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1. PURPOSE 

The objective of this calculation is to determine the structural response of a waste package (WP) 
dropped flat on its bottom from a specified height. The WP used for that purpose is the 44-Boiling 
Water Reactor (BWR) WP. The scope of this document is limited to reporting the calculation results 
in terms of stress intensities. The Uncanistered Waste Disposal Container System is classified as 
Quality Level 1 (Ref. 4, page 7). Therefore, this calculation is subject to the requirements of the Quality 
Assurance Requirements and Description (Ref. 16). AP-3. 12Q, Design Calculations and Analyses 
(Ref. 11) is used to perform the calculation and develop the document. The information provided by 
the sketches attached to this calculation is that of the potential design of the type of 44-BWR WP 
considered in this calculation and provides the potential dimensions and materials for that design. 

2. METHOD 

The finite element calculation was performed by using the commercially available LS-DYNA V950 
( S o h a r e  Tracking Number [STN] 10300-950-00; Ref. 7) finite element code. The results of this 
calculation were provided in terms of maximum stress intensities in the Outer Shell ( 0 s )  and Inner 
Shell (IS). 

The control of electronic management of data was conducted in accordance with AP-3.134, Design 
Control (Ref. 19). 

3. ASSUMPTIONS 

In the course of developing this document, the following assumptions are made regarding the structural 
calculation. These assumptions do not require confirmation. 

3.1 Some of the temperature-dependent material properties are not available for SB-575 NO6022 
(Alloy C-22), SA-5 16 KO2700 (5 16 carbon steel [CS]), SA-240 S3 1600 (3 16 stainless steel 
[SS]), SA-240 S30400 SS (304 SS), and SA-705 SO17400 (17-4 PH). The room-temperature 
(RT [70 OF]) density, Poisson's Ratio, and elongation are assumed for these materials. The 
impact of using room-temperature material properties is anticipated to be small. The rationale 
for this assumption is that undetermined mechanical properties of said materials will not 
significantly impact the results. This assumption is used in Section 5.2 and corresponds to 
paragraph 5.2.8.4 of Ref. 20. 

3.2 The Poisson's ratio of Alloy C-22 is not available in literature. The Poisson's ratio of Alloy 625 
(SB-443 N06625) is assumed for Alloy C-22. The impact of this assumption is anticipated to 
be negligible. The rationale for this assumption is that the chemical compositions of Alloy C-22 
and Alloy 625 are similar (see Ref. 2, Section 11, SB-575, Table 1 and Ref. 13, p. 143, 
respectively). This assumption is used in Section 5.2 and corresponds to paragraph 5.2.8.2 of 
Ref. 20. 

Originator: //a Date: r64,Zt50~ Checker: V Date: \ 010 L, / 0 2  



Analyses & Component Design Calculation 

Title: Vertical Drop of 44-BWR Waste Package with Lifting Collars 
Document Identifier: 000-00C-DSUO-00800-000-00A Page 5 of 31 

3.3 Some of the rate-dependent material properties are not available for Alloy C-22, 5 16 CS, 3 16 
SS, 17-4 PH, and 304 SS, and therefore will not be considered. The rationale for this 
assumption is that not taking strain-rate dependent material properties into account will yield 
conservative results. This assumption is used in Sections 5.2 and 5.3 and corresponds to 
paragraph 5.2.5 in Ref. 20. 

3.4 The uniform strain of 304 SS is not available in literature. Therefore, it is assumed that the 
uniform strain is 75% of the elongation. The rationale for this assumption is the character of 
the stress-strain curve for 304 SS (Ref. 8, page 295). This assumption is used in Section 5.2.2 
and corresponds to paragraph 5.2.14.1 of Ref. 20. 

3.5 The exact geometry of the loaded internals was simplified for the purpose of this calculation. 
The fuel basket was represented using shell elements of a constant thickness. The individual 
fuel assemblies were represented as solid rectangles made from SA-240 S30400 (304 SS) and 
given an appropriate density to approximate the correct total mass. The rationale for this 
assumption was to simplify the finite element representation (FER) while preserving the 
pertinent physics of the problem. This assumption was used in Sections 5.2 and 5.4 and 
corresponds to paragraphs 5.2.9.1 and 5.2.9.2 of Ref. 20. 

3.6 Three-stage deformation characteristics are not observed in the stress-strain curves for Alloy 
C-22 or 316 SS (Ref. 12). Therefore, it is conservatively assumed that the uniform strain is 
90% of the elongation. The rationale for this assumption is the character of the stress-strain 
curves for Alloy C-22 and 316 SS. This assumption is used in Section 5.2.2 and corresponds 
to paragraph 5.2.8.6 of Ref. 20. 

3.7 The Poisson's Ratio for 17-4 PH in the H900 condition is not available fiom traditional sources. 
It is assumed that this value is 0.272. The rationale for this assumption is that this is what is 
available from vendor resources (Ref. 17). The impact of this assumption is anticipated to be 
negligible. This assumption is used in Section 5.2. 

3.8 It is assumed that the Engineering Stress and Engineering Strain will be representative of the 
True Stress and True Strain for 17-4 PH in the H900 condition. The rationale for this 
assumption is that this material is extremely hard in relation to the other metals being used. 
H900 is the hardest condition for which 17-4 PH is available. The elongation equals 10 % (Ref. 
2, Section 11, SA-705lSA-705M, Table 3) and the yield strength is very close to its ultimate 
strength. This assumption is used in Section 5.2.3. 

3.9 The impact volume for the falling WP is assumed to be unyielding. The rationale for this 
assumption is that it maximizes the stress on the falling WP. This assumption is used in Section 
5.2 and Section 5.4 and corresponds to paragraph 5.2.8.1 of Ref. 20. 

3.10 The elongations of Alloy C-22 and 316 SS at elevated temperatures are not available from 
traditional sources. However, vendor data is available (Ref. 6, page 15 and Ref. 18, page 8). 
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The percent difference between elongations at RT and elevated temperatures can be normalized 
and applied to the data available from accepted codes. The rationale for this assumption is that 
the relative change of typical elongations should be bounding for the relative change of 
minimum elongation. Even though the values are not from traditional sources, the values are 
conservative and create higher strkss intensities for the same temperature. This assumption is 

I 
used in Section 5.2.1 and corresponds to paragraph 5.2.8.5 of Ref. 20. 

3.11 The uniform strain of SA-5 16 KO2700 carbon steel is not available in literature. Therefore, it 
is assumed that the uniform strain is 50% of the elongation. The rationale for this assumption 
is the character of the stress-strain curve for SA-36 carbon steel (Ref. 8, page 189) which has 
a similar chemical composition as SA-5 16 KO2700 carbon steel (Ref 2, Section II, SA-5 16lSA- 
516M, Table 1 and SA-36lSA-36M, Table 2). This assumption is used in Section 5.2.2 and 
corresponds to paragraph 5.2.1 1.1 of Ref. 20. 

4. USE OF COMPUTER SOFTWARE 

The qualified Finite Element Analysis (FEA) code used for this calculation is Livennore Software 
Technology Corporation (LSTC) LS-DYNA V950 (Ref. 7), which was obtained from the Software 
Configuration Management in accordance with appropriate procedures, and is identified by the 
Software Tracking Number 10300-950-00. LS-DYNA is a qualified, commercially available finite 
element code and is appropriate for structural calculations of waste packages as performed in this 
calculation. The calculations using LS-DYNA V950 were executed on the HP 9000 series UNIX 
workstations (operating system HP-UX B. 10.20) identified with YMP tag numbers 1 14434 and 1 17 162, 
located in Las Vegas, NV. The LS-DYNA evaluations performed for this calculation are fully within 
the range of the validation performed for the LS-DYNA V950 code. Access to the code was granted 
by the Software Configuration Management in accordance with the appropriate procedures. 

TrueGrid, Version 2.1 was used in this calculation solely to mesh the geometric representations of the 
domain. The suitability and adequacy of this mesh is based on visual examination, engineering 
judgment, and the results of mesh verification in Section 6 (see Table 6-1). The mesh has been 
evaluated in accordance with AP-3.12Q (Ref. 1 I), and determined to be suitable and adequate for use 
as input to LS-DYNA V950. Therefore, the use of TrueGrid Version 2.1 is exempt from the 
requirements of AP-SI. 1 Q (Ref. 9, Section 2.1). 

The input and output files are listed in Section 8 of this document. They are located in Attachment I to 
this document. 
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5. CALCULATION 

5.1 MASS AND GEOMETRIC DIMENSIONS OF WASTE PACKAGE 

This calculation was performed using mass and geometric dimensions of the 44-BWR Waste Package 
(see pp. 11-2,II-3, In-1,III-2,111-4, and 111-5): 

Total mass of the loaded WP = 42,100 kg 
Length = 5.097 m 
Outer diameter of outer shell = 1.614 m 
Outer diameter of lifting collar = 1.878 m 
Total mass of the loaded WP and lifting collars = 45,100 kg 

5.2 MATERIAL PROPERTIES 

Material properties used in these calculations are listed in this section. Some of the temperature- 
dependent and rate-dependent material properties are not available for Alloy C-22, 3 16 SS, 17-4 PH, 
516 CS and 304 SS, Therefore, RT density and Poisson's ratio obtained under the static loading 
conditions are used for all materials (see Assumptions 3.1 and 3.3). Furthermore, all material properties 
listed below are obtained under static loading conditions (see Assumption 3.3). 

SB-575 NO6022 (Alloy C-22) (Outer shell, outer shell lids, support ring, upper and lower trunnion 
collar sleeves): 

Density = 8690 kg/m3 (0.314 lb/in3) (at RT) (Ref. 2, Section 11, SB-575 Section 7.1) 

Yield strength = 310 MPa (45 h i )  (at RT) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 236 MPa (34.3 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 21 1 MPa (30.6 h i )  (at 600 OF = 316 OC) (Ref. 2, Section 11, Table Y-1) 

Tensile strength = 689 MPa (100 h i )  (at RT) (Ref. 2, Section 11, Table U) 
Tensile strength = 657 MPa (95.3 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table U) 
Tensile strength = 628 MPa (91.1 h i )  (at 600 OF = 3 16 OC) (Ref. 2, Section 11, Table U) 

Elongation = 0.45 (at RT) (Ref. 2, Section 11, SB-575 Table 3) 

Poisson's ratio = 0.278 (at RT) (Ref. 13, p. 143; see Assumption 3.2) 

Modulus of elasticity = 206 GPU (at RT) (Ref. 6, p. 14) 
Modulus of elasticity = 196 GPa (at 400 OF = 204 "C) (Ref. 6, p. 14) 
Modulus of elasticity = 190 GPa (at 600 OF = 3 16 "C) (Ref. 6, p. 14) 
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SA-240 S3 1600 (3 16 SS) (Inner shell, inner shell lids, interface ring, and shear ring): 

Density = 7980 k g h 3  (at RT) (Ref. 14, Table XI. 1, p. 7) 

Yield strength = 207 MPa (30.0 h i )  (at RT) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 148 MPa (21.4 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 130 MPa (18.9 ksi) (at 600 OF = 316 OC) (Ref. 2, Section u, Table Y-1) 

Tensile strength = 517 MPa (75.0 h i )  (at RT) (Ref. 2, Section 11, Table U) 
Tensile strength = 496 MPa (71.9 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table U) 
Tensile strength = 495 MPa (71.8 h i )  (at 600 OF = 3 16 OC) (Ref. 2, Section 11, Table U) 

Elongation = 0.40 (at RT) (Ref. 2, Section II, SA-240 Table 2) 

Poisson's ratio = 0.30 (at RT) (Ref. 13, Figure 15, p. 755) 

Modulus of elasticity = 195 GPa (28.3 * 106p i )  (at RT) (Ref. 2, Section 11, Table TM-1) 
Modulus of elasticity = 183 GPa (26.5 * 106pi)  (at 400 OF = 204 OC) (Ref. 2, Section II, Table 
TM- 1) 
Modulus of elasticity = 174 GPa (25.3 * 1 o6 p i )  (at 600 OF = 3 16 OC) (Ref. 2, Section II, Table 
TM- 1) 

SA-240 S30400 (304 SS) (44-BWR Fuel Assemblies, see Assumption 3.5): 

Yield strength = 207 MPa (30.0 h i )  (at RT) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 143 MPa (20.7 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 127 MPa (18.4 h i )  (at 600 OF = 316 OC) (Ref. 2, Section 11, Table Y-1) 

Tensile strength = 517 MPa (75.0 hi) (at RT) (Ref. 2, Section 11, Table U) 
Tensile strength = 441 MPa (64.0 h i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table U) 
Tensile strength = 437 MPa (63.4 h i )  (at 600 OF = 3 16 OC) (Ref. 2, Section 11, Table U) 

Elongation = 0.40 (at RT) (Ref. 2, Section 11, SA-240 Table 2) 

Poisson's ratio = 0.29 (at RT) (Ref. 13, Figure 15, p. 755) 

Modulus of elasticity = 195 GPa (28.3 * 1 o6 p i )  (at RT) (Ref. 2, Section 11, Table TM- 1) 
Modulus of elasticity = 183 GPa (26.5 * 1 0 ~ ~ s i )  (at 400 OF = 204 OC) (Ref. 2, Section 11, Table 
TM- 1) 
Modulus of elasticity = 174 GPa (25.3 * 106p i )  (at 600 OF = 316 OC) (Ref. 2, Section 11, Table 
TM-1) 
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SA-36136M KO2600 (A36 CS, see Assumptions 3.9) (Impact Volume): 

Density = 7860 kg/m3 (at RT) (Ref. 14, Table XI. 1, p. 7) 

Poisson's ratio = 0.30 (at RT) (Ref. 3, p. 374) 

Modulus of elasticity = 203 GPa (29.5 * 106psi) (at RT) (Ref. 2, Section 11, Table TM-1) 

SA-705 S 17400 (1 7-4 PH [H900 Condition]) (Lifting Collars): 

Density = 7800 kg/rn3 (at RT) (Ref. 13, Table 12, page 34) 

Yield strength = 1170 MPa (170 h i )  (at RT) (Ref. 5, page 506) 
Yield strength = 1030 MPa (150 h i )  (at 400 OF = 204 OC) (Ref. 5, page 506) 
Yield strength = 965 MPa (140 h i )  (at 600 OF = 3 16 "C) (Ref. 5, page 506) 

Tensile strength = 13 10 MPa (1 90 h i )  (at RT) (Ref. 5, page 506) 
Tensile strength = 1190 MPa (173 h i )  (at 400 OF = 204 "C) (Ref. 5, page 506) 
Tensile strength = 1100 MPa (160 h i )  (at 600 OF = 3 16 "C) (Ref. 5, page 506) 

Elongation = 0.10 (at RT) (Ref. 2, Section TI, SA-705lSA-705M, Table 3) 

Poisson's ratio = 0.272 (at RT) (Ref. 17, Table "Physical Properties", see Assumption 3.7) 

Modulus of elasticity = 197 GPa (28.5 * 106pi )  (at RT) (Ref. 2, Section Il, Table TM-1) 
Modulus of elasticity = 183 GPa (26.6 * 106p i )  (at 400 OF = 204 "C) (Ref. 2, Section 11, Table 
TM- I) 
Modulus of elasticity = 176 GPa (25.5 * 1 o6 psi) (at 600 OF = 3 16 "C) (Ref. 2, Section 11, Table 
TM- 1) 

SA-5 16 KO2700 (5 16 CS) (Sideguides, stiffeners, and baskets): 

Density = 7850 kg/m3 (at RT) (Ref. 2, SA-20/SA20M, Section 14.1) 

Yield strength = 262 MPa (38 h i )  (at RT) (Ref. 2, Section 11, Table Y-1) 
Yield strength = 224 MPa (32.5 h i )  (at 400 OF = 204 "C) (Ref. 2, Section II, Table Y-1) 
Yield strength = 201 MPa(29.1 h i )  (at 600 OF = 316 OC) (Ref 2, Section LI, Table Y-1) 

Tensile strength = 483 MPa (70 h i )  (at RT) (Ref. 2, Section 11, Table U) 
Tensile strength = 483 MPa (70 h i )  (at 400 OF = 204 "C) (Ref. 2, Section 11, Table U) 
Tensile strength = 483 MPa (70 h i )  (at 600 OF = 316 OC) (Ref. 2, Section 11, Table U) 
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Elongation = 0.21 (at RT) (Ref. 2, Section 11, SA-5 16/SA-5 16M, Table 2) 

Poisson's ratio = 0.3 (at RT) (Ref. 3, p. 374) 

Modulus of elasticity = 203 GPa (29.5 * l o 6 p i )  (at RT) (Ref. 2, Section 11, Table TM-1) 
Modulus of elasticity = 191 GPa (27.7 * 10"si) (at 400 OF = 204 "C) (Ref. 2, Section II, Table 
TM- 1) 
Modulus of elasticity = 184 GPa (26.7 * loGpsi) (at 600 OF = 3 16 OC) (Ref. 2, Section 11, Table 
TM- 1) 

5.2.1 Calculations for Elevated-Temperature Material Properties 

The values for elongation at elevated temperatures are not listed in conventional listings such as 
American Society for Testing and Materials (ASTM) Standards or American Society of Mechanical 
Engineers (ASME) Boiler and Pressure Vessel Code. However, the elongation values at elevated 
temperatures are available from vendor data. This vendor data will be used to estimate elevated 
temperature elongations normalized to the RT values from accepted codes (see Assumption 3.10). 

For Alloy C-22, the vendor data shows a 10% increase between RT and 600 OF (Ref. 6, page 15). 
Therefore the elongation value for Alloy C-22 at 600 OF will be as follows: 

Elongation 600 OF = 0.45 * 1.10 = 0.50 

For 316 SS, the vendor data shows a 30% decrease between RT and 600 OF (Ref. 18, page 3). 
Therefore the elongation value for 3 16 SS at 600 OF will be as follows: 

Elongation 600 OF = 0.40 * (1 - 0.30) = 0.28 

Since the components made of 516 CS, 17-4 PH, and 304 SS will not be analyzed for stresses, their 
elongations are not needed at elevated temperatures. 

5.2.2 Calculations for True Measures of Ductility 

The material properties in Sections 5.1 and 5.2 refer to engineering stress and strain definitions: 

P L-Lo  
s = -  and e = -  (Ref. 10, Chapter 9) 

A, Lo 
Where P stands for the force applied during static tensile test, L is the deformed-specimen length, and 
Lo and A, are original length and cross-sectional area of specimen, respectively. It is generally 

accepted that the engineering stress-strain curve does not give a true indication of the deformation 
characteristics of a material during the plastic deformation since it is based entirely on the original 
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dimensions of the specimen. Therefore, the LS-DYNA V950 finite element code requires input in terms 
of true stress and strain definitions. These definitions are: 

P 
o = - and i = ln[$) (Ref. 10, Chapter 9) 

A 

The relationships between the true stress and strain definitions and engineering stress and strain 
definitions can be readily derived based on constancy of volume (A, Lo = A -  L )  and strain 

homogeneity during plastic deformation: 

These expressions are applicable only in the hardening region of stress-strain curve that is limited by 
the onset of necking. 

The following parameters are used in the subsequent calculations: 

S, w o, = yield strength 

s, = engineering tensile strength 

o, - true tensile strength 

e, w E, = strain corresponding to yield strength 

e, = engineering strain corresponding to tensile strength (engineering uniform strain) 

i, = true strain corresponding to tensile strength (true uniform strain) 

In absence of the uniform strain data in available literature, it needs to be estimated based on stress- 
strains curves and elongation (strain corresponding to rupture of the tensile specimen). 

The stress-strain curves for Alloy C-22 and 3 16 SS do not manifest three-stage deformation character 
(Ref. 12). Therefore, the elongation, reduced by 10% for the sake of conservativism, can be used in 
place of uniform strain (Assumption 3.6). 

In the case of Alloy C-22 (e, = 0.9 * elongation = 0.41 at RT), the true measures of ductility are 
E, = ln(1 + e,) = ln(1 + 0.41) = 0.34 
a = s, * (1 .+ e,) = 689 * (1 + 0.41) = 971 MPa. 
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400 OF (204 OC) Alloy C-22 
s = ln(1 + e,) = ln(1 + 0.41) = 0.34 
o, = s, * (1 + e,) = 657 * (1 + 0.41) = 926 MPa 

600 OF (3 16 "C) Alloy C-22 
s = ln(1 + e,) = ln(1 + 0.41) = 0.34 (ASME values) 
o, = s, * (1 + e,) = 628 * (1 + 0.41) = 885 MPa (ASME values) 

s = ln(1 + e,) = ln(1 + 0.45) = 0.37 (vendor data) 
o, = s, * (1 + e,) = 628 * (1 + 0.45) = 91 1 MPa (vendor data) 

For 316 SS at RT, e, = 0.9 * elongation = 0.36, therefore: 
s = ln(1 + e,) = ln(1 + 0.36) = 0.31 
o, =s, * (1 + e,) = 517 * (1 + 0.36) = 703 MPa 

400 OF (204 OC) 3 16 SS 
s = ln(1 + e,) = ln(1 + 0.36) = 0.31 
o; = s. * (1 + e,) = 496 * (1 + 0.36) = 675 MPa 

600 OF (3 16 OC) 316 SS 
s = ln(1 + e,) = ln(1 + 0.36) = 0.31 (ASME values) 
o, = s. * (1 + e,) = 495 * (1 + 0.36) = 673 MPa (ASME values) 

s = ln(1 + e,) = ln(1 + 0.25) = 0.22 (vendor data) 
o; = s, * (1 + e.) = 495 * (1 + 0.25) = 619 MPa (vendor data) 

For 5 16 CS at RT, e. = 0.5 * elongation = 0.1 1 (see Assumption 3.1 I), therefore: 
E.= ln(1 +e.) = ln(1 + 0.11)= 0.10 
o, = s. * (1 + e,) = 483 * (1 + 0.1 1) = 536 MPa 

400 OF (204 OC) 516 CS 
s = l n ( l  +e,)=ln(l  +0.11)=0.10 
o, = s, * (1 + e,) = 483 * (1 + 0.1 1) = 536 MPa 

600 OF (3 16 OC) 5 16 CS 
s = l n ( l  +e,)=ln(l +0.11)=0.10 
o, = s. * (1 + e,) = 483 * (1 + 0.11) = 536 MPa 

For 304 SS at RT, e, = 0.75 * elongation = 0.30 (see Assumption 3.4), therefore: 
s = ln(1 + e,) = ln(1 + 0.30) = 0.26 
o, = s. * (1 + e,) = 517 * (1 + 0.30) = 672 MPu 
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400 OF (204 "C) 304 SS 
E, = ln(l.+ e,) = ln(1 + 0.30) = 0.26 
a, = s, * (1 + e,) = 441 * (1 + 0.30) = 573 Mpa 

600 OF (316 "C) 304 SS 
E, = ln(1 + e,) = ln(1 + 0.30) = 0.26 
a, = s, * (1 + e,) = 437 * (1 + 0.30) = 568 MPa 

5.2.3 Calculations for Tangent Moduli 

As previously discussed, the results of this simulation are required to include elastic and plastic 
deformations for Alloy C-22,516 CS, 304 SS, 17-4 PH, and 316 SS. When the materials are driven 
into the plastic range, the slope of the stress-strain curves continuously changes. Thus, a simplification 
for these curves is needed to incorporate plasticity into the FER. A standard approximation commonly 
used in engineering is to use a straight line that connects the yield point and the tensile strength point 
of the material. The parameters used in the subsequent calculations in addition to those defined in 
Section 5.1.2 are modulus of elasticity (E) and tangent modulus (El). The tangent (hardening) modulus 
represents the slope of the stress-strain curve in the plastic region. In the case of Alloy C-22, the strain 
corresponding to the yield strength is: 

&in= qJE = 310 * lo6 1206 * lo9 = 00.015 (see Section 5.2.1) 

Hence, the tangent modulus at RT is: 

El,, = ( a , ,  - q,,) I (c,, - -.,J = (0.973 - 0.310)1(0.34 - 0.001 5) = 2.0 GPa (see Section 5.2, 5.2.1, and 
5.2.2) 

For Alloy C-22 at 400 OF (204 "C) 
EI.IOO-F = ( o u . ~ ~ ~ ~ ~  - O;.~W.F) / (&,400vF - O;.IOO.F/E~OO~F) = (0.926 - 0.236)/(0.34 - 23611 96e3) = 2.0 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

For Alloy C-22 at 600 O F  (3 16 "C, ASME values) 
E1.6ooOF = ((0;.600eF - q.6000~) 1 (&,~oo~F - ~~w*FIE~ooDF) ')= (0.885 - 0.2 1 1)/(0.34 - 2 1 111 90e3) = 2.0 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

For Alloy C-22 at 600 OF (3 16 "C, vendor data) 
EI.~OO-F = (a,.600DF - ~ , ~ O O . F )  / - ~ ~ o o ~ F / E ~ o o - F )  = (0.91 1 - 0.21 1)/(0.37 - 21 1/190e3) = 1 .9 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

Similarly, for 3 16 SS at RT: 
El,, = (a,, - q,) / (G,, - q,,lE,) = (0.703 - 0.207)/(0.31 - 2071195e3) = 1.6 GPa (see Section 5.2, 
5.2.1, and 5.2.2) 
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For 3 16 SS at 400 OF (204 OC) 
EI.~OO~F = (o~ .~oo~F  - q,,400eF) 1 (&.400DF - ~. ,~oo-F/E~oo~F)  = (0.675 - 0.148)/(0.3 1 - 14811 83e3) = 1.7 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

For 3 16 SS at 600 OF (3 16 OC, ASME values) 
EI.~OO~F = (GOOOF - 0y60O'F) 1 (&6OO0F - ~ , ~ o o ~ F / E ~ o o ~ F )  = (0.673 - 0.130)/(0.3 1 - 13011 7433) = 1.8 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

For 316 SS at 600 OF (316 "C, vendor data) 
E1.600°F = (~6000~ - 0y.60~~) 1 (Eu.600~ - C&OOT/E~OO-F) = (0.61 9 - 0.130)/(0.22 - 13011 7433) = 2.2 GPa (see 
Section 5.2, 5.2.1, and 5.2.2) 

Tangent Modulus of 5 16 CS at RT: 
E,,, = (9, - qn) 1 (&,* - oY,,jEr,) = (0.536 - 0.262)/(0.10 - 2621203e3) = 2.8 GPa (see Section 5.2, 5.2.1, 
and 5.2.2) 

5 16 CS at 400 OF (204 "C) 
El,,,, = (a,,,, - q,,,) 1 (G,,,, - q4,,lE4,,) = (0.536 - 0.224)/(0.10 - 2241191e3) = 3.2 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 

516CS at600°F(316 "C) 
E1.6WoF = (ou.~W%-- q,600DF) 1 ( ~ u . 6 ~ ~ ~  - ~,~WIF/E~OOOF) = (0.536 - 0.201)1(0.10 - 2011184e3) = 3.4 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 

Tangent Modulus of 304 SS at RT: 
EL, = (a,,  - q,.,) 1 (E,,, - oY,,jErt) = (0.672 - 0.207)/(0.26 - 2071195e3) = 1.8 GPa (see Section 5.2, 5.2.1, 
and 5.2.2) 

304 SS at 400 O F  (204 "C) 
E1.4WOF = (a.4W°F - q400°F) 1 (&,,,4W0F - 0;.4WP/E4WeF) = (0.573 - 0.143)/(0.26 - 1431183e3) = 1.7 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 

304 SS at 600 OF (3 16 OC) 
EI.~W*F = ( (ou .~w~F  - G~WOF) 1 (&6W°F - O~.~WOF/EWO~F) = (0.568 - 0.127)/(0.26 - 1271174e3) = 1.7 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 

Tangent Modulus of 17-4 PH (H900 condition) at RT (see Assumption 3.8): 
El,, = (a , ,  - q,) 1 (E., - oy,dEIt) = (1.3 1 - 1.17)/(0.10 - 1 17011 97e3) = 1.5 GPa (see Section 5.2, 5.2.1, 
and 5.2.2) 

17-4 PH at 400 OF (204 "C) 
EI.400DF = (0;.400*F - o ; , ~ ~ ~ ~ ~ )  I (&400aF - q,400-F1E4W-F) = (1.19 - 1.03)/(0.10 - 103011 83e3) = 1.7 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 
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17-4 PH at 600 OF (3 16 "C) 
EI.mDF = (cz.~~~-F - q,.6000F) 1 (~u.6007 - ~ y . ~ ~ ~ - ~ l E ~ ~ ~ ~ )  = (1.1 O - 0.965)1(0.10 - 96511 76e3) = 1.4 GPa (see Section 
5.2, 5.2.1, and 5.2.2) 

5.3 INITIAL VELOCITY OF WASTE PACKAGE 

To reduce the computer execution time while preserving all features of the problem relevant to the 
structural calculation, the WP is set in a position just before impact and given an appropriate initial 
velocity as can be seen in Figure 5-1. 

Figure 5-1. Vertical Drop Geometry 

Using the following parameters: 

g - acceleration due to gravity = 9.81 m/s2 
S = Drop Height = 2.0 m (Ref. 1, Section 1.2.2.1.3) 

and Newton's equation of motion: 
v2 = vo2 + 2a(S - So) 

Substituting values in yields: 
v2 = o2 + 2*(9.8 1 m/s2)*(2.0 m), which reduces to 
V = 6.26 m/s 
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5.4 FINITE ELEMENT REPRESENTATION 

A half-symmetry three-dimensional FER of the WP was developed in TrueGrid using the dimensions 
provided in Attachments I1 and 111. 

The internal structure of the WP was simplified. The internal components of the IS (fuel basket, 
thermal shunts, side guides, spent nuclear fuel, etc.) were simplified in the FER (Assumption 3.5). The 
thermal shunts (made from aluminum) were not included in the representation, which is conservative. 
It is conservative since including the plates would make the basket stronger. Not including the thermal 
shunts lowered the number of contacts within the FER while still maintaining the proper mass needed 
for the computer run. 

The impact volume was conservatively assumed to be unyielding (Assumption 3.9). This was 
accomplished using a target surface made from A36 CS, a mild steel commonly used in construction. 
This impact volume was defined in LS-DYNA without plastic material properties. Therefore, by 
definition, it is an unyielding surface. 

The mesh of the FER was appropriately generated and refined in the contact region according to 
standard engineering practice (see Table 6-1). Thus, the accuracy of the results of this calculation is 
deemed acceptable. 

The initial drop height of the WP was reduced to a very small distance before impact and the WP was 
given an initial velocity equal to 6.26 mls (see Section 5.3). 

The FER was then used in LS-DYNA V950 to perform the transient dynamic analysis for the 44-BWR 
Waste Package vertical drop. 
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6. RESULTS 

Attachment I includes the input files and results files that show execution of the programs occurred 
correctly. The stresses were recorded every 0.001 seconds after impact. The stresses in the OS and IS 
peaked between 0.004 and 0.013 seconds. However, the solution was allowed to reach 0.014 seconds 
to ensure that all stresses had climaxed. 

The results file, d3hsp (Attachment I), lists the masses calculated by LS-DYNA. The total mass of the 
WP equals 48,500 kg, while the mass of the loaded WP is 45,100 kg from Section 5.1. The percent 
difference in mass is approximately 7.4%. However, it is conservative since the mass from LS-DYNA 
is more than that from Attachment 11. 

The following pages contain figures that show various parts at states of maximum stress. These start 
on the next page with Figure 6-1, which shows the maximum stress in the OS at RT. The stresses in 
the IS lid and the shear ring that holds the IS lid in place were not reported. Since the impact of the 
vertical drop occurs at the bottom of the WP, and the IS lid and shear ring are located at the top, these 
components did not sustain a significant amount of damage to justify reporting their stresses. 
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flgure &7. Outer W t at 6QO O F  (Pa) 

Figure 6-7 shows that the maximum stress intensity in the OS is 850 MPa at 0.006 seconds. F i p  6-8 
may be found on the next page. It shows the maximum shear stress in the IS at 600 OF. 
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Table 2 shows a comparison of observed stress to allowable stress. 

Table 6-2. Maximum Stress by Load Case. 

Note: oa~lowable is equal to 90% of o,. 

As was stated earlier, the regions in the OS where the stress intensity is maximum does not extend 
through the thickness of the 0 s .  Therefore, the regions where  ind do allowable exceeds a value of 1 do not 
extend through the OS wall. This may be verified by examining the figures that contain the 0 s .  

q n t  1  allowable 
0.629 
1.18 

0.633 
1.06 

0.629 
1.07 

0.718 
1.04 

The output values are reasonable for the given inputs in this calculation. The uncertainties are taken into 
account by consistently using the most conservative approach; the calculations, therefore, yield a 
conservatively bounding set of results. The results are suitable for assessing the stress state of the IS 
and OS during a vertical drop event. 

Max Stress 
Intensity 
398 MPa 
1030 MPa 
385 MPa 
884 MPa 
381 MPa 
850 MPa 
400 MPa 
856 MPa 

Part 
IS 
0s 

IS 
0s 

IS 
0s 

IS 
0s 
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Temperature 
70 OF 
70 OF 

400 OF 
400 OF 

600 OF 
600 OF 

600 OF 
600 OF 

Elongation Value 
AS ME 
ASME 
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AS ME 
AS ME 
AS ME 

ASME - 30% 
ASME + 10% 
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8. ATTACHMENTS 

Attachment I (on compact disc): contains electronic files (see Table 8-1 for a complete list). 
The *.k files are input files for LS-DYNA. The d3hsp files are LS- 
DYNA output files. *.tg files are TrueGrid input files. 

Attachment 11 (4 pages): Design sketch (44-B WR Waste Package Concept for License 
Application [SK-0220 REV 01,4 sheets]) 

Attachment I11 (5 pages): Design sketch (Waste Package Lifting Collars [SK-0234 REV 01, 5 
sheets]) 

Table 8-1 provides a list of files submitted in the form of electronic files (compact disc) in 
Attachment I. 

Table 8-1. List of Files Submitted in the Form of Electronic Files in Attachment I 

NOTE: The file sizes may vary with operating system. 
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B I L L  OF MATERIALS 

FORG l NG 
SHORT TRUNNION 

LONG TRUNNION S h - 5 6 4  
BAR 

NOTE I : WELD SHOULD B E  MACH l NED 
FLUSH W I T H  SURFACE WHERE A P P L I C A B L E .  
ON S I D E  W l T H  SHOULDER, THE TRUNNION 
SHOULD BE INSERTED.  WELDED, THEN MACHINED 
TO THE F I N A L  D I M E N S I O N S  AFTER HEAT 
T R E A T I N G .  THE TRUNNION AND COLLAR SHOULD 
BE SEAMLESS WHEN V I E W E D  FROM THE I N S I D E .  
AWS E 6 3 0  WELD W l R E  TO B E  USED. 

WASTE 
PACKAGE 

NAVAL 

12-PWR 

5-DHLW 

44-BWR 

21-PWR 

NOTE 2 :  SURFACES SHOULD B E  M A C H I N E D  
FLUSH W l T H  M A T I N G  SURFACES WHERE 
A P P L I C A B L E  AFTER HEAT T R E A T I N G .  
AWS E 6 3 0  WELD W l R E  TO B E  USED. 
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FOR I HOUR AND A I R  C O O L ) .  A L L  EDGES I 
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