-4. Required Bolt Torque

Torque Torque
Material (Ib-in) (Ib-ft)
Aluminum 3278 273 +10% = 300
Carbon Steel 4435 370 + 10% = 407
Stainless Steel 5441 453 +10% =499 = 500

The sections below provide a detailed analysis of the forces and moments that are subjected to
the bolted joint of the Model 2000 cask during normal and accident conditions.

2.12.4.2. Lid Bolt Evaluation
2.12.4.2.1. Required Length of Engagement

For this analysis, a 1%-7 UNC-2A external thread with a 1%-7 UNC-2B internal thread is
considered at an operating temperature of 150°F. The external thread material is ASTM A-540,
Grade B22, Class 3 and the internal thread material is ASME SA-182, F304. Table 2.12.4-5 lists
the required parameters needed for the analysis.

Table 2.12.4-5. Lid Bolt Evaluation Input Parameters

Parameter Variable Input Units
Tensile Strength of External Thread at 150°F N 145%* ksi
Tensile Strength of Internal Thread at 150°F Sw 73 ksi
Minimum Pitch Diameter (External Thread) Es min 1.1476 in
Minimum Major Diameter (External Thread) Ds min 1.2314 in
Maximum Pitch Diameter (Internal thread 2B) En max 1.1668 in
Maximum Major Diameter (Internal thread 2B) Ko max 1.123 in
Threads Per Inch n 7 in
Bolt Pre-Load P 82.8 kip

References:

Reference 2-30 Minimum Pitch Diameter: Table 3, Page 1827
Reference 2-30 Minimum Major Diameter: Table 3, Page 1827
Reference 2-30 Maximum Pitch Diameter (2B): Table 3, Page 1827
Reference 2-30 Maximum Minor Diameter (2B): Table 3, Page 1827

Based on these given inputs, it must be determined if the bolt will fail before the threads of either
the internal or external fixtures or vice versa. To do this, the required length of engagement must
be calculated and checked against the actual geometry. The length of engagement (L.) is
calculated as follows (Reference 2-30, Page 1536),
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_ 2A¢
Lo = -
1(Kn max)(¥%+.577350[Es min —Kn,max])
Where,
A = Screw thread tensile stress area

and A, is given by the equation,

. 2
A _ Tr[ES_;mn _ 0.1?1238]
The length of engagement (L.) is for mating external and internal threads of the same strength. If
the materials of the internal and external threads do not have the same strength, the relative
strength (J) must be calculated to determine if the internal thread could strip before the bolt

breaks. The relative strength is calculated as follows,

J - AgX Syt of external thread material
ApX Syt of internal thread material
where
A, = Shear area of external threads
A, = Shear area of internal threads

Also, the shear area of the external and internal threads are given by,

A = TnLeKomax [+ 57735Eqmin — Knma)]
and,

Av = TnLeDsmin [+ 57735Dsmin = Enmax)|
where

n = number of threads per inch

If the relative strength is calculated to be less than or equal to 1, then the length of engagement
(L.) is sufficient to prevent stripping of the internal thread. If the relative strength is calculated to
be greater than 1, then the required length of engagement is calculated by taking the product of
the J factor and the length of engagement as given is:

Q = JLe
where

Q = Required length of engagement
Once the required length of engagement is calculated, this value is checked against the actual

geometry to determine if the internal threads will strip before the bolt breaks or vice versa.
Table 2.12.4-6 presents the results.
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Table 2.12.4-6. Calculation of Required Length of Engagement at 150°F

Parameter Variable Result Units
Tensile stress area of bolt A, 0.952 in
Effective length L. 0.901 in
Shear area of internal threads A, 2.652 in?
Shear area of external threads A, 1.905 in?
Relative strength of external/internal threads J 1.427 --
Required length of engagement if J > 1 Q 1.285 in

Looking at the actual geometry, the engagement = 3.00 inches (lid bolt length) — 1.625 inches
(flange + seal) = 1.375 inches. At 150°F, the required length of engagement is less than the
engagement of the geometry. Therefore, a thread engagement of 1.375 inches will ensure that
the threads of either the internal or external fixture will not strip before the bolt fails for a
Class 2A bolt in 2B threads.

2.12.4.2.2.  Applied Load Analysis

The maximum load on the bolt to break the threaded portion is determined by taking the product
of the ultimate tensile strength of the external thread and the bolt thread tensile stress area
(Reference 2-30).

Pmax = SullAt
= (145 ksi)(.952 in?)
Poax = 138 kip

Now that the maximum load has been calculated, the minimum thread engagement, L., based on
the applied pre-load is:

P = oA,

= bolt pre-load

= 82.8 kip
= Tensile strength of internal thread
A, = Internal thread shear area (Class 2A + 2B)
From Reference 2-30:
P = 0 XM XN X Lg% Dgmin % [1/2n + .57735(Ds min — En max)]

Solving for the effective length:

L. = P/ (o x1%xnxDgmin % [1/2n + .57735(Dg min — Enmax)])
Solving, the minimum thread engagement is 0.3852 inches at an operating temperature of 150°F.
accordingly, calculating the product of the effective length and the number of threads per inch,

the minimum thread engagement to prevent internal 2B thread stripping is approximately three
threads.
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2.12.4.2.3. Bolt Stress Analysis

The cask lid of the Model 2000 cask is fastened to the cask flange by way of 15 uniformly
spaced ASTM A540, Grade B-22, Class 3 socket head screws. Table 2.12.4-7 provides the input
parameters that are to be used in the analysis at an operating temperature of S00°F.

Table 2.12.4-7. Model 2000 Stress Analysis Design Input Parameter

Parameter Variable Input Units
Number of Bolts Ny 15| --
Lid Diameter at Bolt Circle Dy, 32.25 | in
Lid Diameter at Gasket Dy, 29.25 | in
Nominal Bolt Diameter Dy 1.25 | in
Lid Diameter at Inner Edge Dy 28 | in
Lid Diameter at Outer Edge Dy, 34.75 | in
Thickness of Lid t) 1.75 | in
Thickness of Lid Flange tie 1.5 | in
Thickness of Cask Wall t. 6 | in
Bolt Engagement Length BEL 1.625 | in
Bolt Moment of Inertia/Cir XIB 0.018 | in’
Young's Modulus For Lid E; 25900000 | psi
Young's Modulus For Cask Ec 25900000 | psi
Young's Modulus For Bolt Ey 27400000* | psi
Poisson's Ratio For Lid Nu 031 | --
Poisson's Ration For Cask Nic 031 | --
Lid Thermal Expansion Coefficient a 9.70E-06 | 1/°F
Bolt Thermal Expansion Coefficient A 7.30E-06* | 1/°F
Weight of Cask Contents We 5450 | Ib
Weight of Cask Lid W, 1900 | 1b
Dynamic Load Factor DLF 1| --
Preload Torque Q 6000 | Ib-in
Nut Factor For Preload Torque K4 0.15 | --
Gasket Seating Width Gy 0.109 | in
Gasket Seating Stress G, 26000 | psi
Gasket Factor Gn 65| --
Wall Thermal Expansion Coefficient a. 9.70E-06 | 1/°F
Basic Allowable Stress Limit S 7.71E+04 | psi
Minimum Yield Strength Sy 115700 | psi
Minimum Ultimate Strength Sy 145000 | psi
Maximum rigid body impact acceleration (g) 3 25%* | -
Impact angle between the cask axis and the target surface xi 90° | --
Maximum axial vibration acceleration (g) at the cask support ava 2| --
Maximum transverse vibration acceleration (g) at the cask support avt 5] -
Vibration transmissibility of acceleration between the cask support and
the closure lid VTR 1] --
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References:

Reference 2-31 Gasket Seating Width: Table E-1210-2

Reference 2-31 Gasket Seating Stress: Table E-1210-1

Reference 2-31 Gasket Factor: Table E-1210-1

Reference 2-15 Basic Allowable Stress Limit: Table 6.1, Page 28

Reference 2-1 Maximum Axial Vibration Acceleration (g) at the Cask Support

Reference 2-1 Maximum Transverse Vibration Acceleration (g) at the Cask Support

Reference 2-15 Vibration transmissibility of acceleration between the cask support and the closure lid
Notes:

* Grade B21 bolt properties used because temperature dependent values could not be found for Grade B22.
** Section 2.12.1, Figure 2.12.1.11-30 presents the justification for the reduced impact acceleration during the HAC
end drop.

NUREG/CR-6007 (Reference 2-15) is used to accurately verify whether or not the closure bolts
can effectively hold up to the various loads in both normal conditions of transport and
hypothetical accident conditions. This includes forces and moments due to pressure, temperature,
vibration, impact, preload, gasket, puncture, and prying. Also, NUREG/CR-6007 gives
procedures for combining loads and stress limits that must be met. Loads include the axial force
(Fa), shear force (Fs), fixed-edge closure-lid force (Fy), fixed edge closure lid moment (M), and
also torsional moments (M;) that are created by the torque wrench in the preload and gasket
seating operations. All of which are elaborated on in the following sections.

2.12.4.24.  Forces/Moments Generated By Preload
Found in Table 4.1 in NUREG/CR-6007, are the bolts loads due to use of a torque wrench. The
non-prying axial bolt force per bolt is given by the equation,

Fa = Q/ (Kq % Dp)
The torsional bolt force per bolt is defined by the formula,

M, = 05Q
2.12.4.2.5. Forces/Moments Generated By Gasket Loads
Per Table 4.2 in NUREG/CR-6007, are the formulas for calculating the forces and moments
generated by gasket loads by utilization of a torque wrench. The axial force produced by the
gasket seating operation is evaluated by use of the following equation,

T X Djg X Gp X Gy

F
a Np

and the torsional bolt moment due to the seating operation is,

0.5 X 1 X Kq X Dp X Dig X Gp X Gy
Np

Mt =

Also, The non-prying tensile bolt force per bolt produced by the operating gasket seating is
determined by,
2 X 1t X Dig X Gp X Gm (P1i—P1o)

Np

F. =
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2.12.4.2.6. Forces/Moments Generated By Pressure Loads

Table 4.3 in NUREG/CR-6007 is applied to determine the moments and forces that are generated
due to the pressure difference between the inside and outside of the cask. The associated
equation for the axial force due to pressure loads is,

7 % Dfy X (P1;—Pyo)

Fa - 4 X Nb
where
Py = Pressure inside the closure lid
= 30 psi
P, = Pressure outside the closure lid
= 15 psi
The shear bolt force per bolt is then,
F _ TXE¢xteX(Pl—Po)XDF,
§ 2XNpXEcXteX (1-Nyp)
where
P = Pressure inside the cask wall
= 30 psi
P, = Pressure outside the cask wall
= 15 psi

The fixed-edge closure-lid force generated by internal pressure is,

Dy (Pi—P
F, _ 1b(1A: lo)

and the fixed-edge moment is,

D, (P1i—Pio)

M
f 32

2.12.4.2.7.  Forces/Moments Generated By Temperature Loads

Table 4.4 of NUREG/CR-6007 gives the formulas for bolt forces/moments generated by thermal
expansion difference between the closure lid, bolt, and wall. The axial force due to a
temperature difference between the closure bolt and lid is:

F, = %xTrfobex(alel—abeb)
where
T, = Temperature change of the closure lid
= 117.5°F
T, = Temperature change of the closure bolt
= 111.9°F

The shear force acting on each bolt is given by,

T X E;xt;x Dip X (a;XT1—acXT¢)

Fso = Npx(1-Nyp)
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where,
T. = Temperature change of the cask wall
= 118°F

Fixed-edge force and fixed-edge moment due to temperature difference between the inner and
outer surface of the closure lid is determined by use of the following equations.

Fp = 0 Ib/bolt
M, = Ejx all zxxtézlx_(;;,)-m)
where,
T, = Temperature change of the outer surface of the closure lid
= 118.1°F
Ty = Temperature change of the inner surface of the closure lid
= 116.8°F

2.12.4.2.8. Forces/Moments Generated By Impact Loads

For this evaluation, the loads created by impact are analyzed for a cask with a protected closure
lid and are found via Table 4.5 in NUREG/CR-6007. As follows, the non-prying tensile bolt
force per bolt due to impact is:

F — 1.34 x sin(xi) X DLF X aj x (W—=W)
a Np
Further, the shear bolt force per bolt is evaluated using,
_ cos(xi) X a;x W
F —
Accordingly the fixed-edge force and fixed-edge moment are defined by,

1.34 x sin(xi) X DLF X aj x (W—=W¢)
T X le

Ff =

and,

1.34 X sin(xi) X DLF X aj x (W—=W)
8t

Mf =
2.12.4.2.9. Forces/Moments Generated By Vibration Loads

Looking at Table 4.8 in NUREG/CR-6007, the loads that are generated due to vibration are
outlined. The tensile bolt force per bolt due to vibration is:

VTR X ava X Wy

F =
a Np

The shear bolt force per bolt is calculated by use of the equation,

VTR X avt X W)

F =
s Np

The fixed-edge force and fixed edge moment are:

VTR X ava X W)
X D]b

Ft =
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and,

VTR X ava X Wy
8T

2.12.4.2.10. Prying Action Forces Generated by Applied Loads

Table 2.1 of NUREG/CR-6007 lays out the analysis to evaluate the axial bolt force per bolt
caused by prying action of the lid is:

M =

_ _— Dlz:_lvll)flb—Cl(B—Ff)—CZ(B—P)
Fap = ( Np ) c1+C2
where
Cl = 1
— 8 Elxt13 (Dlo_Dli)Elet]3f ( Lp )
CZ (3(D]0—D]b)2) (1—Nu] + Dip ) NbD%Eb
L, = Bolt length between the top and bottom surfaces of the closure lid
at the bolt circle
= = 1.5in
B = F; if Fy> P, otherwise B=P

It should be noted that the fixed-edge force and fixed-edge moment are inputs from Table 4.2,
4.3 and 4.8 for NCT and Table 4.2, 4.3 and 4.5 for HAC.

2.12.4.2.11. Bending Bolt Moment Generated by Applied Loads

Located in Table 2.2 of NUREG/CR-6007 is the formula for calculating the bending bolt
moment per bolt caused by the rotation or bending of the closure lid and is:

= ™ib) (Kb
Mbb ( Np ) (Kb+K1) Mf
where
- &) (E_b) (D_g)
Kb (Lb Dip 64
Etd
K] 14

3[(1—N1211)+(1—Nu1)2(g—$)]131b

Once again, it should be noted that the fixed-edge force and fixed-edge moment are inputs from
Table 4.2, 4.3 and 4.8 for NCT and Table 4.2, 4.3 and 4.5 for HAC.

2.12.4.2.12. Calculation of Total Loads and Bolt Stresses

In order to accurately combine tensile bolt forces, Table 4.9 of NUREG/CR-6007 is applied. To
calculate the total non-prying axial load, the axial bolt force from Tables 4.3-4.8 is summed. The
same process is used to determine the total fixed-edge force and fixed-edge moment. Further,
the bolt stresses can be formulated from Table 5.1 of NUREG/CR-6007. Calculating the average
bolt direct stress caused by the tensile bolt force is:

Sk = 1.2732 F, / D?
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and the average bolt shear stress is formulated as,
Sps =  12732F,/D’

The maximum bending stress and maximum shear stress are represented as,
Seb 10.186 M, / D?
S 5.093 M,/ D’

Where F,, Fs, My, and M; all represent total values of the tensile bolt force, shear bolt force,
bending bolt moment, and torsional bolt moment respectively.

2.12.4.2.13. Limits on Bolt Stresses

Table 6.1 of NUREG/CR-6007 gives the acceptance criteria for normal conditions of transport.
The acceptance criteria state that the average stress must be less than the allowable stress in
tension. For shear, the average stress must be less than 60 percent of the allowable stress. In
addition, the sum of the squares of the stress ratio for average tensile stress and stress ratio for
average shear stress must be less than one. Further, the maximum stress intensity must be less
than 1.35 times the allowable stress for bolts having a minimum tensile strength greater than 100
ksi and 1.5 times for bolts having a minimum tensile strength less than 100 ksi.

Looking at Table 6.3 for HAC, the average stress in tension must be less than the smaller of
0.7S, or Sy at temperature. The average stress in shear must be less than the smaller of 0.42S, or
0.6Sy at temperature. Furthermore, the sum of the squares of the stress ratio for average tensile
stress and stress ratio for average shear stress must be less than one.

2.12.4.2.14. Analytical Results
Forces and Moments

The forces and moments that the Model 2000 Transport Package closure lid, wall, and bolt are
subjected to during normal conditions of transport and hypothetical accident conditions are
shown in Table 2.12.4-8 and Table 2.12.4-9, respectively.
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Table 2.12.4-8. Forces/Moments Results (NCT)

Load Condition Forces/Moments Variable Magnitude Units
Non-Prying Tensile Bolt Force F, 671.96 Ib
PRESSURE Shear Bolt Force Per Bolt F, 690.58 b
Fixed-Edge Closure-Lid Force Fy 120.94 Ib
Fixed-Edge Closure-Lid Moment Mg 487.53 Ib-in
Non-Prying Tensile Bolt Force F, 10856.79 Ib
TEMPERATURE Shear Bolt Force Per Bolt F, -2151.88 Ib
Fixed-Edge Closure-Lid Force F¢ 0 1b
Fixed-Edge Closure-Lid Moment Mg 120.80 1b-in
Non-Prying Tensile Bolt Force F, 253.33 b
VIBRATION Shear Bolt Force Per Bolt F 633.33 1b
Fixed-Edge Closure-Lid Force Fy 37.51 Ib
Fixed-Edge Closure-Lid Moment M¢ 151.2 Ib-in
PRELOAD Non-Prying Tensile Bolt Force Per Bolt F, 32000 Ib
Torsional Bolt Moment Per Bolt M; 3000 Ib-in
Axial Load For Gasket Seating F, 17361.38 Ib
GASKET Axial Load For Gasket Operation F, 130.21 Ib
Torque Due to Gasket M, 1627.63 Ib-in
PRYING Axial Load Due to Prying F, -25628.50 Ib
Bending Moment Due to Prying My 173.84 Ib-in
Table 2.12.4-9. Forces/Moments Results (HAC)
Load Condition Forces/Moments Variable Magnitude Units
Non-Prying Tensile Bolt Force F. 671.96 Ib
PRESSURE Shear Bolt Force Per Bolt F, 690.58 1)
Fixed-Edge Closure-Lid Force Fy 120.94 Ib
Fixed-Edge Closure-Lid Moment M; 487.53 Ib-in
Non-Prying Tensile Bolt Force F. 10856.79 b
TEMPERATURE Shear Bolt Force Per Bolt F, -2151.88 b
Fixed-Edge Closure-Lid Force F 0 Ib
Fixed-Edge Closure-Lid Moment M; 120.80 Ib-in
Non-Prying Tensile Bolt Force F, 16415.00 b
IMPACT Shear Bolt Force Per Bolt F, 0 b
Fixed-Edge Closure-Lid Force F 2430.26 Ib
Fixed-Edge Closure-Lid Moment M; 9796.98 1b-in
PRELOAD Non-Prying Tensile Bolt Force Per Bolt F, 32000 Ib
Torsional Bolt Moment Per Bolt M, 3000 Ib-in
Axial Load For Gasket Seating F, 17361.38 Ib
GASKET Axial Load For Gasket Operation F, 130.21 Ib
Torque Due to Gasket M, 1627.63 Ib-in
PRYING Axial Load Due to Prying F, 12115.39 Ib
Bending Moment Due to Prying My 2381.63 1b-in
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2.12.4.2.15. Total Loads and Bolt Stresses Results

Now that all of the forces and moments have been calculated for both NCT and HAC, the loads
can be combined appropriately to determine the total loads. Additionally, the bolt stresses can be
calculated from the total loads. The results are displayed below for NCT and HAC in
Table 2.12.4-10 and Table 2.12.4-11 respectively.

Table 2.12.4-10. Total Loads/Bolt Stresses (NCT)

Total Loads/ Bolt Stresses Variable Magnitude Units
Total Bolt Axial Load F, 6371.50 Ib
Total Bolt Shear Load F, -827.97 Ib
Total Bolt Bending Moment M, 759.52 1b-in
Total Bolt Torsional Moment M, 3000 Ib-in
Average Bolt Direct Stress Spa 6574.39 psi
Average Bolt Shear Stress Sts -854.33 psi
Maximum Bending Stress Seb 5644.44 psi
Maximum Shear Intensity Sy 23939.14 psi
Total Bolt Shear Stress Skt 11147.32 psi

Table 2.12.4-11. Total Loads/Bolt Stresses (HAC)

Total Loads/ Bolt Stresses Variable Magnitude Units
Total Bolt Axial Load F, 89420.53 )
Total Bolt Shear Load F, -1461.30 Ib
Total Bolt Bending Moment M, 12786.94 Ib-in
Total Bolt Torsional Moment M, 3000 Ib-in
Average Bolt Direct Stress Sha 92267.96 psi
Average Bolt Shear Stress Shs -1507.83 psi
Maximum Bending Stress St 95026.74 psi
Total Bolt Shear Stress St 11147.32 psi

2.12.4.2.16. Limits on Bolt Stresses Results

Accordingly, the code evaluation is conducted using the information given in the previous
subsection and the appropriate tables from NUREG/CR-6007 for both NCT and HAC. Per
Table 6.1 of NUREG/CR-6007, the limits for NCT are evaluated as,

Z[}u < Z“
6574.39 ot < 77,130 not

and,

2-206



also,

th +Rs2
(0.0852)2 + (—0.0185)?2

where,

NEDO-33866 Revision 0
Non-Proprietary Information — Class I (Public)

P
—854.33 ot

< 0.6%,

< 46278 not
< 1

< 1

Stress ratio for average tensile stress
Stress ratio for average shear stress

Per Table 6.3 of NUREG/CR-6007, the limits for HAC are evaluated as,

and,

also,

th +R52
(0.91)% + (—0.02)?

2.12.4.2.17. Fatigue Analysis

Sba
92267.96 psi

Sbs
-1507.83 psi

< 0TS,
< 101500 psi
< 0428,

< 60900 psi
< 1

< 1

The fatigue analysis considers vibration and operating stresses, which come from the NCT bolt

stress. Included in the operating stress

stresses. Therefore, the loads are:

SOperating

SVibration

Using ASME Code, Section III, NB-3232.3 (Reference 2-32, page 91), the alternating stresses
can be found by the equation below,

Sa—Operating

Sa-Vibration

where
RF
E dc

c

are the pressure, preload, gasket load, and temperature

49617.7 psi

= 206 psi

RF X Soperating (EdC)U

Ea

Edc u
RF X SVibration E_a

Fatigue Strength Reduction Factor (Reference 2-32)
Modulus of Elasticity on Design Fatigue Curve
(Reference 2-18, Figure 1-9.4, page 12)

Modulus of Elasticity used in the Analysis
Cumulative Usage Factor

1 (Reference 2-32)
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Applying ASME Section III, Figure 1-9.4, the fatigue limit for maximum nominal stress <2.7 Sy,
for the loads of this analysis are,

192 Cycles
1011 Cycles

Na-Operating =
Na-vibration =

The above values are accurately calculated by interpolating the tabular data given in
ASME Section III, Table 1-9.0 (Reference 2-18, page 2). Assuming 10’ cycles for vibration load

and 190 transports:
190 Cycles

NOperating =

The accumulative usage is then,

R

( Noperating )+( Nvibration )
Na—Operating Na_vibration

Shown in Table 2.12.4-12 are the results from the analysis.

Table 2.12.4-12. Fatigue Analysis Results

Parameter Variable Value Units
Vibration Stress Syibration 206 psi
Operating Stress Soperating 49617.7 psi
Fatigue Strength Reduction Factor RF 4 -
Cumulative Usage Factor U 1 -
E given on design curve Eq4 30000000 psi
E used in analysis E, 25900000 psi
Ratio of Modulus of Elasticity E a0 1.16 -
Alternating Stress due to Vibration Sa-Vibration 954 psi
Alternating Stress due to Operating Sa-Operating 230000 psi
Number of Alt. Cycles due to Vibration Na-Vibration 1E+12 -
Number of Alt. Cycles due to Operating N, Operating 192 -
Number of Cycles for Vibration Load NVibration 1.00E+08 -
Number of Cycles for Operating Load Noperating 190 -
Accumulative Usage R 0.99 -

Because the accumulative usage is less than one, it is acceptable to have up to 190 transports
before all bolts are replaced. After 190 transports, all bolts must be replaced.

2.12.5. Model 2000 Scale Model Drop Test Report
Model 2000 Drop Test Report No. 87-08-01 is provided in the following pages.
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30-FT. FREE DROP TESTS OF A
QUARTER-SCALE MODEL 2000
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Submitted To:
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This report describes a series of 30-foot, free drop tests performed on a 1/4-
scale model of a General Electric Model 2000 Transport Package. The work was
performed for General Electric Vallecitos Nuclear Center under Purchase Order
No. 205-87C338.

Prepared by: w
David A. Kienholz, Ph.D.

Principal Engineer

BIb £ A4

Bradley ﬁ%ﬂen
Engineer
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1. INTRODUCTION AND SUMMARY

The General Electric Company Vallecitos Nuclear Center (GEVNC) designs and
tests containers for shipping radioactive materials. These shielded containers
must meet stringent safety requirements, including a 30-foot free drop onto a
hard, unyielding horizontal surface. The package must withstand this drop
without functional damage to the inner cask containing the radioactive payload.

CSA Engineering, Inc., was retained to perform a series of drop tests of 1/4-
scale replicas of the Model 2000 transport package. Performed at the GEVNC
facility on June 10, 11, and 14, 1987, the design and execution of the tests are
governed by GE procurement specification 22A9367 (Rev. 2), dated June 8, 1987.
This report documents the objectives, methods, results and conclusions of the
tests.

Drop tests from three orientations were performed with no measurable
deformation or other damage to the inner cask. Head-on and CG-over-corner
drops were successfully completed with no unexpected results. Complete data
on acceleration and internal load distribution were obtained for use in design
verification.

An unexpected failure of the overpack bolted joint occurred when the cask
was dropped on its side. The causes of the failure and requalification of the joint
will be covered in a separate report.2 The structural failure also caused the loss of
some acceleration data. Nonetheless, a valid trace was obtained for the most
important part of the impact event, including the portion during which plastic
deformation of the overpack occurred and, probably, including the point of
maximum vertical cask acceleration.

Subject to the above uncertainty in the side drop test, the maximum vertical
accelerations recorded by sensors inside the cask for the head-on, side, and CG-
over-corner drops were 408, 185, and 156 G's respectively.

2. OBJECTIVES

The objectives of the tests were to determine, for each of three drop orientations:
1. The damage, if any, suffered by the inner cask.
2. The vertical acceleration of the cask at impact.

3. The force distribution at impact between the inner cask and the outer
protective overpack.

2 pomares, R. J., to be published
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2 3. TEST ARTICLE
3. TEST ARTICLE

Figures 1 and 2 show the transport package in cross section with dimensions
given for the 1/4-scale model. Figures 3 and 4 show the actual test article. The
package is composed of two major assemblies: the inner cask and the outer
protective overpack. The cask provides containment and radiation shielding for
the payload. The overpack provides mechanical and thermal protection for the

cask.
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Figure 1. Quarter-scale model of Model 2000 Transport Package showing
accelerometer locations for drop tests
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3

The cask is essentially a thick-walled cylinder with a raised rim around the
lid seal to protect this critical area. Of particular interest for this test are the
impact-limiting features of the overpack. Constructed entirely of 304 stainless
steel, it is composed of a double-walled cylindrical shell with identical toroidal
shell “bumpers” at either end. Regardless of drop orientation, the initial impact
will be taken by one of the toroids. They are designed to plastically deform and
buckle inward at a specific load level and thus limit the acceleration of the cask.
The cylindrical walls of the overpack are separated by tubular members running
parallel to the cask axis. These are likewise designed to crush at a known load.
Honeycomb “cushions” are provided between either end of the cask and the
overpack for further impact limiting under axial acceleration.

LID

CRUSH TUBE

CASK WALL

| & TOP WELDMENT

BOLT (10 PLACES)
LIPS

BASE WELDMENT

Joint Detail

Figure 2. Model 2000 Transport Package details
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3. TEST ARTICLE

Figure 3. Overpack weldments
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Figure 4 . Assembled package
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6 3. TEST ARTICLE

The overpack is fabricated as two weldments bolted together at a lip joint
running circumferentially around the cylinder just inboard of one toroid (see
Figures 1 through 4). The smaller weldment is called the base and the larger is
called the top. During normal assembly the cask is positioned, lid upwards, on
the base and the top is lowered over it. The two weldments are joined at the lip
seal by ten bolts, 1/4-inch in diameter for the scale model, inserted radially
through the lips as shown in Figure 2.

The payload inside the cask was simulated by blocks of heavy metal, one
attached to the lid and one to the floor. Weights of the package components are
shown in Table 1.

Table 1: GE Model 2000 Transport Package
Component Weights (Ibm)

Full-scale = 1/4-Scale
Prototype Model

Overpack 9,822 154
Cask 17,647 276
Payload (max.) 5,450 _85
Total 32,919 515

One scale model cask and two scale model overpacks were fabricated for the
tests. Two complete overpacks were required to insure that the initial impact in
each of the three required drops occurred on an undeformed area.

3.1 Scaling Relations

The test article is a near-replica constructed at 1/4-scale. Table 2 shows the
classical replica scaling relations for a model constructed of the same material as
the full-scale prototype.

The scaling ratios of primary interest here are those for velocity, acceleration,
and stress. Velocity scales independent of length. The drop height for the scale
model is therefore the same as for a full-scale prototype in order to produce the
correct impact velocity. Acceleration scales as 1/A. A measured value of a4, in
the current model test therefore corresponds to a,,;;/4 for the prototype.
Neglecting strain rate effects, stress scales independent of length. Yielding or
rupture of material in the model therefore implies a similar result for the
prototype.
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3.1 Scaling Relations

Table 2: Scaling Relations

Assumptions

Monolithic structure

Same material for model and prototype

Length ratio (model/ prototype) = A

Model/Prototype Ratio
as function of A value for A =

Quantity 0.25
Length A 0.25

Mass or weight A3 0.0156
Time A 0.25
Frequency 1/A 4.00
Displacement A 0.25
Velocity 1 1.00
Acceleration 1/A 4.00

Force A2 0.0625

Moment A3 0.0156
Stress 1 1.00
Strain 1 1.00
Stiffness A 0.25
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8 4. INSTRUMENTATION

4. Instrumentation

Several diverse types of instrumentation were utilized to sense and record the
impact phenomena. These included:

1. Accelerometers with signals recorded on analog magnetic tape
2. Pressure-sensing film

3. High-speed film and videotape photography

4. Micrometers and dial gauge arrays

Details on each are given in this section.

41 Acceleration Measurements

Seven accelerometers were mounted on the package: four inside the cask and
three on the outside of the overpack. Locations are shown in Figure 1. All were
piezoelectric, integrated amplifier (voltage mode) devices with a time constant of
0.5 seconds or greater. A triaxial array mounted inside the cask sensed in the
axial, radial, and tangential directions. An additional uniaxial sensor was
mounted inside the cask sensing in a direction 29 degrees off the cask axis.
Denoted as the cask oblique sensor, its purpose was to measure vertical
acceleration of the cask during the CG-over-corner drop. All sensors inside the
cask were miniature, general purpose accelerometers with a maximum usable
range of 1000 G's. Figure 5 shows the transducers on their mounting block
bonded to the inner surface of the cask.

The triaxial array outside the overpack was composed of three sensors
mounted in a special machined block to sense in the axial, radial, and tangential
directions. These miniature shock accelerometers have a usable range of 10,000
G’s. The arrangement is shown in Figure 6.

An eighth accelerometer was mounted on the steel drop pad, several feet
away from the impact point. Its output signal was to be used for a timing trigger
during data processing. However it was found that using one of the package
sensor signals with a small pre-trigger delay was both more reliable and more
convenient. The pad accelerometer data was therefore not used.

A schematic of the accelerometer signal chain is shown in Figure 7. Signals
were recorded on an instrumentation FM tape recorder for later replay and
analysis. The most important signals (vertical acceleration of the cask and
overpack) were recorded on two tape channels apiece with different gain settings
to optimize the signal/noise ratio. One channel of each pair was ranged to
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4.1 Acceleration Measurements 9

Figure 5. Accelerometers mounted inside the cask
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10 4. INSTRUMENTATION

Figure 6. Accelerometers mounted outside the overpack
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4.2 Force Distribution Measurements 11

accommodate a signal level about 3 dB above the anticipated maximum and the
other was set to provide about 9 dB of headroom. On playback, the channel from
each pair whose signal came closest to full-scale without exceeding it was used
for analysis.

The digital signal analyzer (Figure 7) provided analog-to-digital data
conversion with a maximum sampling frequency of 102.4 kHz per channel. This
was effectively increased even further for certain data records by replaying the
tape at a speed lower than used for recording. Data was either displayed
immediately on the real time display or passed via a DMA link to the main
computer for further processing.

ANALOG TAPE RECORDER
U4 CHANNEL

e

Ral- i Lol -]
—~“~C T

1l

TEST ARTICLE
INSTRAPENTED
VITH 7 ACRLIDETERS

VAV AV Y A A A a4

Figure 7. Accelerometer signal processing

4.2 Force Distribution Measurements

The distribution of force between the cask and overpack was determined by
means of a pressure-sensing film on the cask exterior surface. The film undergoes
a permanent color change from white to red when subjected to pressure. The
color change is gradual with increasing pressure, allowing the approximate
maximum pressure at any location to be determined by comparing
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12 4. INSTRUMENTATION

the exposed film to a calibrated color chart. More accurate reading is possible
using a special densitometer. While somewhat subjective, the simpler
comparison method was considered adequate for the present purpose.

The film provided a convenient method for determining the load distribution
on the cask. It is available in several grades, each designed for a specific pressure
range. The grade used for the drop test progresses from white to pink to red as
the applied pressure is increased from 1000 to 3500 psi. Higher pressures have no
effect, with the film simply retaining its maximum redness.

The film is normally used for static pressure measurements such as checking
the flatness of mating surfaces of pipe flanges, cylinder heads, etc. Its
manufacturer could not supply data on the time required for color change under
sudden, impact loads. Therefore, a simple laboratory test was performed to
assess its speed of response. Figure 8 shows the apparatus. Film specimens
exposed at 2000 psi for a few hundred microseconds were compared to
specimens exposed to the same pressure for two minutes. The specimens showed
equal shades of red. It was concluded that the color change was effectively
instantaneous.

Digital
oscilloscope

Amp Voltmeter

sFY [ B8

Force from ZX Arp

lead screw

Force from { Film

hammer blow specimens _\
Vi
Brass pucks se Jovs
Plezoelectric

/™ load cell
S¥rain gage
S/ e e S
Loaded Statically
by loaded

mpact

Figure 8. Apparatus for testing response speed of pressure sensing film
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4.3 Photography 13

The film is composed of two separate layers, each resembling glossy paper
with a total thickness is 0.008 inches. Under pressure, chemicals in the two layers
react causing one layer to change color. It provides the pressure signature and
the other layer is discarded.

Pieces were cut to fit the surfaces of the cask and held in place with adhesive
tape as shown in Figure 9. A machined cover plate was located on the lid end of
the cask to distribute the load over the entire surface of the circular honeycomb
cushion. The film was placed between the cushion and the cover plate. Following
each drop, the film was removed and the colored layer was annotated to become
part of the permanent test record. Photographs in a later section show exposed
film from each drop.

4.3 Photography

High-speed films were taken of each drop using two identical cameras viewing
the scene from angles 90 degrees apart. Rated speed for the cameras was 500
frames/second.

A length scale and a time scale were located in the field of view of each
camera, just behind the impact point. These scales, used in film interpretation,
are shown later in photographs. Length scales were simply long rulers,
graduated in inches and placed vertically in the field of view of each camera.
Each time scale resembled a large clock with only one hand. The hand rotated
clockwise at a measured speed of 3577 RPM. The time scales allowed accurate
determination of frame rates, necessary for correlating the films with acceleration
traces. Frame rates for the head-on, side, and CG-over-corner drop were 471.7,
469.5, and 463.0 frames/second respectively for the camera which produced the
frames shown in this report.

A standard commercial videotape camera was also used to record the tests.
By providing instant replay, it allowed the orientation of the package at impact
to be verified immediately following each drop. Videotape was also used to
document much of the test preparation.
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14 4. INSTRUMENTATION

Figure 9. Pressure-sensing film being applied to cask
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4.4 Deformation Measurements 15

44 Deformation Measurements

Micrometer measurements of the cask diameter were made at several axial
locations before and after each drop to check for plastic deformation.

Since the top of one overpack was used for two drops (side and CG-over-
corner), it was necessary to carefully record the damage due to the first to insure
that the effects of the two were determined separately. The fixturing for these
measurements, performed before and after each drop, is shown in Figure 10. The
cask was mounted between centers in a large lathe and an array of dial gages
was used to determine the deformation of the toroids at a number of relocatable
positions. Plaster molds were also made of the deformed sections of the toroids.

Figure 10. Measurement of toroid profile
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5. PROCEDURE

Drop tests were performed for three different orientations of the cask. Depicted
graphically in Figure 11, they are denoted in the order of performance as the
head-on drop, the side drop, and the CG-over-corner drop. In the head-on and
CG-over-corner drops, the cask lid and top of the overpack were oriented
downwards to produce the worst-case load on the seal area of the cask.

)

= —n =
o sioe .
FIRST DROP SECOND DROP
~
€G - OVER-COMNER
THIRD DROP

Figure 11. Drop test orientations

One cask and two complete overpack assemblies were fabricated. Overpack
No. 1 was used for the head-on drop and No. 2 was used for the side drop. The
CG-over-corner drop used the base of overpack No. 1 (still undamaged) and the
top of overpack No. 2 with the package oriented such that the impact on the top
occurred at an undamaged section.

2-228



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

l—c-§-A Engineering, Inc.

Engineering Consultants in Applied Mechanics

17

Following the pre-drop dimensional inspection of the cask and overpack, the
pressure sensing film was installed. The lateral sides and/or the lid end of the
cask were covered, depending on the drop orientation. A cover plate was used
between the lid end of the cask and the honeycomb cushion to distribute the
load.

The cask and overpack were assembled, taking care to insure that the
instrumentation cable was properly routed. The package was rigged for hoisting
from the crane using an electromagnet and safety line. A magnet grip plate was
secured to the overpack by a welded bracket which could be adjusted to obtain
the correct orientation. Figure 12 shows the package rigged for the side drop.
Special rigging was used for the CG-over-corner drop to balance the package
over the contact point.

Figure 12. Package rigged for side drop
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The package was hoisted by a mobile crane and the drop height was verified
by a light, graduated chain hanging from the crane. The instrumentation cable
was carefully routed and supported to prevent any interference with the free fall.
The chain and safety line were removed just before the drop.

After a final check of all equipment, the tape recorder was started and voice-
logged. The cameras were started and, after a one-second pause to allow them to
reach speed, the polarity of the DC voltage to the electromagnet was reversed to
release the package. Filming continued until the package came to rest.

Post-drop procedure included the following.
1. Data tapes were replayed to check signal ranging.
2. Pressure-sensing film was removed, inspected, annotated, and stored.

3. The cask and overpack were measured to determine the extent of plastic
deformation.

4. Videotapes were replayed to check the package orientation at impact.

Detailed check lists were kept with each item initialed by the responsible
individual after it was performed. These will become part of the final Product
Quality Record.
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6. RESULTS

Results of the drop tests are given in this section, organized by drop orientation.

6.1 Head-On Drop
6.1.1  Acceleration Data and High-Speed Photography

Figures 13 and 14 illustrates the impact event. The traces show the time history of
vertical acceleration as measured by the axial accelerometers on the overpack
and cask. The photographs are from the high-speed film, taken at a rate of 471.7
frames/second (2.12 milliseconds/frame). They are numbered in order of
increasing time with zero being the frame closest to initial impact. The numbered
vertical lines on the plot indicate the corresponding frame. The small markers
along the bottom of each plot are spaced at 2.00 millisecond intervals.

Polarity of the vertical acceleration signal is not necessarily consistent
between tests having different drop orientations. The sensors were simply
installed in the most convenient way that provided correct alignment. Polarity
was not considered important since the sense of the net velocity change, and thus
the rigid-body component of acceleration at impact, was obviously known in
advance.

Interpretation of the data from the head-on drop is straightforward. The
acceleration seen by each sensor is composed of two parts. Low frequency
components are present, corresponding to the rigid-body deceleration that
produces the net change in velocity. A large number of high frequency
components (ringing) are also produced by the resonant response of the
vibration modes of the package. The low frequency portion, corresponding to a
smoothed version of the trace, is of primary interest since it indicates the portion
of the loading relevant to the package design.

Figure 15 shows the vertical acceleration of the cask and overpack plotted on
the same scale. Peak acceleration of the cask is 408 G’s, much lower than the 4853
G level experienced at the overpack sensor. The impact limiters greatly reduce
the acceleration experienced by the cask.

Figure 16 shows the top toroid following the head-on drop. It has buckled
inwards in an almost perfect axisymmetric pattern. The package rebounded
almost straight up with negligible rotation and came to rest on the impact
surface. These facts indicate that the accelerating force was essentially symmetric
around the cask axis. The high-speed film showed a maximum rebound height at
the overpack CG of 7.6 inches. The 408 G acceleration of the cask was the highest
level seen in any of the three drops. This was as expected since the head-on drop
distributed the crushing load over the largest portion of the toroid surface, thus
producing the highest total force.
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Figure 13. Head-on drop, vertical acceleration
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Figure 14. Head-on drop, frames taken at 2.12 millisecond intervals
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Figure 15. Overplot of cask and overpack acceleration, head-on drop

A smoothed version of the cask acceleration trace shows three distinct peaks.
In Figure 13, these occur just after frame 1, just before frame 3, and just after
frame 4. It is believed, based on analysis of the data from all three drops, that the
first two peaks are typical of the nonlinear force-deflection characteristics of the
toroid at large deformations. The momentary reduction in acceleration after the
first peak probably occurs when the convex surface of the toroid is pushed
through to present a concave surface over the impact area. The second, larger
peak occurs as the crushing continues and this concave surface, now stiffer, is
enlarged.

Figure 17 shows the time integral of the cask acceleration, computed as a
forward sum over the digitized time history of Figure 15. The difference between
initial and final values of the integral indicates the net velocity change. This
calculation provides a check on the accuracy of the acceleration signal chain. The
indicated velocity change must equal or exceed the initial impact velocity of 527
inches/second. The value of 645 inches/second indicated in Figure 17 is
consistent with the observed rebound height.
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Figure 16. Toroid deformation caused by head-on drop
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Figure 17. Time integral of cask vertical acceleration, head-on drop

6.1.2  Pressure-Sensing Film

Figure 18 shows the pressure sensing film after the head-on drop. The large
rectangular piece, removed from the lateral sides of the cask, shows that
significant pressure was applied in only a few small areas. The circular piece,
removed from the cover plate on the lid end of the cask, shows an essentially
axisymmetric pressure distribution. Most of the load was taken by a one-inch-
wide band around the edge where the raised lip bears against the cover plate.
This could occur only after the honeycomb cushion bottomed; until that point the
cover plate and cushion would serve to distribute the load evenly. The film color
near the rim indicates a peak pressure in excess of 3500 psi, consistent with the
measured acceleration and weight of the cask.

The film color in the circular area inside the band is not quite uniform.
Circular striations are visible, caused by tooling marks on the plate. This is not a
defect of the film. It simply indicates the difficulty of producing a truly uniform
pressure over the contact area between two hard surfaces.
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Figure 18. Pressure-sensing film from head-on drop

2-237



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

I_c-s-A Engineering, Inc.

Engineering Consultants in Applied Mechanics

2% 6. RESULTS

6.1.3  Cask and Overpack Deformation Measurements

Micrometer measurements were made of the cask diameter at a number of axial
and azimuthal stations before and after the head-on drop. No change was found;
no measurable plastic deformation of the cask had occurred.

Table 3 shows measurements of the deformed top toroid using the apparatus
of Figure 10. Numbering of the dial gages is shown in Figure 19. Measurements
of the toroid indicated that damage to it was localized to the impact area and
was essentially axisymmetric.

The entire set of measurements made before and after the head-on drop is
quite extensive and is documented in General Electric Inspection Report No.
6431, dated June 11, 1987. Data given here is excerpted from that report.

r‘\/\/‘
Toroid deformed
by head-on drop

Dial gage #1

o

Cylinder wall

#2

(hot used> #4

Figure 19. Gage numbering for inspection of overpack top toroid

2-238



NEDO-33866 Revision 0, Section 2.12.5

Non-Proprietary Information - Class I (Public)

ré-s-A Engineering, Inc.

Engineering Consuitants in Applied Mechanics

6.1 Head-On Drop

27

Table 3. Deformation of top toroid due to head-on drop

Gauge 1 2* 3 4
Azimuth (Degrees)
0 2.115 -0.033 | -0.001
90 2.009 -0.018 | 0.007
180 2.393 -0.063 | -0.020
270 2.501 -0.063 | 0.002

*not used - deformation pattern did not produce meaningful readings

(see Figure 19)

All reading in inches, positive values indicate inward deformation
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6.2 Side Drop

An unexpected failure of the overpack occurred during the side drop. The bolted
joint between the overpack top and base failed completely, shearing off all ten
bolts and allowing the base to separate from the package. The cable carrying
signals from the sensors inside the cask (routed through a hole in the overpack
base) was broken almost instantaneously. As the two weldments separated, the
cable connector was also pulled apart, causing loss of signal from the remaining
accelerometers outside the overpack.

The causes of the overpack joint failure as well as its requalification will be
discussed in a separate report.2 The remainder of this subsection presents the
data from the side drop test. The data suggests that, in spite of the failure, the
acceleration record extends through the instant at which the peak value
occurred.

6.21  Acceleration Data and High-Speed Photography

Figure 20 shows the time history of vertical acceleration as measured by the
radial accelerometer inside the cask and the tangential accelerometer on the
overpack. The photographs in Figure 21, taken at intervals of 2.13 milliseconds,
show the critical time period between initial impact and loss of signal.

The high-speed films revealed that the package rotated slightly as it fell to
strike the pad, top end first, with its axis inclined 10 degrees from the horizontal.
This was probably caused either by a slight swinging of the package at the
instant of release or a failure of the magnet to release uniformly over its entire
surface. Implications of the contact angle for a side drop are considered in a
separate report.3

Figures 20 and 21 contain much valuable information in spite of the fact that
the instrumentation cable from the cask sensors was destroyed 11 milliseconds
after the initial impact. Indicated on Figure 20 is the time interval during which
crushing of the top toroid occurred. Following the initial impact at frame 0, the
acceleration pattern shows a double peak, believed to be characteristic of the
snap-through behavior of the toroid. The toroid on the overpack base strikes
approximately 8 milliseconds later, after the crushing of the top toroid is
complete. The second impact causes the vertical acceleration to again rise
rapidly. The bolts break about 2 milliseconds later, releasing the base weldment
which rotates outward and is propelled away from the package. Figure 22 shows
a still photograph taken just after impact, with the base weldment in midair.
Figure 23 shows the aftermath of the side drop.

2Ibid. 3Ibid.
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Based on the acceleration traces and the high-speed films, the signal cable is
believed to have faulted 11 milliseconds after impact, between frames +5 and +6
of the film. This coincides approximately with the point in time when the joint
flange of the overpack top struck the pad. The signal went low, indicating the
cable had shorted. It later went high when the conductors parted completely.
There is no certain way of determining the last instant at which the acceleration
signal is accurate. The point indicated on Figure 20 is based on inspection of the
signal itself and the high-speed film.
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Figure 20. Side drop, vertical acceleration
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Figure 21. Side drop, frames taken at 2.13 millisecond intervals
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Figure 22. Overpack weldments separating after impact, side drop
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Figure 23. Package after side drop
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It may be shown, however, that the important part of the impact event
occurred prior to the indicated loss-of-signal point. Figure 24 shows the calculation
of the net change in the cask vertical velocity between initial impact and the cable
fault. The trace was zeroed from the fault point through the end of the record prior
to integration. The result indicates that the cask had not come completely to rest
when the signal was lost. The net velocity change up to that point was 379
inches/second. Since the impact velocity was 527 inches/second, the remaining
velocity change was 527 - 379 = 148 inches/second. This corresponds to a free drop
from 28 inches, an event unlikely to damage even an unprotected cask. Stated
another way, since kinetic energy is proportional to velocity squared, the percent
of the initial energy remaining when the signal was lost was only (148/527)2 x 100
=-7.9% of the initial value. In effect, the impact event was essentially over before
the signal was lost.

Likewise, since the toroids were extensively deformed by the side drop (Figure
23) and this deformation could only have occurred while the sensing channel was
still intact, the observed maximum acceleration of 185 G’s is a reasonable estimate
of the maximum that would have occurred if the bolted joint had not failed.
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Figure 24. Time integral of cask vertical acceleration prior to cable fault, side drop

2-246



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

'C_S-A Engineering, Inc.

Engineering Consultants in Applied Mechanics

6.3 CG-Over-Corner Drop 35

6.22  Pressure- Sensing Film

Figure 25 shows the pressure-sensing film after the side drop. The film was
applied only to the lateral sides of the cask. It shows that the load tended to
concentrate towards the ends of the cask, except for two narrow lines parallel to
the cask axis. These localized areas of high pressure were caused by the crush
tubes between the double walls of the overpack cylinder.

6.2.3  Cask and Overpack Deformation Measurements

Micrometer measurements were made of the cask diameter at a number of axial
and azimuthal stations before and after the side drop. No change was found; no
measurable plastic deformation of the cask had occurred.

Extensive measurements of the overpack before and after the side drop are
given in General Electric Inspection Report No. 6430, dated June 12, 1987. The
radial indentation of the top toroid (which struck the ground first) was found to
be 3.18 inches in depth. Damage to the base toroid was slightly greater.

6.3 CG-Over-Corner Drop

For the final drop, the cask was oriented as shown in Figure 26. The orientation,
with the cask axis 22 degrees off the vertical, positioned the package center-of-
gravity directly over the impact point on the top toroid. This was verified by
balancing the cask on the contact point. The angle proved to be slightly different
from the calculated value of 29 degrees used in the design of the mounting block
for the cask oblique accelerometer. The resulting 7 degree misalignment of the
sensing axis was not considered significant since it reduced the acceleration
signal by less than 1%.

The drop was performed without incident to conclude the test series.
6.3.1  Acceleration Data and High-Speed Photography

Figures 27 and 28 illustrate the impact event. The lower trace in Figure 27 shows
the time history of cask acceleration in the vertical direction as sensed by the cask
oblique accelerometer. The upper trace is from the overpack axial accelerometer
and gives the vertical acceleration attenuated by about 7% due to the 22 degree
misalignment of the sensor axis from vertical. The photographs in Figure 27 were
taken at intervals of 2.16 milliseconds.

Upon striking the pad, the package rebounded in a direction roughly parallel
to its axis while rotating counterclockwise (as seen in the view of Figure 28) in

2-247



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

IES—A Engineering, Inc..

Engineering Consuitants in Applied Mechanics

36 6. RESULTS

Figure 25. Pressure-sensing film from side drop

2-248



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

CSA Engineering, Inc.

Engineering Consultants in Applied Mechanics

6.3 CG-Over-Corner Drop

37

Figure 26. Rigging for CG-over-corner drop
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Figure 27. CG-over-corner drop, vertical acceleration
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Figure 28. CG-over-corner drop, frames taken at 2.16 millisecond intervals
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midair through about 250 degrees before coming to rest. The maximum rebound
height and rotational velocity, determined from the high-speed films, were
4.7 inches and 15.1 radians/second. The rotational velocity produced by the
impact does not mean that the CG was not aligned over the impact point. Rather,
it simply implies that the deformation pattern of the toroid produced a force
whose resultant did not pass through the CG. Figure 29 shows the deformation
of the top toroid.

Figure 29. Deformation of overpack produced by CG-over-corner drop

2-252



NEDO-33866 Revision 0, Section 2.12.5
Non-Proprietary Information - Class I (Public)

'-c-é_A Engineering, Inc.

Engineering Consuiltants in Applied Mechanics

6.3 CG-Over-Corner Drop 41

The cask acceleration transient, lasting about 18 milliseconds, was
substantially longer than for either the head-on or side drop. This is related to
the fact that a toroid struck on a corner produces a softer “cushion” than when
struck head-on or from the side. The greater compliance produces a longer
acceleration transient with a lower peak value; maximum cask acceleration was
the lowest of the three tests at 156 G’s. The transient showed the characteristic
double peak.

Determination of the net velocity change was straightforward and is shown
in Figure 30. The value of 548 inches/second, slightly greater than the impact
velocity, is reasonable based on the small value of the rebound height.
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Figure 30. Time integral of cask vertical acceleration, CG-over-corner drop
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6.3.2  Pressure-Sensing Film

Figure 31 shows the pressure sensitive film, still on the cask, following the CG-
over-corner drop. The pressure over the end cover plate was fairly uniform,
consistent with the fact that the honeycomb cushion did not bottom. Pressure on
the lateral sides of the cask was confined to circumferential bands near the ends,
particularly the lid end which was oriented downwards at impact. The pressure
band extends essentially all the way around the cask although the highest
pressure was seen on the downward side, as would be expected. Loading of the
other side probably occurred on the second impact.

6.3.3 Cask and Overpack Deformation Measurements

Micrometer measurements were made of the cask diameter at a number of axial
and azimuthal stations before and after the side drop. No change was found; no
measurable plastic deformation of the cask had occurred.

Extensive measurements of the overpack before and after the CG-over-corner
drop are given in General Electric Inspection Report No. 6432, dated June 18,
1987. Deformation, as shown in Figure 29, was significant, but was confined to
the region around the impact. Maximum depth of the indenting, measured
parallel to the package axis along a minor diameter of the toroid, was
approximately 5.3 inches.
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Figure 31. Pressure-sensing film from CG-over-corner drop
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7.  Summary and Conclusions

Drop tests in three orientations were performed with no measurable deformation
or other damage to the cask. The head-on and CG-over-corner drops were
successfully completed with no unexpected results. Complete acceleration and
internal load distribution data were obtained for use in design verification.

An unexpected failure of the overpack bolted joint occurred during the side
drop. The causes of the failure and the requalification of the joint will be covered
in a separate report. The structural failure also caused the loss of some
acceleration data. Nonetheless, a valid trace was obtained for the most important
part of the impact event, including the portion during which plastic deformation
of the overpack occurred and, probably containing the point of maximum
acceleration.

Subject to the above uncertainty in the side drop test, the maximum vertical
accelerations recorded by the sensors inside the cask for the head-on, side, and
CG-over-corner drops were 408, 185, and 156 G’s respectively.
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2.12.6. Fabrication Stresses

The following sections provide a detailed evaluation of the stresses that occur during the
fabrication process of lead pour and also service at extreme cold temperatures between the inner
stainless steel shell, lead shell, and outer stainless steel shell of the Model 2000 cask body.

2.12.6.1. Fabrication Stresses Due to Lead Pour

During the fabrication process, liquid lead is poured into the annulus between the inner and outer
stainless steel shells of the Model 2000 cask at a temperature of ~620°F with the ambient
temperature at ~70°F. Before coming into contact with the liquid lead, the stainless steel shells
are at the ambient temperature. Once the liquid lead comes into contact with the stainless steel
shells, the temperature difference between the two materials increases the energy in the stainless
steel causing the material to expand. The dimensions of the inner and outer shells at 70°F are as
follows in Table 2.12.6-1.

Table 2.12.6-1. Dimensions of Stainless Steel Shells

Parameter Variable Input Units
Outer Diameter of Inner Shell d, 28.5 in
Inner Diameter of Inner Shell d; 26.5 in
Mean Radius Inner Shell R; 13.75 in
Outer Diameter of Outer Shell D, 38.5 in
Inner Diameter of Outer Shell D; 36.5 in
Mean Radius Outer Shell R, 18.75 in
Thickness of Inner Shell t; 1 in
Thickness of Outer Shell t, 1 in

2.12.6.1.1. Thermal Expansion of Stainless Steel Shells

When the inner and outer shells are subjected to the lead temperature of 620°F, the mean radius
and thickness of each shell increases and is calculated with the following equations:

R = R (1+ aAT)
where

R = Mean Radius of Shell

a = Coefficient of Thermal Expansion For

304 Stainless Steel at 620°F (9.92E-06 in/in/°F)

AT = Temperature difference (620°F — 70°F = 550°F)
and

t = t (1+ aAT)
where

t = Thickness of Shell
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Using the above equations, the shell growth of the inner shell is:

Ri> = 13.75[1+ 9.92E-06x550]
= 13.825in
" = 1[1+9.92E-06x550]

1.005 in
Further, the shell growth of the outer shell is:

R, = 18.75[1+9.92E-06x550]
= 18.852in

ty’ = I[1+9.92E-06x550]
= 1.005in

Accordingly, the dimensions at 620°F for the inner and outer radius of each shell can be
calculated using the equations below. For the inner stainless steel shell:

ri = ri(1+ aAT)
= 13.25[1+9.92E-06x550]
= 13.322 in
where
i = Inside radius of inner shell at 620°F
Iii = Inside radius of inner shell at 70°F
and
i = ri(1+ aAT)
= 14.25[1+9.92E-06x550]
= 14.328 in
where
Iy’ = Outside radius of inner shell at 620°F
Toi = Outside radius of inner shell at 70°F

For the outer stainless steel shell:

e = rio(1+ aAT)
= 18.251[1+9.92E-06x550]
= 18.350 in
where
ri,, = Inside radius of outer shell at 620°F
Tio = Inside radius of outer shell at 70°F
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and
foo = TFoo(1+ aAT)
= 19.25[1+9.92E-06x550]
= 19.355in
where
Too, = Outside radius of outer shell at 620°F

= Outside radius of outer shell at 70°F
2.12.6.1.2. Hydrostatic Pressure

In order to determine the stresses that develop in the stainless steel shells, the static pressure that
develops due to the column of lead is first calculated as follows,

q = Pread X Niead
where
q = Static Pressure
Plead = Density of lead (0.4097 Ibf/in’)
hieads = Height of lead column (56 in)

NOTE: Value for the density of lead is interpolated to just below the melting point (620°F). The
solid lead value is conservative because the density for liquid lead at 620°F is less and would
result in a lower hydrostatic pressure and therefore lower membrane stresses.

Therefore the hydrostatic pressure is:
q = 0.4097 x 56
q = 22.943 psi
This hydrostatic pressure increases the outer shell radius and decreases the inner shell radius as is

determined with the following equations. Decrease in inner shell mean radius due to static
(Reference 2-19, Table 13.8, Page 608):

—qx(R})?

EXt!

AR/

—22.943%(13.825)?
25.2E06%1.005

= -0.000173 in

where
E = Modulus of Elasticity
of 304 Stainless Steel at 620°F (25.2E06 psi)

Increase in outer shell mean radius due to static pressure (Reference 2-19, Table 13.8, Page 608):

qx(Rp)?

AR, =
° EXt]

22.943%(18.852)2
25.2E06%1.005

= 0.000322 in
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Membrane Stresses

he lead column creates a radial pressure on the inner and outer shells. The stresses due to the
maximum external pressure on the inner shell are (Reference 2-19, Table 13.8, Page 608):

(o]
where

[OF]

O2
where

02

O3
where

O3

0 psi

Meridional Stress

!
—qXTy;

!
¢

—22.943X14.328
1.005

-326.941 psi

Hoop Stress
-22.943 psi

Radial Stress

It should be noticed that the sign for the hoop stress and radial stress is negative. This is because
the direction of the static pressure is acting inward instead of outward. The stresses due to the
maximum internal pressure on the outer shell are (Reference 2-19, Table 13.8, Page 608) :

[OF]

02

O3

0 psi

!
qXTl-o
to
22.943x18.350
1.005

418.713 psi
22.943 psi

The allowable stress is the yield stress for the stainless steel, which is equal to 18,240 psi at
620°F. Comparing this allowable stress with the meridional, hoop and radial stresses for the
inner and outer shells shows that they are all below the allowable stress and thus acceptable.

2.12.6.1.4.  Buckling

Additional analysis is performed to see if the inner shell will buckle due to the external pressure
(Reference 2-33, Equation 188, Page 220):

PCI‘

(h/R{)xoyp.
1+4(0yp./E)x(R{%/n?%)
(1.005/13.825)x18240
1+4(18240/25.2E06)x(13.8252/1.0052)

857.28 psi
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where
E = Modulus of Elasticity
of 304 Stainless Steel at 620°F (25.2E06 psi)
P, = Critical Pressure
h = Thickness of Wall of [[ ]

= Yield Point in Compression at 620°F

As the analysis shows, the critical pressure is larger than the pressure on the inner shell.
Therefore, the liquid lead has a negligible effect on the inner and outer stainless steel shells.

2.12.6.2. Stresses Due to Lead Solidification and Lead Shrinkage

For this analysis, the dimensions of the unloaded solid lead shell are used as a reference point for
interference fits. To do this, the loads due to the hydrostatic pressure are removed. The
dimension of the inner and outer shells at 620°F are given in Table 2.12.6-2.

Table 2.12.6-2. Dimensions of Inner and Outer Shell at 620°F

Input Parameter Variable Input Units
Inner Radius of Inner Shell at 620°F i 13.322 in
Outer Radius of Inner Shell at 620°F Top 14.328 in
Inner Radius of Outer Shell at 620°F Tio 18.350 in
Outer Radius of Outer Shell at 620°F Too 19.355 in

The dimensions given in Table 2.12.6-2 are used to obtain the loaded lead dimensions of the lead
shell. The inside radius of the lead shell is set equal to the outside radius of the inner steel shell
and the outer radius of the lead shell is set equal to the inside radius of the outer steel shell as
follows:

Ri-lead = 14.328 in
Ro—lead = 18.350 in
2.12.6.2.1. Unloaded Lead Dimensions

To obtain the unloaded lead dimensions, a negative load is applied to the loaded dimensions. To
do this, the internal and external pressures that are acting on the lead shell are first determined.
For the internal pressure acting on the inner surface of the lead shell, the change in the outer
radius of the lead (Aa) is (Reference 2-19, Table 13.5, Page 696):

qab?(2-v)

Aa = E(a?- b2)

22.943x18.350x14.3282(2—-0.4)
1.49E06%(18.3502—14.3282)

= 0.000706 in

where

a = Outside Radius of Lead Shell
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b = Inside Radius of Lead Shell
|4 = Poisson’s Ratio for lead at 620°F (0.4)
E = Modulus of Elasticity for Lead at 620°F (1.49E06 psi)

NOTE: Value for poison’s ratio and modulus of elasticity are that of solid lead at just below the
melting point of 620°F.

The change in the inside radius of the lead (Ab) is (Reference 2-19, Table 13.5, Page 696):

2 2
a®(1+v)+b=(1-2v)
Ab = -~z
E(a%2-b2)
18.3502(140.4)+14.328%(1-2x0.4)
1.49E06%(18.3502—14.3282)

22.943 x 14.328

= 0.000860 in

For the external pressure acting on the outer surface of the lead shell, the change in outer radius
of the lead is:
_ a?(1-2xv)+b2(1+v)
hAa B E(a?—b2?)

18.3502(1-2%0.4)+14.3282(140.4)
1.49E06%(18.3502—14.3282)

= —22.943 x 18.350

= -0.000763 in
The change in the inside radius of the lead due to the external pressure is:
_ —qba?(2-v)
Ab - E(a?%-b2)

—22.943X14.328x18.350%(2-0.4)
1.49E06%(18.3502—14.3282)

= -0.000904 in
Now that the loaded dimensions have been determined, the unloaded dimensions are determined
by removing the loads. Removing the internal pressure first:
Aa -0.000706 in
Ab = -0.000860 in

Followed by removing the external pressure:
Aa = 0.000763 in
Ab = 0.000904 in

Therefore the total change in the outer and inner radius of the lead with no load is:

Nata = 0.000763 — 0.000706
= 0.000057 in

Abta = 0.000904 — 0.000860
= 0.000044 in
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The dimensions of the lead at 620°F with no load is:

Ritead = 14.3277480 + 0.000044
= 14.327792 in
Rotewd = 18.3495720 + 0.000057

18.3496285 in

The results show that the difference between the loaded and unloaded dimensions is negligible.
Using the unloaded dimensions, a check for interference is completed.

2.12.6.2.2. Interference

At 70°F, stresses will accumulate between the lead and the inner stainless steel shell due to
shrinkage of the materials as they cool down from the lead pour. To determine these stresses, the
lead dimensions are calculated at 70°F. It is known that at 620°F the lead outer radius is
18.35 inches. Therefore, the equation shown below is used to determine the outer radius of the
lead at 70°F.

_ Roe20
Roro B (1+aAT)
_ 18.350
- 14+24.6E—06X550
= 18.105 in
where
Ros20 = Outer Radius of Lead at 620°F
Ry7o = Outer Radius of Lead at 70°F
a = Coefficient of Thermal Expansion

for Lead at 620°F (24.6E-06 in/in/°F)
Accordingly, the inner radius of the lead shell at 620°F is 14.328 in and

R.
R. _ i620
i70 1+aAT

14.358
1+24.6E—06X550

= 14.137 in
The no-load dimensions at 70°F for all shells are displayed in Table 2.12.6-3.
Table 2.12.6-3. Dimensions of Shells at 70°F

Parameter Variable Input Units
1 Inner Radius Inner Shell at 70°F I 13.25 in
2 Outer Radius Inner Shell at 70°F Toi 14.25 in
3 Inner Radius Outer Shell at70°F Tio 18.25 in
4 Outer Radius Outer Shell at 70°F Too 19.25 in
5 Inner Radius of Lead at 70°F Ri7 14.137 in
6 Outer Radius of Lead at 70°F Ri7o 18.105 in
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The air gap between the outer shell and lead is 18.25 inches — 18.105 inches = 0.145 inches.
Additionally, the interference between the inner shell and the lead is:

o = 14.25 in—14.137 in = 0.113 in
2.12.6.2.3. Interference Contact Pressure

Because there is interference between the inner shell and the lead, an interference contact
pressure p arises between the two shells and is calculated with the following press fit equation
(Reference 2-34, Equation 3-56, Page 110):

c2+b? p2+a2
brp| ——L+v ostal
_ LP<C2_b% L> bsp(bg_a2 Vg

° - EL Es
solving,

p _ )

o) o)
Ep, ' Es

where

9] = Interference between contact surfaces

by = Inner radius of lead shell

C = Outer radius of lead shell

v = Poisson’s Ratio for lead at 70°F (0.4)

EL = Modulus of Elasticity for lead at 70°F (2.42E06)

b, = Outer radius of inner shell

Vg = Poisson’s Ratio for 304 stainless steel at 70°F (0.31)

a = Inner radius of inner shell

E, = Modulus of Elasticity for 304 stainless steel at 70°F
Substituting values:

_ 0.113

P B 14.137(%+0.4) . 14.25(%—0.31)
2.42E06 ' 2.83E07
= 3417.512 psi

An interface pressure of this magnitude will cause the lead to yield.
2.12.6.2.4. Internal and External Loads on Lead Shell and Inner Shell

To determine a more accurate interface pressure, the maximum pressure is set equal to the
pressure that corresponds to the hoop stress at which the lead yields.

Loads at 70°F

The yield strength of lead at 70°F is 620 psi and is set to the hoop stress to obtain the maximum
pressure. For a thick-walled shell (Reference 2-19, Table 13.5, Page 696):
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_ %2(c?-p3)
P B C2+b}
_ 620(18.1052-14.1372)
18.1052+14.1372
p = 150.338 psi

This pressure will translate to the inner shell causing a hoop stress of (Reference 2-19,
Table 13.5, Page 696):

_ p(b2+a?)

O =
2 bZ-a?

150.338(14.252+13.252%)
14.25%2-13.252

= -2069.882 psi
It should be noted that any relaxation due to creep can be conservatively neglected.
Loads at -20°F

Now consider the HAC temperature of -20°F for the worst hoop stress on the inner shell. The
coefficient of thermal expansion for the lead and stainless steel at the HAC -20°F temperature is:
Oss20 =  8.17E-06 (in/in/°F)
Gizo =  1.57E-05 (in/in/°F)

Then the steel and lead shell dimensions at -20°F are as follows

a = 13.25[1 + 8.17E-06 x-90] =  13.240in
b, =  14.25[1 +8.17E-06 x-90] =  14240in
b. = 14.1365[1 + 1.57E-05 x-90] = 14.117in
C = 18.105[1 + 1.57E-05 x-90] = 18.079in

This gives an interference of 0.123 in between the inner shell and the lead at -20°F. This
interference will cause the lead to yield. Once again, to achieve a more accurate interface
pressure, set the maximum pressure to be equal to the pressure that corresponds to the hoop
stress at which the lead yields. The yield strength of lead at -20°F is 763 psi, which gives an
interface pressure of (Reference 2-19, Table 13.5, Page 696):

oa(c?-b7)

P ~cror

763(18.079%-14.1172)
18.0792+14.1172

185.013 psi

This pressure will translate to the inner shell causing a hoop stress of (Reference 2-19,
Table 13.5, Page 696):

_ p(bi+a?)

(0]
2 bZ-a?
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185.013(14.24%+13.242)
14.242-13.242

-2547.290 psi
Loads at -40°F

Now consider the normal conditions of transport extreme cold temperature of -40°F for the worst
hoop stress on the inner steel shell. The coefficient of thermal expansion for the lead and
stainless steel at the HAC -40°F temperature is:

Olss-40 8.09E-06 (in/in/°F)
a4 =  1.56E-05 (in/in/°F)

Calculating the lead and steel shell dimensions at -40°F, the following results:

a = 13.25[1 + 8.09E-06 x-110] = 13.238in
b = 14.25[1 + 8.09E-06 x-110] = 14237 in
b = 14.1365[1 + 1.56E-05 x -110] = 14.112in
C = 18.105[1 + 1.56E-05 x -110] = 18.074in

This results in an interference fit of 0.125 in between the inner shell and lead. Accordingly, the
yield strength of lead at -40°F is 795 psi, which is set to the hoop stress to obtain maximum
pressure as follows (Reference 2-19, Table 13.5, Page 696):

02(C%-b?)
C2+b}

p =

795(18.074%-14.1122)
18.074%2-14.1122

= 192.77 psi

Calculating the hoop stress in the inner shell (Reference 2-19, Table 13.5, Page 696):

_ p(b¢+a?)

0 =
2 bZ-a?

192.77(14.2372+13.2382)
14.2372-13.2382

= -2654.123 psi
2.12.6.2.5. Axial Stresses and Strains

The previous calculations only deal with hoop stresses. Axial shrinkage of the lead will cause
axial stresses to develop in the inner stainless steel and lead shells.

Cooling From 620°F to -20°F

Axial stresses and strains will occur in the inner shell from cooling down from 620°F to -20°F.
The axial strain that results between the lead and stainless steel from the cooling to the extreme
cold temperature of -20°F is:

Zsrain =  (OLe2o- Osse20) AT + (OL0- Oss20) AT
—  (24.6E-06 — 9.92E-06)(550)+(15.7E-06 — 8.18E-06)(-90)
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= 0.0074
= 0.74%
As a result of this tensile strain, the lead will yield. The yield strength for lead at -20°F is
763 psi, which will produce an effective force of:
P = SyA
= 763(n)(18.079° — 14.117%)
305,805 Ib

The same force can develop a compressive axial stress in the inner steel shell from equilibrium
as follows:

_ Paxial
A

305,805
m(14.2402-13.2402)

= -3544.88 psi
Cooling From 620°F to -40°F
The axial strain that results between the lead and stainless steel from the cooling to the extreme
cold temperature of -40°F is:

Zsrain = (Ouezo- Osse20) AT + (G40~ Ossa0) AT

—  (24.6E-06 — 9.92E-06)(550)+(15.6E-06 — 8.09E-06)(-110)
0.00725
0.725%

Once again, as a result of this tensile strain, the lead will yield. The yield strength for lead at -
40°F is 795 psi, which will produce an effective force of

I:)axial = SyA
795(m)(18.074% — 14.112%)
318,437 1b

From equilibrium, the same force can develop a compressive axial stress in the inner steel shell
as calculated below:

_ Paxial
A

318,437
m(14.237%2-13.2382)

c)' —

= -3692.45 psi
2.12.6.3. Summary of Results

The stresses on the inner shell of the Model 2000 cask produce an axial stress of -3692.45 psi
and a hoop stress of -2654.12 psi when at the low temperature of -40°F. In the case of the -20°F
low temperature, an axial stress of -3544.88 psi and a hoop stress of -2547.29 psi is produced on
the inner shell.
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In the 620°F case, a hoop stress of -326.94 psi is produced on the inner shell and a hoop stress of
418.71 psi is produced on the outer shell. Table 2.12.6-4 below is a summary of stresses that
occur in the inner and outer stainless steel shells due to lead pouring, solidification, and

shrinkage.

Table 2.12.6-4. Summary of Stresses Due to Lead Pouring, Solidification, and Shrinkage

Inner Shell Stress Outer Shell Stress Lead Yield Stress
Temperature (psi) (psi) (psi)
°F) o, o, o3 o, o, o3 Sy
620 0 -326.94 -22.94 0 418.71 22.94 Liquid
70 0 -2069.88 -150.34 0 0 0 620
-20 -3544.88 -2547.29 -185.01 0 0 0 763
-40 -3692.45 -2654.12 -192.29 0 0 0 795

The results of the analysis indicate that the Model 2000 cask meets the general requirements of
10 CFR 71.43 and also the requirements of the standard review plan NUREG-1609.
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3 THERMAL EVALUATION

This section presents the thermal evaluation of the Model 2000 Transport Package and High
Performance Insert (HPI) in two configurations: Configuration 1, with a contents thermal loading
of 1500 W and Configuration 2, with a contents thermal loading of 3000 W, both under Normal
Conditions of Transport (NCT) and Hypothetical Accident Conditions (HAC) as prescribed by
10 CFR 71 (Reference 3-1). The Configuration 2 results are presented in Sections 3.3 and 3.4,
and the Configuration 1 results are presented in Section 3.5.1.

Specifically, the following requirements of 10 CFR 71 are addressed:
1) General standards for all packages, 10 CFR 71.43(g)

A package must be designed, constructed, and prepared for transport so that in still air at
100°F and in the shade, no accessible surface of a package would have a temperature
exceeding 122°F in a nonexclusive use shipment, or 185°F in an exclusive use shipment.

2) Normal Conditions of Transport—heat, 10 CFR 71.71(c)(1)

Evaluation of the package design for exposure to an ambient temperature in still air and
insolation according to Table 3-1.

Table 3-1. Insolation Data per 10 CFR 71.71

Total Insolation for

Form and Location of Surface a 12-Hour Period
(g cal/cm?)
Flat surfaces transported horizontally;
Base None
Other surface 800
Flat surfaces not transported horizontally 200
Curved surfaces 400

3) Hypothetical Accident Conditions—thermal, 10 CFR 71.73(c)(4)

Exposure of the package fully engulfed in a hydrocarbon fuel/air fire of sufficient extent,
and in sufficiently quiescent ambient conditions, to provide an average emissivity
coefficient of at least 0.9, with an average flame temperature of at least 1475°F for a
period of 30 minutes, or any other thermal test that provides the equivalent total heat

input to the package and which provides a time averaged environmental temperature of
1475°F.

For purposes of calculation, the surface absorptivity coefficient must be either that value
which the package may be expected to possess if exposed to the fire specified or 0.8,
whichever is greater; and the convective coefficient must be that value which may be
demonstrated to exist if the package were exposed to the fire specified. Artificial cooling
may not be applied after cessation of external heat input, and any combustion of
materials of construction, must be allowed to proceed until it terminates naturally.
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§71.73(b) With respect to the initial test conditions, the ambient air temperature before
and after the test must remain constant at that value between -20°F and 100°F which is
most unfavorable for the feature under consideration.

To demonstrate that the Model 2000 Transport Package, shown in Figure 3-1, meets these
requirements, a three-dimensional finite element model of the package was developed and
analyzed using the general-purpose finite element analysis (FEA) code ANSYS, Release 14.0
(Reference 3-2). Multiple ANSYS thermal calculations were performed simulating NCT and
HAC using the finite element representation of the Model 2000 Transport Package with HPI.
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Security-Related Information Figure
Withheld Under 10 CFR 2.390.

Figure 3-1. Model 2000 Transport Package
(High Performance Insert and Material Basket Not Shown)
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3.1 Description of Thermal Design

3.1.1. Design Features

The Model 2000 Transport Package, described in Section 1.2, is designed with a thermally
passive system. The cask is enclosed in an overpack that serves as a fire shield. The overpack is
designed to reduce heat flow from the fire environment into the cask structure by the use of
enclosed air spaces. It is composed of two concentric cylindrical SS304 shells approximately
83 inches long with an OD of 48.5 inches and an ID of 40.5 inches. The shells are separated
radially by eight equally spaced [[ ]] along the length of the shells, and horizontally by two [[ ]]
sections to provide closed air spaces. A 24-inch diameter toroidal shell is attached at both ends of
the outer shell with a circular plate enclosing the inner regions of the torus. The internal shell is
also closed at each end by a circular plate. All materials are SS304. The vertical tubes have a
3-inch OD and are 0.25 inches thick. The horizontal [[ ]] sections have a 7.25-inch OD and are
0.375 inches thick. Attached at both ends of the overpack inner surface are aluminum
honeycomb pads.

The cask is designed with lead shielding on three sides and a 6-inch thick stainless steel forging
at the base that functions as a heat sink that allows the heat to flow through the bottom of the
package. When the cask is placed in the overpack during assembly, air gaps of 1.0-inch radially
and 1.0-inch at the top separate the cask from the overpack inner surfaces.

The cask lid seal design, which includes an [[ ]] and metal retainer component are based on
the two previously defined content decay heat configurations. The cask lid seal for
Configuration 1 is a [[ ]] retainer with four Parker Compound No. [[ 1]

rings. The cask lid seal for Configuration 2 is a [][ ]] retainer with four Parker Compound
No. [[ ]] rings. The cask lid is secured to the cask body by fifteen (15) 1'4-inch diameter
socket head screws.

The HPI is described in Section 1.2.2.1.

3.1.2. Content’s Decay Heat

The derivations of the decay heats for the different content configurations of the Model 2000
Transport Package are presented in Chapter 5. The decay heat for irradiated fuels is based on the
source term calculations discussed in Section 5.5.1. The decay heat for irradiated hardware and
by-product, and cobalt-60 isotope rod contents is determined using watt-per-Curie conversion
factors, listed in Section 5.5.4 and the radionuclide inventory of the contents. Configuration 1 is
evaluated to support 1500 W decay heat and Configuration 2 at 3000 W decay heat.

3.1.3. Summary Tables of Temperatures

Thermal design criteria are specified for regions throughout the cask, cask cavity, and the outside
overpack wall. The Configuration 2 cask lid seal and port O-ring is limited to the temperature
listed in Table 3.1.3-1, and this serves as the thermal criteria for the region associated with the
seal area. The maximum allowable internal pressure is 30 psia, which corresponds to air of
100% humidity heated to 600°F at constant volume.
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Table 3.1.3-1 presents the maximum design temperatures of the components or materials that
affect structural integrity, containment, and shielding under both NCT and HAC for
Configuration 2. Where available, temperature limits for the Model 2000 Transport Package
components are obtained from manufacturers’ literature. Otherwise, component temperature
limits are defined as the melting temperature of the material of construction.

Table 3.1.3-1. Temperature Limits

Component or Material Temper;tl;l)r ¢ Limit
Stainless Steel Components 2546
Lead Shielding® 622
Depleted Uranium Shielding” 2071
Aluminum Honeycomb” 350
Cask Lid Seal 5 to 508°
Cask Ports -40 to 612°
Accessible Surfaces Of Package <1859

Notes:

a. Temperature limit is melting temperature (Reference 3-3).
b. Maximum operating temperature (Reference 3-4).

c. Seal acceptance testing, Reference (Reference 3-5).

d. Exclusive use requirement per 10 CFR 71.43(g).

3.1.3.1. NCT Temperature Summary

Per the requirements of 10 CFR 71.71(c)(1) (Reference 3-1), Configuration 2 is evaluated for
NCT. Specifically, a steady-state thermal analysis is performed simulating exposure of the
package to a 100°F ambient temperature in still air and insolation as specified in Table 3-1. The
results of the analysis are presented in Section 3.3. The temperatures of several key package
components are summarized and compared with their allowable temperatures in Table 3.1.3-2.

Table 3.1.3-2. NCT Temperature Summary and Comparison with Allowable

Temperatures
Item NCT Temperatures Allowable
(°F) Temperature (°F)
Material Basket 1,001 (max) 2,546
HPI Shielding (Depleted Uranium) 601 (max) 2,071
Cask Lid Seal 432 (max) 508
Cask Shielding (Lead) 449 (max) 622
Honeycomb Impact Limiters 359 (max)*/ 334 (avg) 350
Cask Drain Port (Bottom) 370
Cask Test Port (Top) 426 612
Cask Vent Port (Lid) 442
Overpack Outer Surface 215 185°

Notes:

a. The maximum honeycomb impact limiter temperature of 359°F exceeds the allowable
temperature of 350°F. However, this maximum temperature occurs in a very limited
area of the impact limiter and is based on steady-state boundary conditions for the hot
case, which ignores the removal of solar insolation during the night cycle. The
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majority of the impact limiter temperatures are below 350°F. Therefore, the average
temperature of 334°F is appropriate to compare to the allowable temperature.

b. Limit specified in 10 CFR 71.43(g), which requires the addition of a personnel barrier
to satisfy this requirement. Refer to Section 7.1.4, Preparation for Transport.

The Model 2000 Transport Package components remain below their allowable temperatures for
NCT with insolation. Therefore, when exposed to NCT with insolation, Configuration 2

maintains containment of the contents, as neither the shielding nor the impact limiting materials
exceed temperatures that would adversely affect their performance.

3.1.3.2. HAC Temperature Summary

When exposed to the HAC fire prescribed in the regulations, Configuration 2 must maintain
containment of its contents and maintain its shielding capabilities. The results of the HAC
thermal evaluation are presented in Section 3.4. As shown in Table 3.1.3-3, the maximum
temperatures of the different package components are below the allowable temperatures.
Therefore, the HAC fire does not adversely affect the package’s ability to provide containment
and shielding for its contents. Note, that the maximum average fill gas temperatures in the HPI
and cask are 740°F and 571°F, respectively. The maximum average combined fill gas
temperature (HPI + cask) is 585°F.

Table 3.1.3-3. HAC Maximum Temperature Summary and Comparison with Allowable

Temperatures
HAC Maximum Allowable
Item Temperature Temperature
CF) CF)
Material Basket 1,045 2,546
HPI Shielding (Side) 670 2,071
HPI Shielding (Top) 599 2,071
HPI Shielding (Bottom) 618 2,071
Cask Lid Seal 508 508
Cask Shielding (Side) 570 622
Cask Shielding (Top) 529 622
Cask Shell (Puncture Location) 782 -
Cask Shell (Opposite side to Puncture Location) 512 -
Overpack Outer Shell (Puncture Location) 1,103 -
Overpack Outer Shell 1337 )
(Opposite Side to Puncture Location) ’
Cask Drain Port (bottom) 612* 612
Cask Test Port (top) 608" 612
Cask Vent Port (lid) 520 612
HPI Fill Gas (Average) 740 -
Cask Fill Gas (Average) 571 -
Combined HPI and Cask Fill Gas (Average) 585 -
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Note:

a. Temperatures for Drain Port and Test Port exceed 600°F for 21 minutes and 11 minutes,
respectively. Seal acceptance testing conditions for cask lid seal and port containment components
are specified in Reference 3-5.

3.1.4. Summary Tables of Maximum Pressures

Table 3.1.4-1 shows the maximum normal operating pressure and the maximum pressure under
hypothetical accident conditions.

Table 3.1.4-1. Maximum Pressures

Component or Material Reference PE;::; ¢
Maximum Design Internal Pressure Section 2.4.3 30.0
Maximum Normal Operating Pressure Section 3.3.2 26.8
Maximum Average Pressure under HAC Section 3.4.3 29.0

3.2 Material Properties and Component Specifications
3.2.1. Material Properties

The thermal properties of the materials of construction used in the analyses for the thermal
evaluation are presented in Table 3.2.1-1. When available from the open literature, temperature-
dependent properties are used in the analyses. Additionally, the thermal properties of the HPI and
cask fill gas (helium) and overpack gas (air) are presented in Table 3.2.1-2 (Reference 3-3).
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Table 3.2.1-1. Thermal Properties of Solid Regions in the Model 2000 Finite Element

Thermal Model
. Thermal .
Material Tem[():Fr;lture (ﬁ,emnjilltlz) Conductivity ?gte:;lfll)cml-l:;)t Emissivity
(Btu/h-in-°F)
-100 --- 0.607 0.096 -—-
80 0.285 0.717 0.114 0.22
260 --- 0.799 0.123 0.22
AISI 304 620 --- 0.953 0.133 0.24
Stainless Steel” 980 1.088 0.139 0.28
1340 --- 1.223 0.146 0.35
1700 --- 1.348 0.153 -—-
2240 --- 1.526 0.163 -—-
-100 --- 1.767 0.030 ---
80 0.410 1.700 0.031 -
Lead®
260 --- 1.637 0.032 -
620 -—- 1.512 0.034 -
-100 -—- 1.209 0.026 -
80 0.689 1.329 0.028 ---
260 - 1.425 0.030 ---
Bregie:ii 620 1.637 0.035
980 --- 1.858 0.042 -—
1340 --- 2.114 0.043 -—-
1700 --- 2.359 0.038 -—-
80 0.298 0.645 0.112 0.22
AISI316 260 --- 0.732 0.120 0.22
Stainless Stecl® 620 --- 0.881 0.131 0.24
980 --- 1.026 0.138 0.28
1340 -—- 1.165 0.144 0.35
[ ) . Same as AISI Same as AISI Same as AISI 0.44
1] Steel 304 or AISI 316 | 304 or AISI 316 | 304 or AISI 316
-100 0.465
0 0.608
Aluminum 75 0.0046 0.715 0.208 0.20
Honeycomb* 100 0.751
200 0.894
300 1.073

Notes:

a. Reference 3-3, Table A.1 (density, thermal conductivity, and specific heat) and Table A.11 (emissivity).

b. Reference 3-6.

c. Density and thermal conductivity — Reference 3-4. Specific heat of Aluminum 2024-T6— Reference 3-3,
Table A.1. Emissivity of heavily oxidized aluminum— Reference 3-7, Appendix D.
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Table 3.2.1-2. Thermal Properties of Gaseous Regions in the Finite Element Thermal

Model
q Thermal q
Material Tem]():l;';l ture (ﬁ)emnji]:lz) Conductivity ?gte:;lf:)cml—_l:;)t Emissivity
(Btu/h-in-°F)
-64 --- 5.93E-3 --- -
-28 --- 6.26E-3 --- -
8 --- 6.60E-3 --- ---
44 --- 6.98E-3 --- ---
80 5.871E-6 7.32E-3 1.24 ---
170 --- 8.19E-3 --- -
260 --- 9.00E-3 --- ---
Helium 350 --- 9.82E-3 --- ---
440 --- 1.06E-2 --- -
620 --- 1.21E-2 --- -
710 --- 1.27E-2 --- -
800 --- 1.34E-2 --- ---
890 --- 1.40E-2 --- -
980 --- 1.46E-2 --- ---
1160 --- 1.59E-2 --- -
1340 --- 1.70E-2 --- ---
-100 --- 8.72E-4 0.241 ---
-10 --- 1.07E-3 0.240 ---
80 4.196E-5 1.27E-3 0.241 ---
170 --- 1.44E-3 0.241 ---
260 --- 1.63E-3 0.242 ---
350 --- 1.80E-3 0.244 ---
440 --- 1.96E-3 0.246 ---
530 --- 2.11E-3 0.248 ---
620 --- 2.26E-3 0.251 ---
Air 710 --- 2.39E-3 0.254 ---
800 --- 2.52E-3 0.257 -
890 --- 2.64E-3 0.260 ---
980 --- 2.76E-3 0.263 -
1070 --- 2.87E-3 0.263 ---
1160 --- 2.99E-3 0.268 ---
1250 --- 3.10E-3 0.270 ---
1340 --- 3.21E-3 0.273 ---
1520 --- 3.44E-3 0.277 -
1700 --- 3.67E-3 0.281 ---
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3.2.2. Component Specifications

The Model 2000 Transport Package component materials are primarily stainless steel, lead, and
aluminum. The maximum allowable temperatures of these materials are given in Table 3.1.3-1.
The temperatures resulting from normal and accident thermal conditions fall within these
temperatures.

The only component material that is temperature sensitive is the [[ ]] material in the cask
lid seal and port plug O-rings. For Configuration 2, the material used is a high temperature

([ 1] that offers the highest operating temperature range of any [[ ]] material
(Reference 3-8). Part of the Configuration 2 cask lid seal design includes a stainless steel

[[ ]1]; temperatures resulting from normal and accident thermal conditions fall within the
material limits.

3.3 Thermal Evaluation under Normal Conditions of Transport

The thermal performance of Configuration 2 is analyzed for NCT (with and without insolation)
by performing steady-state heat transfer analyses on a finite element representation of the
package. Specifically, the general-purpose finite element code ANSYS, Release 14.0
(Reference 3-2), is used to model and analyze the Model 2000 Transport Package with a content
heat load of 3000 W for NCT. Several ANSYS macros are created in order to build the model,
apply boundary conditions, and perform the steady-state analyses.

Assumptions made for this evaluation are:

e The Model 2000 Transport Package is assumed to be in an upright (vertical) orientation
during NCT.

e The cask and HPI are backfilled with Helium at 70°F and 14.7 psia.
e Natural convection within the package cavities is neglected.

e The contents of the HPI are assumed to generate a maximum of 3000 W that is uniformly
distributed among the [[ ]] material basket [[ ]].

e During NCT, the package is assumed to have an emissivity consistent with the material
of construction at temperature.

As mentioned above, for the NCT analysis, a steady-state thermal analysis was performed
simulating exposure of the package to a 100°F ambient temperature in still air and insolation as
specified in Table 3-1. The results of the analysis are presented below. The temperatures of the
key package components are summarized and compared with their allowable temperatures in
Table 3.1.3-2.

NCT sensitivity studies were also performed to evaluate the thermal performance of the package
using boundary conditions applied as both steady state and as constant boundary conditions
solved as a transient. Because the solutions are radiation-dominated, the transient solution results
in better convergence and slightly higher temperatures. To achieve steady-state conditions with
the transient solver, a simulated time of 2000 hours was used. The 2000-hour duration of the
transient analyses is sufficiently long enough for the temperatures within the package to reach
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steady-state values, that is, the temperature of a node within the package model doesn’t change
from one time step to the next.

Model Description

The general-purpose finite element code ANSYS, Release 14.0 (Reference 3-2), is used to model
and analyze the Model 2000 Transport Package with a content heat load of 3000 W for NCT.
Several ANSYS macros are created in order to build the model, apply boundary conditions, and
perform the steady-state analyses.

The model, shown in Figure 3.3-1 through Figure 3.3-3, represents a half-symmetry of the
package. A half-symmetry model is used so that damage from the HAC drop/puncture test may
be incorporated using the same model.

In the model, the decay heat of the contents, applied as a heat flux to the material basket [[ ]], is
transferred through the solid and gaseous regions via conduction heat transfer, across gaseous
regions separating solids via thermal radiation, and then rejected to the surroundings via natural
convection and thermal radiation. Heat transfer via convection within the package is not
considered. In addition to the decay heat of the contents, other heat sources—insolation (heat
flux) and/or fire (convection/thermal radiation)—are also included as boundary conditions where
appropriate.

To simulate this heat flow, a finite element model of the Model 2000 Transport Package with
HPI is generated with the ANSYS Parametric Design Language (APDL) using a combination of
SOLID70, CONTA173, TARGE170, LINK34, SURF152, and SURF252 elements. Each of the
element types used to model the Model 2000 Transport Package and the modes of heat transfer
modeled by the various element types are discussed in the following paragraphs.

The SOLID70 elements are three-dimensional (3D), 8-node, single degree-of-freedom (DOF)
thermal solid elements and are used to model heat flow through the solid and gaseous regions of
the package via conduction heat transfer.

The CONTA173/TARGE170 pairs are 3D, 4-node, surface-to-surface contact elements that are
overlaid onto area faces of the SOLID70 elements and are used to model heat flow across
interfaces between contacting components or across interfaces between dissimilar meshes. The
LINK34 elements are uniaxial elements with the ability to convect heat between 2 nodes;
however, because thermal contact conductance has the same units as the convection heat transfer
coefficient, the LINK34 elements are used to model heat flow between contacting components
that either have a line-of-contact or are physically separated in the model and, therefore, do not
lend themselves to the use of the CONTA173/TARG170 pairs.

The SURF152 3D thermal surface effect elements are overlaid onto area faces of the SOLID70
elements and are used to apply heat flux (fuel material basket [[ ]] internal surfaces) and
convection (overpack external surfaces) boundary conditions. For NCT, insolation (heat flux) is
applied directly to area faces of the SOLID70 elements; SURF152 elements are not used to apply
this heat load.
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Finally, radiation exchange between solid surfaces separated by gaseous regions is modeled
using the radiosity solver in conjunction with SURF252 elements. SURF252 are 3D, 4-node,
radiosity surface elements that are overlaid onto area faces of the SOLID70 elements that have a
radiosity boundary condition using the RSUF command, and then expanded into full 360° in
order to properly calculate radiation view factors for models that only model a portion of the
actual item due to symmetry.
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Figure 3.3-1. Finite Element Model of the Model 2000 Transport Package
(Configuration 2)
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Figure 3.3-2. Finite Element Model of the Model 2000 Transport Package - Air and
Helium Not Shown (Configuration 2)
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[l

1l

Figure 3.3-3. Finite Element Model of the Model 2000 Transport Package - Exploded View
(Configuration 2)
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Thermal Contact Resistance/Conductance

To simulate welded joints (e.g., the cask cavity shell welded to the cask bottom), the nodes of
each mating component are merged at the weld joint. This allows heat to flow across these
welded interfaces. However, for all other component interfaces, each component in the finite
element model is independent and does not share nodes with its neighboring component(s).
Therefore, in order to allow heat to flow through the model, each component is connected to its
neighboring component using CONTA173/TARGE170 thermal contact/target elements. For
components that have only a line of contact (e.g., Hertzian contact), or if the elements of
contacting components are not physically modeled as being in contact, LINK34 convection
2-node elements are used to model the contact resistance.

Thermal contact resistance, Ry, between mating parts results in a temperature drop across the
interface between these parts (see Figure 3.3-4). Note that the surface roughness is exaggerated
in the figure. The existence of a finite contact resistance is due primarily to the surface roughness
of the mating parts. Other factors that affect the contact resistance are the mating materials,
interfacial fluid/gas, and pressure. Theoretical methods to calculate this resistance have been
developed; however, empirically derived resistances have provided better correlation with actual
measured temperature drops across contact interfaces (Reference 3-3).

I q.::onhct
Qgap
|
: T,
A eontact
AT
a—» | A 4 B
— q"w
U
|
T
A contact

Figure 3.3-4. Heat Transfer Through the Contact Plane Between Two Solid Surfaces

3-16



NEDO-33866 Revision 0
Non-Proprietary Information — Class I (Public)

The thermal resistance effect shown in Figure 3.3-4 is described by the following equation from
Reference 3-3, Equation 3.20, for a unit area of interface:

w _ TAT
R" = ';B
where R"'« = thermal resistance per unit area,
Ta = temperature of material A,
Ts = temperature of material B, and
q"x = heat flux.

Thermal contact is modeled in ANSY'S by specifying the thermal contact conductance (TCC) of
the interface either as a real constant (for the CONTA173/TARGE170 pairs) or as a material
property (LINK34). The TCC is defined as the reciprocal of the thermal contact resistance;
therefore, a high TCC value implies low thermal contact resistance, and a low TCC value implies
high thermal contact resistance.

While the LINK34 is a 2-node convection element, the natural convection coefficient has the
same units as that of thermal contact conductance. Therefore, the LINK34 element can be used
to simulate thermal contact between two nodes by substituting the TCC value for the convection
coefficient.

Experimentally determined TCC values for various mating materials, surface finishes, interfacial
gases, and interface pressures are shown in Table 3.3-1.

Because there are a large number of thermal contact interfaces to manage in the Model 2000
Transport Package thermal model, and because exact conditions (such as surface finish and
pressure) at the interfaces are unknown, a subjective approach is taken when assigning TCC
values to these interfaces in the FEA model. To this end, five contact resistance levels ranging
from low to high resistance are established with an assigned TCC value based on the typical
values obtained from the open literature as presented in Table 3.3-1. The five TCC values used in
the analyses presented in this report are presented in Table 3.3-2. Then, each thermal contact
interface in the model is assigned one of these five resistance levels (see Table 3.3-3 and
Figure 3.3-5). The approach to assigning the five contact resistance levels is:

e The interfaces (when dissimilar meshes exist) between elements representing fill gases
and their adjacent solid meshes are assigned “Low” resistance levels.

e Interfaces between bolted junctures are assigned “Low” or “Low/Moderate” resistance
levels.

e Interfaces between shielding materials and the shells that contain them are assigned
“Low/Moderate” resistance levels.

e Interfaces between loosely fitted components (e.g., the cask lid cylindrical sides and the
cask top flange) are assigned “High” resistance levels.
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e Interfaces between heavy objects and the component on which they rest are assigned
“Low/Moderate”, “Moderate”, or “Moderate/High” resistance levels depending on how
heavy the object is and how much the component on which they rest may flex under the
weight.

During normal transport, Configuration 2 is in an upright orientation with the material basket
bottom contacting the HPI bottom [[ ]], the HPI bottom [[ ]] contacting the cask bottom, and the
cask bottom contacting the cask support plate of the overpack. Because the inner surface of the
cask bottom is dished to allow for water drainage, the entire surface of the HPI bottom [[ ]] will
not be in contact with the cask bottom. Additionally, in order to maintain well-shaped elements,
the outer, bottom corner of the HPI is modeled with a small offset from the cask bottom.
Therefore, LINK34 elements are used to model a line of contact between the outer edge of the
HPI bottom [[ ]] and cask bottom. The LINK34 elements are assigned a thermal conductance
value of 15.0 Btu/h-in?-°F, and the contact area is modeled as a 2.5-inch wide annular band with
an outer diameter equivalent to the outer diameter of the HPI bottom [[ ]].

Table 3.3-1. Typical Thermal Contact Conductance Values from Open Literature

Material Rizrflalf:ss Interfacial Pressure TCC Source
(Both Surfaces) (ugin) Gas (psi) (Btu/h-in*-°F)
. ) Reference 3-3
Stainless Steel Not Specified Vacuum 14.5 0.5-2.0
Table 3.1
) ) Reference 3-3
Stainless Steel Not Specified Vacuum 1450 3.1-17.5
Table 3.1
. . . Reference 3-9
Stainless Steel Normal Finish Air 14.7 — 1470 2.1-45
Table 2.3
. . Reference 3-10
416 Stainless Steel 30 Air 100 13.9
Table 1.2
) ) Reference 3-9
416 Stainless Steel 100 Air 44 — 368 4.6
Table 2.3
. . Reference 3-9
304 Stainless Steel 45 Air 588 — 1029 2.3
Table 2.3
) Reference 3-10
Carbon Steel 1000 Air 100 - 300 0.6-0.8
Table 1.2
i Reference 3-10
Carbon Steel 63 Air 100 — 300 35-46
Table 1.2
) . Reference 3-3
Aluminum Not Specified Vacuum 14.5 24-82
Table 3.1
) ) Reference 3-3
Aluminum Not Specified Vacuum 1450 30.6-61.2
Table 3.1
. . Reference 3-3
Aluminum 397 Air 14500 44
Table 3.1
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Table 3.3-1. Typical Thermal Contact Conductance Values from Open Literature

Material Rizrflalf:ss Interfacial Pressure TCC Source
(Both Surfaces) (ugin) Gas (psi) (Btu/h-in*-°F)
. ) Reference 3-3
Aluminum 397 Helium 14500 11.6
Table 3.1
. .. . Reference 3-9
Aluminum Normal Finish Air 14.7 — 1470 2.7-14.7
Table 2.3
. Reference 3-9
Aluminum Rough Vacuum Low 0.2
Table 2.3
. . Reference 3-10
Aluminum 120 Air 100 — 300 63-11.5
Table 1.2
. . Reference 3-10
Aluminum 65 Air 100 —300 9.0-14.6
Table 1.2
. . Reference 3-9
Aluminum 100 Air 176 — 368 13.9
Table 2.3
) . Reference 3-9
Aluminum 10 Air 176 — 368 69.4
Table 2.3

Table 3.3-2. TCC Values Used in the Thermal Analyses

Thermal Contact Thermal Contact TCC
Resistance ID Resistance Level (Btu/h-in*-°F)
1? Low (Perfect Contact) 1000
2 Low/Moderate 15
3 Moderate 5
4 Moderate/High 1
5 High 0.5
Note:

a. Thermal contact resistance ID #1 is used to connect dissimilar

meshes in which perfect contact is desired.
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Table 3.3-3. Thermal Contact Resistance Levels Assigned to the Modeled Contact

Elements
Co?lt;;ltl 1D Surface 1 Surface 2 Tl;::s?;?;nccznlt];‘a
Constant) (CONTAIT3) (TARGE170) (See Table 3.3-2)
101 Cask Shield (Side) Cask Bottom 2
102 Cask Shield (Side) Cask Shell 2
103 Cask Shield (Side) Cask Cavity Shell 2
104 Cask Shield (Side) Cask Top 2
105 Cask Bottom Cask Shell 4
106 Cask Top Cask Shell 4
107 Cask Top Cask Cavity Shell 4
108 Cask Shield (Lid) Cask Lid 2
109 Cask Lid (At Bolted Interface) Cask Top 2
110 Cask Lid (Cylindrical Sides) Cask Top 5
112 Cask Fill Gas Cask Bottom 1
113 Cask Fill Gas Cask Cavity Shell 1
114 Cask Fill Gas Cask Lid 1
115 Overpack Toroidal Stiffener Overpack Toroidal Shell 4
(Bottom) (Bottom)
116 Overpack Gusset Base (Bottom) Overpack Toroidal Shell 2
(Bottom)
117 Overpack Gusset (Bottom) Overpack Stiffening Ring 2
(Bottom)
118 Overpack Gusset & Stiffening Ring Overpack Bolting Ring 2
(Bottom) (Bottom)
119 Overpack Stiffening Ring (Bottom) Overpack Outer Shell 4
120 Overpack Bolting Ring (Bottom) Overpack Outer Shell 4
121 Overpack Bolting Ring (Bottom) Overpack Inner Shell 4
122 Overpack [[ ]] (Bottom) Overpack Bottom End Plate 5
123 Overpack [[ ]] (Bottom) Overpack Bottom Plate 2
124 Honeycomb Impact Limiter Overpack Bottom Plate 5
(Bottom)
125 Honeycomb Impact Limiter Overpack Inner Shell 5
(Bottom)
126 Honeycomb Impact Limiter Overpack Cask Support Plate 5
(Bottom)
127 Overpack Gas Overpack Cask Support Plate 1
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Table 3.3-3. Thermal Contact Resistance Levels Assigned to the Modeled Contact

Elements
CO?I?;:] 1D Surface 1 Surface 2 Tllf:s?;?;nccznlt;a
Constant) (ORI (ELE ALY (See Table 3.3-2)
128 Overpack Gas Overpack Inner Shell 1
129 Overpack Gas Overpack Bolting Ring 1
(Bottom)
130 Overpack Bolting Ring (Bottom) Overpack Bolting Ring (Top) 4
131 Cask Bottom Or Cask Top* Overpack Cask Support Plate 3
OR
132 Overpack Bolting Ring (Top) Overpack Outer Shell 4
133 Overpack Bolting Ring (Top) Overpack Inner Shell 4
134 Overpack [[ ]] (Between Shells) Overpack 4
135-139 ---Not Used---
140 Overpack Stiffening Ring (Top) Overpack Outer Shell 4
141 Overpack Gusset (Top) Overpack Stiffening Ring 2
(Top)
142 Overpack Gusset Base (Top) Overpack Toroidal Shell (Top) 2
143 Overpack Toroidal Stiffener (Top) | Overpack Toroidal Shell (Top) 4
144 Honeycomb Impact Limiter (Top) Overpack Top Plate 5
145 Honeycomb Impact Limiter (Top) Overpack Inner Shell (Top) 5
146 Overpack [[ ]] (Top) Overpack Top Plate 2
147 Overpack [[ ]] (Top) Overpack End Plate (Top) 5
148 Overpack Gas Overpack Bolt Ring (Top) 1
149 Overpack Gas Overpack Inner Shell (Top) |
150 Overpack Gas Honeycomb Impact Limiter 1
(Top)

151 Cask Fill Gas HPI Top Lid 1
152 Cask Fill Gas HPI Bottom Lid 1
153 Cask Fill Gas HPI Horizontal Plate 1
154 ---Not Used---

155 ([ 1l [l 1 5
156 Il 1l ([ 1l 2
157 ([ 1l ([ 1] 2
158 ([ 1 [l 1l 3
159 [l 1l ([ 1l 3
160 [l 1l [l 1l 2
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Table 3.3-3. Thermal Contact Resistance Levels Assigned to the Modeled Contact

Elements

Contact ID
(Real
Constant)

Surface 1
(CONTA173)

Surface 2
(TARGE170)

Thermal Contact
Resistance ID
(See Table 3.3-2)

161

2

162

163

164

165

166

167

2
2
3
2
2
2

168

HPI Fill Gas

169

HPI Fill Gas

170

HPI Fill Gas

([ 1]

171

---Not Used---

172%

Material Basket [[ ]]

[

173*

[l 1]

Cask Lid Or Cask Bottom

2

Note:
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Figure 3.3-5. Thermal Contact Pair Locations in the Finite Element Model
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Boundary Conditions

The following boundary conditions are applied to the model to simulate NCT (steady-state
analysis with the package modeled in an upright orientation):

1)  Natural convection from the package external surfaces to the 100°F environment

2) Thermal radiation (emissivity, & of package surfaces approximately 0.22
(see Table 3.2.1-1))

3) Solar heat flux per 10 CFR 71.71 (additional case is run without solar heat flux to
address the requirements of 10 CFR 71.43(g))

4)  Heat flux to material basket [[ ]] to simulate the content heat generation.

Natural Convection and Thermal Radiation to the Environment

Heat is rejected from the model via natural convection and thermal radiation boundary
conditions. In order to simplify the application of boundary conditions, a single convection
boundary condition is applied to each external surface of the package that has a convection
coefficient (h), combining natural convection (hc) based on the geometry of that surface and
thermal radiation (hr) based on the emissivity of that surface. This combined, temperature-
dependent convection coefficient (hc + hr) is defined for each external surface and stored in an
ANSYS material property definition.

The natural convection coefficient is calculated using the following from Reference 3-3,
Equation 9.24:

he = Nuxk
L
where, Nu = Nusselt number,
k = thermal conductivity of air at the film temperature, and
L = characteristic length of the surface.

The Nusselt number (Nu) is a function of surface geometry and the Rayleigh number (Ra). The
Rayleigh number is, in turn, a function of surface geometry, temperature, and properties of the
surrounding air and is calculated using the following equation from Reference 3-3,
Equation 9.25:

Ra = _—
where, g = gravitational constant (386.1 in/s?),
B = 1/(Tf+ 459.67),
T = film temperature = (Ts + T0)/2,
Ts = surface temperature,
To = ambient temperature,
L = characteristic length,
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% = air kinematic viscosity at Tf, and
o = air thermal diffusivity at Tf.
Horizontal Cylinder—natural convection to environment

The characteristic length, L, of a horizontal cylinder is its diameter, D. The Nusselt number for a
horizontal cylinder for a wide range of Rayleigh numbers is calculated using the following
equation (Reference 3-3, Equation 9.34):

0.387 Ral/6 2
Nu = {0.60 + : 5 27} (Ra<10")
[1+(0.559/Pr)9/16] /
where, Ra = Rayleigh number, and
Pr = Prandt]l number.

Horizontal Plate—natural convection environment

The characteristic length, L, of a horizontal plate is the ratio of its surface area to its perimeter
(for circular plates, this is equal to D/4, where D = the plate diameter). The Nusselt number for
the upper surface of a heated horizontal plate is calculated using one of the following equations
(Reference 3-3, Equations 9.30 and 9.31):

Nu = 0.54Ra'/*  (10°<Ra<10’)
Nu = 0.54Ra'/?  (10*<Ra<10")

The Nusselt number for the lower surface of a heated horizontal plate is calculated using the
following equation (Reference 3-3, Equation 9.32):

Nu = 0.27 Ral/*
Vertical Flat Plate—natural convection to environment

The characteristic length, L, of a flat plate is its length. The Nusselt number for a vertical plate
over the entire range of Rayleigh numbers (laminar and turbulent) is calculated using the
following equation (Reference 3-3, Equation 9.26):

Nu = {O 825 + 0.387 Ry /6 }2
| [1+ (0.492/Pr)%/16]%/%7

For laminar flow (i.e., Ra < 10”), the Nusselt number for a vertical flat plate is calculated with
slightly better accuracy using the following equation (Reference 3-3, Equation 9.27):

0.670 Ral*
4/9
[1+ (0.492/Pr)?16]

Nu = 0.68+

The thermophysical properties of air used in the calculation of the natural convection coefficients
are presented in Table 3.3-4.
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Table 3.3-4. Thermophysical Properties of Dry Air

(from Reference 3-3)

tempsrnoe | Borsi | Conductiy | Shesfe st | Vol ity | frondt
(Btu/h-in-°F) (in*/h)
-10 5.039E-5 1.074E-3 2.403E-1 6.384E+1 8.872E+1 0.720
80 4.196E-5 1.266E-3 2.405E-1 8.867E+1 1.255E+2 0.707
170 3.595E-5 1.445E-3 2.410E-1 1.167E+2 1.668E+2 0.700
260 3.147E-5 1.628E-3 2.422E-1 1.474E+2 2.137E+2 0.690
350 2.796E-5 1.796E-3 2.439E-1 1.807E+2 2.634E+2 0.686
440 2.516E-5 1.960E-3 2.460E-1 2.164E+2 3.164E+2 0.684
530 2.286E-5 2.114E-3 2.484E-1 2.543E+2 3.722E+2 0.683
620 2.097E-5 2.258E-3 2.510E-1 2.940E+2 4.291E+2 0.685
710 1.935E-5 2.393E-3 2.539E-1 3.360E+2 4.871E+2 0.690
800 1.797E-5 2.523E-3 2.568E-1 3.800E+2 5.468E+2 0.695
890 1.677E-5 2.644E-3 2.596E-1 4.261E+2 6.082E+2 0.702
980 1.573E-5 2.759E-3 2.625E-1 4.739E+2 6.696E+2 0.709
1070 1.480E-5 2.870E-3 2.651E-1 5.234E+2 7.310E+2 0.716
1160 1.397E-5 2.985E-3 2.678E-1 5.742E+2 7.979E+2 0.720
1250 1.324E-5 3.096E-3 2.702E-1 6.261E+2 8.649E+2 0.723
1340 1.258E-5 3.212E-3 2.725E-1 6.802E+2 9.374E+2 0.726
1520 1.144E-5 3.443E-3 2.768E-1 7.912E+2 1.088E+3 0.728
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Forced Convection Correlations

During the HAC 30-minute fire, heat is transferred from the environment to the model via forced
convection and thermal radiation boundary conditions. Again, in order to simplify the
application of boundary conditions, a single convection boundary condition is applied to each
external surface of the package that has a convection coefficient (h) combining forced
convection (hc) based on the geometry of that surface and thermal radiation (hr) based on the
emissivity of that surface. This combined temperature-dependent convection coefficient
(hc +hr) is defined for each external surface and stored in an ANSYS material property
definition.

The forced convection coefficient is calculated using the following equation (Reference 3-3,
Equation 6.5.7):

he = Nuxk
L
where, Nu = Nusselt number,
k = thermal conductivity of air at the film temperature, and
L = characteristic length of the surface.

The Nusselt number (Nu) is a function the Reynolds number (Re) and the Prandtl number. The
Reynolds number is, in turn, a function of surface geometry, temperature, flow velocity, and
properties (density and viscosity) of the surrounding air, which is calculated using the following
equation (Reference 3-3, Equation 6.45):

Re= =
v
where, V = air free-stream velocity,
L = characteristic length,
% = air dynamic viscosity at Ty,
T = film temperature = (T + T.)/2,
Ts = surface temperature, and
Te = ambient temperature.

Cylinder in Cross Flow—forced convection from environment to package

The characteristic length, L, of a cylinder is its diameter, D. The Nusselt number for a cylinder
in cross flow is calculated using the following equation (Reference 3-3, Equation 7.55b):

Nu= C Rep™ Pr!?
where, Rep = Reynolds number, and
Pr = Prandtl number.

The constants ‘C’ and ‘m’ in the previous equation are functions of the Reynolds number (Rep)
and are listed in Table 3.3-5.
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Table 3.3-5. Constants 'C' and 'm' for the Nusselt Number Calculation of a Cylinder in
Cross Flow (from Reference 3-3, Table 7.2)

Rep C m
04-4 0.989 0.330
4 —40 0911 0.385
40 — 4,000 0.683 0.466
4,000 — 40,000 0.193 0.618
40,000 — 400,000 0.027 0.805

For mixed parallel flow (laminar and turbulent), the Nusselt number for a flat plate is calculated
using the following equation (Reference 3-3, Equation 7.44):

Nu=0.037 Re; *° Pr'”3 (5x10° < Re. < 10%)
where, Repy = Reynolds number.

For mixed parallel flow (laminar and turbulent), the Nusselt number for a flat plate is calculated
using the following equation (Reference 3-3, Equation 7.44):

Nu=0.037 Re; *° Pr'3 (5x10° < Rep < 10%)

Thermal Radiation to Environment

As previously discussed, the convection boundary conditions applied to the model are a
combination of both natural convection and thermal radiation coefficients. The thermal radiation
coefficient (hr) is calculated by linearizing the radiation. Assuming a view factor of 1.0 with the
surroundings, the heat transfer rate by thermal radiation, Q,4, from a surface can be described as
follows:

Qraq = €0A (Ts* — T, ")
where, € = emissivity,
c = Stefan-Boltzmann constant (1.19 E -11 Btu/h-in?-°F),
= surface area,
Ts = surface temperature (R), and
To = temperature of surroundings (R).

Due to the temperatures being raised to the 4™ power in the previous equation, the heat transfer
rate is nonlinear. Instead, treating the thermal radiation as a con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>