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1. PURPOSE

The objective of this activity is to determine the tangential stresses of the outer shell, due to
uneven thermal expansion of the inner and outer shells of the current waste package (WP)
designs. Based on the results of the calculation Waste Package Barrier Stresses Due to Thermal
Expansion, CAL-EBS-ME-000008 (Ref. 10), only tangential stresses are considered for this
calculation. The tangential stresses are significantly larger than the radial stresses associated
with thermal expansion, and at the WP outer surface the radial stresses are equal to zero. The
scope of this activity is limited to determining the tangential stresses the waste package outer
shell is subject to due to the interference fit, produced by having two different shell coefficients
of thermal expansions. The inner shell has a greater coefficient of thermal expansion than the
outer shell, producing a pressure between the two shells. This calculation is associated with
Waste Package Project.

The calculations are performed for the 21-PWR (pressurized water reactor), 44-BWR (boiling
water reactor), 24-BWR, 12-PWR Long, 5 DHLW/DOE SNF - Short (defense high-level
waste/Department of Energy spent nuclear fuel), 2-MCO/2-DHLW (multi-canister overpack),
and Naval SNF Long WP designs. The information provided by the sketches attached to this
calculation is that of the potential design for the types of WPs considered in this calculation.

This calculation is performed in accordance with the Technical Work Plan for: Waste Package
Design Description for SR (Ref. 7). The calculation is documented, reviewed, and approved in
accordance with AP-3.12Q, Calculations (Ref. 1).

2. METHOD

The method and the analytical approach for this calculation are performed through the use of
basic equations of solid mechanics. With regard to the development of this calculation, the
control of electronic management of data was evaluated in accordance with AP-SV.1Q, Control
of the Electronic Management of Information (Ref. 3). The electronic management of data is
controlled in accordance with Ref, 7, Section 10.

3. ASSUMPTIONS

In the course of developing this document, assumptions were made regarding the thermal
expansion calculations. These are identified below.

3.1 One temperature range (20°C — 239°C) (Ref. 9, Table 6-7) is used throughout this
calculation for all the waste packages in this study. Although this temperature range
pertains to the 21-PWR, it is the largest range among all the waste packages. The rationale
for this assumption is that the interference created from thermal expansion with this
temperature range will be larger, compared to the interference created from the smaller
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3.2

temperature ranges associated with the other waste packages. -This assumption provides
bounding results in terms of tangential stresses in the outer shell due to thermal expanswn
This assumption is used in Section 5.1.4. . <

The 21-PWR WP overall heat transfer rates are used throughout this calculation for all the
waste packages in this study.’ Although these overall heat transfer rates pertain to the 21-
PWR WP, they are the greatest among all the wasté packages (Ref. 9, Table 6-7). The
rationale ‘for this assumption is that larger overall heat transfer rates produce a larger
difference in temperature between the inner and outer shells. “The inner shell results in
having a higher temperature than:the outer shell, causing the thermal expansion to be

- greater for'the former. : This leads to'a greater interference between the shells, yielding
‘higher tangential stresses in the outer shell. This assumption provides bounding results in

" terms of tangential stresses in the outer shell due to thermal expansion. This assumptxon is

33

34

3.5

used in Section 5.1.5.

Room temperature elastic moduli are used for calculating the pressure due to the
interference. The rationale for this assumption is that the pressure calculation yields
greater pressures when the elastic moduli are larger. At the maximum temperature, the
elastic moduli are less than those at room temperature, resulting in a smaller pressure.
Therefore, using the larger elastic moduli will provide a higher pressure along with higher
stresses in the outer shell. This assumption provides bounding results in terms of tangential
stresses in the outer shell due to thermal expansion. This assumption is used in Sections
5.1.1 and 5.1.2.

The initial temperature of the waste packages is room temperature, at 20°C (68°F and
293 K). The rationale for this assumption is that the waste packages are manufactured at
room temperature or warmer. Room temperature will provide a low initial temperature for
the waste package shells, yielding a greater change in temperature than that at a higher
temperature. This assumption provides bounding results in terms of tangential stresses in
the outer shell due to thermal expansion. This assumption is used in Section 5.1.4.

When calculating the inner shell inner surface temperature, the inner shell outer surface
and the outer shell inner surface have the same radius and are in complete contact with
each other. The rationale for this assumption is that there is no stress associated with
thermal expansion if the two surfaces are not in contact with each other. Calculating the
temperature of the inner shell when the shells are not in contact is not of concern for thxs
calculation. This assumption is used in Attachments II through VIII.
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4. USE OF COMPUTER SOFTWARE AND MODELS
4.1 SOFTWARE

Section 8 contains computations using the standard functions of a commercial-off-the-shelf
software program, Mathcad 2000 Professional. The results of the computation can be
reproduced and checked by hand; therefore, the software use is considered exempt from the
requirements of AP-SI.1Q, Software Management (Ref. 2) (see Ref. 1, Attachment 2, Section
4.A). These computations are performed using Mathcad 2000 Professional on a personal
computer. The filenames for each computation are documented in the header for the
attachments. Formulas, algorithms, listings of inputs and outputs, and numerical solution
techniques are described in comments in the calculation itself, as applicable. The form of the
computation files is such that the routines lend themselves to easy verification by visual
inspection.

4.2 MODELS

None used.
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5. CALCULATION

5.1 CALCULATION DATA

The material properties of the inner and outer shell are given below.

5.1.1 Inner Shell Pioperties

316 SS NG (Stainless Steel Nuclear Grade), SA-240, inner shell material
(Attachment 1) 316 NG SS, which is 316 SS [SA -240 S31600] with tightened control

on carbon and nitrogen content and has the same material propertles as 316 SS (Ref. 5,
page 931 and Ref. 6, Sectlon II SA-240 Table 1)

Modulus of elastxctty, —195 lGPa at 20°C (28.3: 10‘ psz) (Ref. 6, Table TM 1,
Matenal Group G) (Assumptlon 3 3)

Poisson's ratio, v, = 0.298 at 20°C (Ref. 4, page 755 Flg 15)

Mean coefficient of thermal : éexpansnon, a,, =17- 10'6 mim-K ' at 260°C
(9.7-107% infin-°F) (Ref. 6, Table TE-1, 16CR-12Ni-2Mo at 500 F, Coefﬁcient B)

Thermal conductivity, K, =17.3 W/m K at 232°C (IOOBTU/hr ft °F) (Ref 6,
Table TCD, 16CR-12N1-2M0 at 450 F).

5.1.2° Outer Shell Properties

Alloy 22, SB- 575 N06022 outer she]l matenal (Attachment I)

Modulus of elasticity, E ;,-206 GPa at- 20°C (299 106 .psi) (Ref. 15, page 14,

Average Dynarnlc Modulus of Elastlclty) (Assumptlon 3 3)

" Poisson's rat:o,v =0.278 at 21° C (Ref 4 page 143 Mechamcal Properties)

Mean coefficient of thermal expansion, Aty =12.6: 10° m/m .K from 24" to

316 C (7.0-107 infin<°F) (Ref.. 15 page 13, Average Phys:cal Propertles Mean
Coefﬁcxent of Thennal Expansxon) s

Thermal conductivity, . -134 W/m-K at 200 C (7 75 BTU/hr Jt-°F ) (Ref 15,

page 13, Average Physical Properties, Thermal Conductivity)



Waste Package Project Calculation
Waste Package Outer Barrier Stress Due to Thermal Expansion with Various Barrier Gap Sizes
Document Identifier: CAL-EBS-ME-000011 REV 00 Page 9 of 31

e Yield strength o, =222 MPa at 260°C (32.2-10° psi) (Ref. 6, Table Y-I,
55Ni-21Cr-13.5Mo at 500°F).

5.1.3 Shell Dimensions

The dimensions of the inner and outer shells for various waste packages (Attachment I) are
given in Table 1.

Table 1. Dimensions of the Inner and Outer Shell for Various Waste Packages

Inner Shell inner Inner Shell Outer Shell

Waste Package Type Radius Thickness Thickness
(m) (In.) (m) (in.) (m) (in.)
21-PWR 0.712 28.0 0.050 1.97 0.020 0.79
44-BWR 0.727 28.6 0.050 1.97 0.020 0.79
24-BWR 0.549 21.6 0.050 1.97 0.020 0.79
12-PWR Long 0.555 21.9 0.050 1.97 0.020 0.79
5 DHLW/DOE SNF - Short 0.940 37.0 0.050 1.97 0.025 0.98
2-MCO/2-DHLW 0.792 31.2 0.050 1.97 0.025 0.98
Naval SNF Long 0.8595 33.8 0.050 1.97 0.025 0.98

Table 2 provides the inner cavity length of the inner shell for various waste packages
(Attachment I).

Table 2. Inner Cavity Length of the Inner Shell for Various Waste Packages

Waste Package Type Inner Cavity Length
(m) (in.)
21-PWR 4.585 180.5
44-BWR 4.585 180.5
24-BWR 4.585 180.5
12-PWR Long 5.121 201.6
5 DHLW/DOE SNF - Short 3.590 141.3
2-MCO/2-DHLW 4.617 181.8
Naval SNF Long 5.415 213.2

5.1.4 Temperature Range

The upper boundary of the temperature range for the 21-PWR WP is 239°C (462 degrees F and
512 K) at the outer shell outer surface, occurring 35 years after emplacement (Ref. 9, Table 6-
7). This waste package outer surface upper boundary temperature is the maximum among all
the waste packages and will be used for all the thermal expansion calculations (Assumption
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3.1). The lower boundary temperature is room temperature at 20°C (68°-F and 293 K)
(Assumption 3.4) representing the shells before the spent nuclear fuel is inserted. ‘

5.1.5 Overall Heat Transfer Rate
The overall heat transfer rates for the 21-PWR WP are presented in Table 3 along with the

corresponding outer shell outer surface temperatures (Ref. 9). These values are used
throughout this calculation for all the waste packages in this study (Assumption 3.2).

Table 3. Overall Heat Transfer Rates

Outer Shell Outer Surface

Heat, q, Temperature, T,,

w) (K) (°c)

0.0 293 20

11799.9 330 57

11762.5 357 84
10846.7 381 108
7192.8 411 138
7191.7 426 153
71824 443 170
7102.3 468 195
6856.1 493 220
6540.6 502 229
6158.3 512 239

5.2 TECHNICAL APPROACH

Seven different potential WP designs are evaluated in this document: 21-PWR, 44-BWR,
24-BWR, 12-PWR Long, 5 DHLW/DOE SNF - Short, 2-MCO/2-DHLW, and Naval SNF Long.
For each one of these potential WP designs, a parametric study is performed by calculating the
interference produced by the thermal expansion of the inner and outer shells. The interference
between the two shells causes a pressure at the interface of the two shell surfaces. This pressure
is used to calculate the outer shell tangential stresses at the inner and outer surfaces.

5.3 THERMAL EXPANSION CALCULATIONS

Thermal expansion occurs with a change in temperature and is represented by the following
equation: 8 = @ R AT; where & is the change in radial length; « is the coefficient of thermal
expansion; R is the radial length; and, AT is the change in temperature (see Attachments II
through VIII). Attachment IX verifies this equation for thermal expansion. This calculation is
a parametric study that determines the resulting interference between the waste package shells
due to thermal expansion based on various gap sizes at room temperature. The calculations for
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the tangential stresses of the outer shell at the outer and inner surfaces are presented in
Attachments II through VIII. The results are presented in Section 6.
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6. "RESULTS e
} LE X FAR . . )
This document may be affected by technical product input information that requires
confirmation. Any changes:to the document that may occur as-a result of completing the
confirmation activities will be reflected in subsequent revisions. The status of the technical

product input mformatron qualrty may be conﬁrmed by revrew of the DIRS database.

6 1 MAXIMUM OUTER SHELL TANGENTIAL STRESS

; At the maxrmum temperature the waste package shells are’ subject to -the greatest pressure
"“treated by the interference fit cdused by uneven thermal expansion ‘of the waste package inner
. and outer shells. This interference fit subjects the shells toa tangentlal stress. ’I'he locatrons of
- these outer shell stresses are depicted in Frgure 1.

il
~"Inner Surface Maximum
Tangentlal Stress

Outer Surface
. Maximum Tangential Stress

’ Outer‘Shell

Gap->

'lnnerShelI SR SOCAT

F‘gure 1. The Locations of the Outer Shell Inner Surface and Outer Surface Maximum
Tangential Stresses '
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The outer shell maximum tangential stresses at the outer and inner surfaces for a corresponding
gap size (Attachments II through VIII) are shown in Table 4 and Table 5.

Table 4. Outer Shell Maximum Tangential Stress at the Outer Surface

Maximum Tangential Stress at the Outer Surface, o , (MPa)
Waste Package Gap Size (mm)

Type 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
21-PWR 140.9 | 122.1 | 1032 | 844 | 656 | 468 | 27.9 9.1 0.0 0.0 0.0
44-BWR 1409 | 1224 | 1039 | 855 | 67.0 | 48.5 | 30.1 11.6 0.0 0.0 0.0
24-BWR 1413 | 1174 | 935 | 696 | 458 | 21.9 0.0 0.0 0.0 0.0 0.0
12-PWR Long 140.8 | 117.2 | 936 | 69.9 | 46.3 | 22.7 0.0 0.0 0.0 0.0 0.0
3 DHLWIDOESNF - | 131.4 | 117.9 | 1044 | 909 | 77.4 | 639 | 504 | 369 | 234 | 99 | 00
2-MCO/2-DHLW 13091150 ] 99.2 | 834 | 675 | 51.7 | 358 | 20.0 4.2 0.0 0.0
Naval SNF Long 1304 | 1157 | 1011 | 864 | 71.7 | 57.0 | 424 | 27.7 13.0 0.0 0.0

Table 5. Quter Shell Maximum Tangential Stress at the Inner Surface

Maximum Tangential Stress at the Outer Surface, o,, (MPa)

Waste Package Gap Size (mm)

Type 00 01 02 03 04 05 06 07 08 09 10
21.PWR 144.6 | 1253 | 1060 | 866 | 673 | 480 | 287 | 94 | 00 | 00 | 00
44.BWR 144.5 | 125.6 | 1066 | 877 | 687 | 408 | 308 | 11.9 | 0.0 | 0.0 | 00
24.BWR 146.1 | 121.4 | 96.7 | 720 | 473 | 227 | 00 | 00 | 00 | 0.0 | 00
12-PWR Long 1456 1211 967 | 723 | 478 | 234 | 00 | 00 | 00 | 0.0 | 00
fs’h%';'t"w’ DOE SNF -1 4348 | 1209 | 107.1 | 932 | 794 | 655 | 51.7 | 37.9 | 240 | 102 | 00
2-MCO/2-DHLW 1348 | 1185 | 1022 | 85.0 | 695 | 532 | 360 | 206 | 43 | 00 | 00
Naval SNF Long 134.1 | 1190 | 103.9| 888 | 737 | 56.6 | 435 | 285 | 134 | 00 | 00

6.2 TANGENTIAL STRESS RELATION TO TEMPERATURE

The calculation results (Attachments II through VIII) are reported in the following sections for
each WP. The waste package outer shell tangential stresses at the inner and outer surfaces due to
thermal expansion are reported using plots, illustrating the tangential stress (MPa) with respect to
temperature (°C). The plots depict the stress/temperature curves for a range of shell gap sizes.
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6.2.1 21-PWR WP

Figure 2 illustrates the 21-PWR WP outer shell outer surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa (see Section 5.1 2), respectively, for
informational purposes.

OS Outer Surface Tangential Stress

100 . 19

a,
hicF P

l? 100+

Stress (MPs).

Toe,=213K
’ Temperature (Degrees C)
— 0.0-mm gap -
**** 0.l1-mm gap
- 02-mmgap. .. . . o ‘ .
— 93-mm S The44.4 MPa and 22.2 MPa horizontal dashed lines
***= 0.5-mm gap indicate 10% and 20% yield strength of alloy 22. These
—  0.6-mmgap lines are for informational purposes only. =~
=  0.7-mm gap
— 0.8-mm gap
**** 0.9-mm gap

Figure 2. 21-PWR WP Outer Shell Outer Surface Tangential Stress
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Figure 3 illustrates the 21-PWR WP outer shell inner surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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6.2.2 44-BWR WP

Figure 4 illustrates the 44-BWR WP outef shell "outerisurface tangential ‘stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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Figure 4. 44-BWR WP Outer Shell Outer Surface Tangential Stress
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Figure 5 illustrates the 44-BWR WP outer shell inner surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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Figure 5. 44-BWR WP Outer Shell Inner Surface Tangential Stress
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6.2.3 24-BWR WP : S e
Flgure 6 illustrates the 24 BWR WP outer she]l outer’ surface tangentlal stress (MPa) with

respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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Figure 6. 24-BWR WP Outer Shell Outer Surface Tangential Stress
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Figure 7 illustrates the 24-BWR WP outer shell inner surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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Figure 7. 24-BWR WP Outer Shell Inner Surface Tangential Stress
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6.24 12-PWR LONG WP

Figure 8 illustrates tﬁe 12-PWR Long WP outer shell outer surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.
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Figure 8. 12-PWR Long WP Outer Shell Outer Surface Tangential Stress
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Figure 9 illustrates the 12-PWR Long WP outer shell inner surface tangential stress (MPa) with
respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and 20%
levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational purposes.

OS Inner Surface Tangential Stress

100 239

14

o

"2 120t
108

Sisy
10° 100t
"y,

§ 10°

3 Oy, 801

w

To,j-27JK
Temperature (Degrees C)

— 0.0-mm gap
0.1-mm gap
— 0.2-mm gap
=~ 03-mmgap The44.4 MPa and 22.2 MPa horizontal dashed lines
— 04-mmgap jndicate 10% and 20% yield strength of alloy 22, These

* 05-mmgap jines are for informational purposes only.
— 0.6-mmgap

=+ 0.7-mmgap
— 0.8-mm gap
* 0.9-mm gap

Figure 9. 12-PWR Long WP Outer Shell Inner Surface Tangential Stress
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6. 2 S5 DHLW/DOE SNF - Short WP

Figure 10 illustrates the 5 DHLW/DOE SNF - Short WP outer shell outer surface tangennal
stress (MPa) with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield
strength 10% and 20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for
informational purposes.
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Figure 10. § DHLW/DOE SNF - Short WP Outer Sheil Outer Surface Tangential Stress
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Figure 11 illustrates the 5 DHLW/DOE SNF - Short WP outer shell inner surface tangential

stress (MPa) with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield
strength 10% and 20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for

informational purposes.
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Figure 11. 5 DHLW/DOE SNF - Short WP Outer Shell Inner Surface Tangential Stress
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6.2.6 2-MCO/2-DHLW WP

Figure 12 illustrates the 2-MCO/2-DHLW WP outer shell outer surface tangentxal stress (MPa)

with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational

purposes. : R
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Figure 12. 2-MCO/2-DHLW WP Outer Shell Outer Surface Tangential Stress
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Figure 13 illustrates the 2-MCQO/2-DHLW WP outer shell inner surface tangential stress (MPa)
with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational

purposes.
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Figure 13. 2-MCO/2-DHLW WP Outer Shell Inner Surface Tangential Stress
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6.2.7 NAVAL SNF-Long WP

Figure 14 illustrates the Na,\.'aIVSNF-Long WP outer shell outer surface tmgeniial Stréés (MP&)
with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational
purposes.
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Figure 14. Naval SNF-Long WP Outer Shell Outer Surface Tangential Stress
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Figure 15 illustrates the Naval SNF-Long WP outer shell inner surface tangential stress (MPa)
with respect to temperature (°C) for a range of gap sizes. The Alloy 22 yield strength 10% and
20% levels are indicated on the plots at 22.2 and 44.4 MPa, respectively, for informational
purposes.
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8. A'ITACHMENTS

Attachment I (22 pages): Desxgn sketches Tab]e 4 lists the potentlal design sketches used
in this calculation.

Table 4. Potential Design Sketches Used

Sketch

Design Sketch Title Number Rev. Pages
21-PWR Waste Package Configurations for Site Recommendation SK-0175 02 - I-1t01-2
21-PWR Waste Package Weld Configuration SK-0191 00 -3
44-BWR Waste Package Configuration for Site Recommendation SK-0192 00 I-4 to I-5
44-BWR Waste Package Assembly Weld Configuration SK-0193 00 1-6
24-BWR Waste Package Configuration for Site Recommendation SK-0184 00 I-7to1-8
24-BWR Waste Package Assembly Weld Configuration SK-0202 00 -9
12-PWR Long Waste Package Configuration for Site Recommendation SK-0183 01 1-10 to I-11
12-PWR Long Waste Package Weld Configuration SK-0205 00 1-12
5 DHLW/DOE SNF - Short WP Assembly Configuration for Site
Recommendation y Lonig SK-0196 |- 03 13 to I-14
5 DHLW/DOE SNF - Short Weld Configuration SK-0197 00 I-16
2-MCO/2-DHLW Waste Package Configuration for Site
Recommendation g 9 SK-0198 04 116 to I-18
2-MCO/2-DHLW Waste Package Weld Configuration . SK-0199 01 1-19
Naval SNF Long Waste Package Configuration for Site
Rocore dotion g g SK-0194 01 | 2010121
Naval SNF Long Waste Package Weld Configuration SK-0195 00 1-22

Attachment II (10 pages):  Mathcad thermal expansion calculations for the 21-PWR WP
Attachment III (10 pages): Mathcad thermal expansion calculations for the 44-BWR WP
Attachment IV (10 pages): Mathcad thermal expansion calculations for the 24-BWR WP

Attachment V (10 pages): = Mathcad thermal expansion calculations for the 12-PWR Long
WP

Attachment VI (iO pages): Mathcad thermal expansion calculations for the S DHLW/DOE
SNF - Short WP

Attachment VII (10 pages): Mathcad thermal expansion calculations for the 2-MCO/2-DHLW
WP

Attachment VIII (10 pages): Mathcad thermal expansion calculations for the Naval SNF Long
WP :
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Mathcad verification for the equation of thermal expansion

Attachment IX (5 pages): _
through a radius, using the theory of elasticity.
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Various Shell Gap Sizes for the 21-PWRWP -

This calculation determines the outer shell stresses due to uneven thermal expansion of the .
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1 2) Various shell gap
snzes are used to calculate the resultmg outer shell stresses . '

/

Parametei:j provides a range frsfh 0 fo 10 with an interval of 1. .

ji=0..10 .. rangefrom0to 10 with an interval of 1 .

gapj = j-0.0001:m S . . range of shell gap sizes between the shells from which
the outer shell stresses are to be calculated
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Dimensions of the waste package cross section
and the inner cavity length (Section 5.1.3):

n:=0.712m inner shell inner radius L
, e < Outer Shell
th; := 0.050-m inner shell thickness -
Ryi=n+th inner shell outer radius
Ry:=R;+gap outer shell inner radius
thy := 0.020-m outer shell thickness
To:=Ry + thy outer shell outer radius Gap
L:=4.585m inner cavity length Inner Shell

Material Properties.

Agy = 17-1075 2 mean coefficient of thermal expansion for 316NG SS
m. . 3
9.7.10" ¢ ——— | (Section 5.1.1)
in-degF
®ylloy22 = 12,6107 6% mean coefficient of thermal expansion for Alioy 22
m- . b - .
7.0-10"8—=— | (Section 5.1.2)
in-degF B
GPa:=10’-Pa MPa:= 10%Pa ksi := 10%psi
E, := 206-GPa E, = 29.910%psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E;=283 106~psi inner shell elastic modulus (Section 5.1.1)
vo:=0278 outer shell Poisson's ratio (Section 5.1.2)

vj:=0.298 inner shell Poisson's ratio (Section 5.1.1)
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K;:= 1739 inner shell thermal oondbcfivity 100510 (Section 5.1.1)
' mK - R 7\~ "hrft-degF -
K,:=134 s outer shell thermal conductivity | 7.75 B (Section 5.1.2)
mK hr-fi-degF
Oy.alloy22 = 222MPa Oyalloy22 = 322ksi " outer shell yield strength at 260ldegrees Cc

(Section 6.1.2) - -

+

The upper boundary of the temperature range that the outer sheli of the 21-PWR waste package
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years
after emplacement. This upper boundary temperature range is used for all waste packages
(Section 5.1.4). :Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted.

fow oo - B - - N A .
Tos represents the temperature range values (Kelvin) of the calculation. q, represents the
correspondin%overall heat transfer rates (Watts) for each temperature (Section 5,1.52. At room
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. ' o

fi93} ' : ( 00 W

330 : ' 11799.9
357 - | 117625
381 10846.7
411 7192.8 .

Tos :=| 426 |K outer shell outer qei=| 71917 W overall heat transfer

| ads surface temperatuye 7182.4 rates (Section 5.1.§)

468 . : | 71023 '
493 . : '] 6856.1
502 6540.6

\512) - . ' S\ 61583 )
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29))..
These temperature values correspond with Tos values. For this part of the calculation R; and

are equal to each other (Assumption 3.5). .

Outer Shell

, l{m) : {"oo] Inner Shell
_ n) . Ry

' T;, =
2.n-LKy 2mLK,

Qe f + Tos

The temperature change is found for both the inner shell at the inner surface and outér shell at
the outer surface:

AT :=Tj - 293K inner shell inner surface Vtemperature change

ATy = Tog — 293K outer shell outer surface temperature change
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Interference between the two shells along the radlus is determmed uslng the basic defi mtson '
of thermal expansion: -

e =a (AT) where ¢ is the strain (change ln length per length), a is the coefficient of thermal
o expansion. and AT is the change in temperature (Ref. 17, page 63 eq. (2-61)).

Since € = 8/ L (change in length per length), solving for the change In Iength 8 yields the
equation for thermal expanslon ng aradius: .
- ‘. - . S "1 .-j ‘E :
S=aRAT  where §is the change in radlal length, a is the coefficient of thermal expansion, R
is the radial length and AT isthec ange in temperature.

'8, =0a,RpATy, - -.changein size of the inner shell outer radius ™

5y i= gy oy22'Ro’ATOST change In size of the outer shell inner radius  *, - .

v
¥ . el T st

ve o

A=(11111111111) Thisixi1rowvectorisused to expand the 11x1 column
vectors into matrices compatible with the 8, 11x11 matrix.

5i=AT-8; .-"5{, - éap-"A " interference between shells = -

Ro:=Ry-A outer shell inner surface radnl 11x1 column vector expanded to
' : an1ixi1 matrix - . s

o =ToA outer shell outer surface radii 11x1 column vector, expanded to
. an 11x11 matrix

Pregure p, due to an interference fit is found by' tne followmg equatlon (Ref. 17, pages 62 to 63
eq -
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The tané’ential"stress‘es at the inner and oufer s'urfac:es’of the outer shell are found in this section,

Outer shell tangential stréss (Ref. 17, page 59, e (2-50), first gcjuatiop) at the outer surface:

2
Gosi= ﬂ 1+— outer shell outer surface tangential stress (MPa).

2 2 2
L —-R, To

. . IR N

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface: -

2 — . : o . .
. r .
G 1= -E-(—R')— 14— outer shell inner surface tangential stress (MPa)
2 2 2 .
o —Ro Ro -

The following calculations determine the outer shell 10% and 20% yield strength values. These
values are marked on the resulting plots and are for informational purposes only.

0% = m%‘q,j.;,om' ; 1 0‘% 'yield strength
[¢3 1.0% =222MPa
O20%:=20%Oyaloyrs . 2.0%.yie.Id strength

Ca0% = 44.4MPa
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Maxirhuni stress at'239 degrees C ét the 6ﬁter sﬂrface for a corresponding gap siie. ’Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

Oos =
gapy = A JRL
00} mm 140.8| MPa
0. 122.1
02 103.2
0.3 844
04 65.6
05 , 46.8
06 [ 27.9]
[0.7] ' 8.1
08 97
0.9 285
(] I 473
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of
the outer shell for various gap sizes.
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~ Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative
stresses signify that there is no contact between the shells for the correspondlpg gap size.

gap; =
0.0
01
02
|03
04|
05
06
0.7
08
09
0

mm

[+ o=
h.l Jo

1446

1253

106.0

86.6

67.3

48.0

28.7

-10.0

-29.3

-48.6

94] -

MPa
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This plot iustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer sheli for vanous gap sizes.

OS Inner Surface Tangential Stress
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Various Shell Gap Sizes for the 44-BWR WP

This calculation determines the outer shell stresses due to uneven thermal expansion of the
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap
sizes are used to calculate the resulting outer shell stresses. .

Parameté'rj provides a range from 0to 10 with an interval of 1.

j ;='0.. 0 range from O to 10 with an interval of 1

gapj := j-0.0001-m ' - range of shell gap sizes between the shells from which - ~
" the outer shell stresses are to be calculated

- mm
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Dimensions of the waste ﬁackage cross section

and the inner cavity length (Section 5.1.3):
1 :=0.727-m inner shell inner radius . s
o Outer Shell
" th;:=0.050-m inner shell thickness 21
Rj:=r+ th; inner shell outer radius
Ry:=R; + gap outer shell inner radius
thy := 0.020-m outer shell thickness
Ty =Ry + thy outer shell outer radius Gap

L:=4.585m inner cavity length ) Inner Shell

Material Properties.

-6 m

Qg :=17-10 =K mean coefficient of thermal expansion for 316NG SS
me . .
(9.7-10'6.'—"'-) (Section 5.1.1)
in-degF
Qalloy22 := 12.6: 107 GLK mean coefficient of thermal expansion for Alloy 22
m ;
7.0-100—=— | (Section 5.1.2)
in-degF
GPa:=10-Pa  MPa:=10%Pa ksi := 10%psi
E, :=206-GPa E, = 29.910%psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E;=283 106-psi inner shell elastic modulus (Section 5.1.1)
Vo :=0.278 outer shell Poisson's ratio (Section 5.1.2)

v;:=0.298 . inner shell Poisson's ratio (Section 5.1.1)
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=173:— = - inner shell thermal conductivity | 10.0 ———— | (Section 5.1.1
Kj=1 mK . ' : NI ty( hr-fi-d gr_:)( o ),
. w o BIU o
=134 — outer shell thermal conductivity | 7.75 ———— | (Section 5.1.2
K m-K - y ( hr-ﬁ-degF) ( )
c =222MPa Oy =322ksi = outershell yield strength at 260 degrees C
yalloyz = i (Section 5.1.2) BERR

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years :
after emplacement. This upper boundarg temperature range is used for all waste packages
(Section 5.1.4), Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is ingened.

1
3'\.‘ .

Tos represents the temperature range values (Kelvin) of the calculation. g represents the
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). Atroom .
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. ‘ A

f2|93} \ . o { 00 )
30). . 11799.9
357 : . 1117625 - L
381 | 10846.7 ;
‘1 411 : 7192.8 EI
"I“,s =426 |K :_outer shell outer q.:=| 71917 |W overall heat transfer
" 443 3 surface temperature . 7182.4 ' rates (Section 5.1.5)
468 | 71023
493 ‘ 6856.1
s02| 6540.6
\s12) ¢ . IR \6158.3') TLodnn o
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found bx the following equation (Ref. 16, page 92, eq. (3-29)).-
These temperature values correspond with Tes values. For this part of the calculation R; and R,
are equal to each other (Assumption 3.5).

- Outer Shell

Inner Shell

Qe| + Tos

Cne '{?) . '{a‘)

2.nLK;  2mLK,

The temperature changé is found for both the inner shell at the inner surface and outer shell at
the outer surface: -

ATy :=Tj, - 293K inner shell inner surface temperature change

ATy := Tog - 293K outer shell outer surface temperature change
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Interference between the two shells along the raduus is determmed usmg the basic def nmon
of thermal expansion:

e=a (AT) where ¢ is the strain (change in length per length), a is the coefficient of thermal
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)).

Sincee=8/L (change in length fer length), solving for the change in Iength 5, ylelds the .
equation for thermal expansion along a radius: )

o

§=aRAT  where§isthe change in radial length, o is the coefficient of thermal expanslon. R
. is the radial length, and AT is the change in temperature. . :

8;:=dRjATi;, ' change insize of the inner shell outer radius

8y:= cz,,,,‘,,m-R‘,-A’I},,.r change In size of the outer shell inner radius

A=(11111111111) This1x11 row vectoris used to expand lhe 11x1 column
. vectors into matrices compatible with the 8, 11x11 matrix.

5:=Al.5) ~5,-gapA  -Interference between shells

Ry:=RyA outer shell inner surface radii 11x1 column vector expanded to
an 11x11 matrix

Cgpi=rgA : outer shell outer surface radii 11x1 column vector, expanded to
an 11x11 matrix

Preisure.)p, due to an mterference fit is found by the followmg equation (Ref. 17, pages 62 to 63
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section.

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface:

2. 2
. T, *
Cos = %(i")—z 1+ lz' outer shell outer surface tangential stress (MPa)-
L ~Re To

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface:

Y

2 2
. T
Cis = —p—(R°—)- 1+ — outer shell inner surface tangential stress (MPa)
2.2 2
ro — Ry R,

The following calculations determine the outer shell 10% and 20% yield strength values. These
values are marked on the resulting plots and are for informational purposes only,

O10% = lo%-o,:,".,,'.n 10% yield strength
O10% = 22.2MPa
T 20% = 20%-Cy an1oy22 20% yield strength

O20% = 44.4MPa
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e Rt ee e 3

Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

FONE TP

gep; = ' % " .
00] mm 1408] MPa
0.1 1224 , _ o
02| - 1038 .. .
03| - 855 |
0.4 R G2 ‘
05| . . 285 8 )
0.6 | 304 '
0.7 \ 116
08| - ‘ %9
0.9 253,
1.0 43.8
[h
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of
the outer shell for various gap sizes. . ) ‘

OS Outer Surface Tangential Stress

160T"

--.-_B--.

250
Toe,~273K :
. . Temperature (Degrees C)
=~ 0.0-mm gap
""" 0.1-mm gap
-+ 02-mmgap

8'3 MMEED  The 44.4 MPa and 22.2 MPa horizontal dashed lines
_____ MMEAP  indicate 10% and 20% yield strength of alloy 22, These
0.5-mmgap Jines are for informational purposes only.
— = 0.6-mm gap

==+ 0.7-mmgap
= 0.8-mm gap
""" 0.9-mm gap
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

gapj =

0.0
0.1
02|
03
04
05
06

[0.7 |
0.8
09
1.0

mm

o =

isl J40

144.5

125.6

106.6
87.7
68.7

49.8

30.8

119
-7.0

-26.0

-44.9
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes. - ‘ :

OS Inner Surface Tangential Stress
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Various Shell Gap Sizes for the 24-BWR WP . .

This calculation determines the outer shell stresses due to uneven thermal expansion of the
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade

(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5 1.2). Various shell gap
sizes are used to calculate the resulting outer shell stresses _

Parameter p'rovidés a range from 0 to 10 with an interval of 1.

= '0..‘10 ‘ - range from 0 to 10 with an interval of 1

gap; := +0.0001-m range of shell gap sizes between the shells from which
‘ the outer shell stresses are to be calculated )
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Dimensions of the waste Rackagé cross section

and the inner cavity length (Section 5.1.3)
1 :=0.549-m | inner shell inner radius : o

: Outer Shell
th; := 0.050-m inner shell thickness S
Ri:=n+th inner shell outer radius Sk
R,:=Ry + gap outer shell inner radius
thy :=0.020-m outer shell thickness
Iy:=Rqy + thy outer shell outer radius
L:=4.585m inner cavity length Inner Shell
Material Properties.
Q= 17-10"‘5-""—K mean coefficient of thermal expansion for 316NG SS

m . :
(9.7-10"_—"‘— (Section 5.1.1)

in-degF

Uayjoyz2 = 12,6107 6%{- mean coefficient of thermal expansion for Alloy 22
m R
701078 —=— | (Section 5.1.2)

in-degF
GPa:=10°-Pa MPa:= 10%Pa ksi := 10%psi
E, :=206-GPa E,=29.9 106-psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E;{=283 106-psi inner shell elastic modulus (Section 5.1.1)
vo:=0278 ' outer shell Poisson's ratio (Section 5.1.2)

v :=0.298 inner shell Poisson's ratio (Section 5.1.1)
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Ki=173—— " "inner shell themal conductivity [ 100-—2r0 | (Section 5.1.1)
- mK ‘ Vo -t ' hreftdegF L
Ko:=l3.4—“L outer shell thermal conductivity | 7.75 _BIU_ (Section 5.1.2)
mK ' hr-ft-deg F
Oyalloy22 = 222MPa éy alloy22 = 322 ksi ' " outer shell yleld strength at 260 degrees C

(Section 5.1.2) -

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package
is subject to Is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years .
after emplacement.” This upper boundarg temperature range is used for all waste packages
‘(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted.

Tos represents the temperature range values (Kelvin) of the calculation. o represents the
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. o :

(293\ . (00 )
330 | . 117999
357 : 11762.5
381 10846.7
411 i 7192.8 ,

Tosi=| 426 |K . outer shell outer =] 71917 |W overall heat transfer
443 " surface temperature 7182.4 rates (Section 5.1.5)
468 71023
493 : 6856.1
502 6540.6
\S'IZJ - o T2\ 61583
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with Tog values. For this part of the calculation R; and

are equal to each other (Assumption 3.5). -

Outer Shell

Inner 'Shell

The temperature changé is found for both the inner shell at the inner surface and outer shell at
the outer surface:

ATy :=Tj ~ 293K - inner shell inner surface temperature change .

ATy :=Tos — 293K outer shell outer surface temperature change



Attachment IV: CAL-EBS-ME-000011 REVO0" ~ ~ ...  PageIV-5
TEVarGapCalcs24BWRV10mcd e e o

_ ,Interference between the two sheIls along the radlus Is determined using the basic definition
 of thermal expansion: , :

e=a (AT) where ¢ is the strain (change in length per length), ais the coefﬁcuent of therrnal
- expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)).

Sincee =&/L (change i in length per length), solving for the change in length S, ylelds the
equation for thermal expansion a ng a radrus

ot
)

X ~' L L L : IS o R - .

5=aRAT  where dis the change in radlal len%th a Is the coefficient of thermal exbanslon, R
is the radnal length, and AT is the ange in temperature. :

8= a RyATys - " change in size of the inner shell outer radids’

. . 4".:_. PR R —

§oi= a‘,,oyzz-RO-ATo,T change in size of the outer shell inn’er radius . .
A=(11111111111) This1x11 row vectoris used to expand the 11x1 column
. vectors into matrices compatible with the 8, 11x11 matrix.

5= AT-'aiT - 6y - gap-A SRR interfererice between ahelle . '

Ry:=RyA : outer shell inner surface radii 11x1 column vector, expanded to
: an 11x11 matrix

L=TeA outer shell outer surface radii 11x1 column vector, expanded to
an 11x11 matrix

Presz;ure3 )p, due to an interference fit is found by the followmg equat:on (Ref 17 pages 62 to 63
eq -5

Cowe

5

- p := ) . - M ’
41 Rg 1",2 + R‘,2 R} R;z + r,z
{]— + Vo |+ — -vil
E, rf _ Roz E; R;z _ l,‘2
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section.,

Outer shell tangential stress (Ref.v 1?. page 59, eq. (2-50), first éﬁdafion) at the outer surface:

2 2
Cog'= -%@— l+-r3-

3 3 outer shell outer susface tangential stress (MPa)
T, —Rg fo

Quter shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface:

>

e®) [ 2] |
O x| ———=| 1 + — outer shell inner surface tangential stress (MPa)
2 2 2
o =Ry R,

The following calculations determine the outer shell 10% and 20% yield strength values., These
values are marked on the resulting plots and are for informational purposes only.

10w := 10%Cy vz 10% yield strength
TI10% = 222MPa
G20y, := 20%-Cy p10y22 20% yield strength

G20% = 44.4MPa
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. e

" Maximum stress at 239 degrees'C at the outer sﬁ'r'fa'ce'for a cones;iondihg'gép size. VNegative
stresses signify that there is no contact between the shells for the corresponding gap size.

gap; = cmj Jo =

00] mm 141.3] MPa

01| - 117.4]

0.2 935

0.3 69.6|-

04| - 458

05 _ 21.9

0.6 19

0.7 | ‘ -25.8

08 49.6 .
09] - ‘ -735] ‘
1.0 - 973 ‘ :
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surfaoe of
the outer shell for various gap sizes.

OS Outer Surface Tangential Stress
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Maxiiﬁum stress at 2'39‘deg\rees Cc af théihnér Sd}féce fdr a corréspoﬁdiﬁg gép siieL Negétiire '
stresses signify that there is no contact between the shells for the correspondmg gap size.

) Oi = - .

Bapj = J.10 ] ;

00] mm 146.1] MPa ‘ .

0.1 1214 :

02| . 96.7

03 72.0

04 : 47.3 :

05 22,7 i

06 =0

08| - 1.3

09| © o [-760]

10| . [-1006

\\
i . ' ‘- 1 4 .



Attachment IV: CAL-EBS-ME-000011 REV00 =~ - ' - "PagelV-10
TEVarGapCalcs 24BWR V1.0.mcd . : L

This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes. - .

OS Inner Surface Tangential Stress

.§---

1401

:‘2.-1. 1204

[N --B.---

6
1° o0t

Gh’J 80T

Stress (MPa)
sﬂ

\

- -.t----.-.--

C ccegpenacnca LT T T % X VPP Ly g g i hp gy gy g gy S

2N

N

\
reccoN\mrnmacedacman

o
'8".

- 0.0-mm gap
""" 0.1-mm gap
== 0.2-mm gap

Z7 33mm8S  he 44.4 MPa and 22.2 MPa horizontal dashed lines
“-mmMEAP  jndicate 10% and 20% yield strength of alloy 22. These
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Various Shell Gap Sizes for the 12-PWR Long WP

This calculation determines the outer shell stresses due to uneven thermal expansion of the .
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade

(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap
sizes are used to calculate the resulting outer shell stresses.

Parameterj' providés a range from O to 10 with an interval of 1.

J = 0..10 ' range from O to 10 with an intelyal of 1

gepj :=j-0.0001-m range of shell gap sizes between the shells from which .
: the outer shell stresses are to be calculated

mm
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Dimensions of the waste package cross section
and the inner cavity length (Section 5.1.3):

r; :=0.555-m inner shell inner radius
: . Outer Shell
" thy:=0.050-m inner shell thickness =
Ri:=r1; + th; ' inner shell outer radius
Ry :=R; + gap outer shell inner radius
thy := 0.020-m outer shell thickness
1o =Ry + thy outer shell outer radius Gap
L:=5.12Im " inner cavity length Inner Shell

Material Properties,

-6 m

Qg :=17-10 — mean coefficient of thermal expansion for 316NG SS
m- .
(9.7-10‘6,—"'—) (Section 5.1.1)
in-degF :
Qylloy22 = 12.6- lO'G-ﬂK-. mean coefficient of thermal expansion for Alloy 22
m .
(7.0-10“-,—L) (Section 5.1.2)
in-degF
GPa:=10"-Pa MPa:= 10%Pa ksi ;= 10%psi
E, :=206-GPa E, =299 106-psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E; =28310%psi inner shell efastic modulus (Section 5.1.1)
v:=0278 outer shell Poisson's ratio (Section 5.1.2)

v;:=0298 inner shell Poisson's ratio (Section 5,1.1)
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K;=173—— - innershell thermal conductivity [ 10.0 —Ero— | (Section 5.1.1)
m-K ] oo S e - hrfi-degF/ :

Koi= 13_4_‘?!_ outer shell thermal conductivity 7.75ﬂu—4 (Section 5.1.2)
mK ] hr-fi-degF

Oy alloy22 := 222MPa Oyalloyz2'= 32.2ksi - outer shell yield strength at 260 d_eg;egs C

(Section §.1.2) :

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years
after emplacement. This upper bounda%' temperature range is used for all waste packages
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted.

_Tos represents the temperature range values (Kelvin) of the calculation. g represents the
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. .

(293 ) . (00 )

0| . . | 17999
357 . ' 11762.5
381 A 10846.7
“|4an - . 7192.8 :
Tosi=| 426 (K .outer shell outer qei=| 71907 |W overall heat transfer
| 443 - surface temperature 7182.4 rates (Section 5.1.5)
468 71023 | '
193 - 6856.1
502 ' : 6540.6 .
\512) S T P \‘6]58'.3 y L ot :
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found b¥| the following equation (Ref. 16, page 92, eq. (3-29)). -

These temperature values correspond with Tos values. For this part of the calculation Rjand Ry -
are equal to each other (Assumption 3.5).

- Quter Shell

_ Inner Shell
Q| + T,
2n LK | 2wLK, ) T

NEGIES

is-

The temperature change is found for both the inner shell at the inner surface and outer shell at
the outer surface: -

AT, :=Tis - 293K inner shell inner surface temperature change

AT,y = Tos — 293K outer shell outer surface temperature change
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Interference between the two shells along the radlus is deterrmned using the basic definition
of thermal expansion; . ) .

e=a (AT) where ¢ is the strain (change in length per length), a is the coeff cient of thermal
expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)).

Since € = 8 / L (change in length Fer length), solving for the change in length, 3, yuelds the
equatnon for thermal expansion along a radlus ' A

8§=aRAT  wheredisthe change in radual length, a is the coeffi cnenl of thennal expansion R
is the radial length, and AT is the change in temperature. )

&= a,,-R;-ATi, o change in size of the inner shell outer radius
o= o:z.,k,,.zz-Ro-A’I},,.r change in size of the outer shell inner radius

A=(11111111111) This1x11 rowvectoris used to expand the 11x1 column
. -vectors into matrices compatible with the 8, 11x11 matrix.

) = AT-aiT =80 éap-A interference between shells -
an 11x11 matrix -

- Roi=Rg'A outer shell inner surface radu 11x1 column vector expanded to

I =TgA outer shell outer surface radii 11x1 column vector, expanded to
, an 11x11 matrix

Preigurg) )p due to an interference fit is found by the followmg equatlon (Ref 17 pages 62 to 63,
eq. (2-5
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section.

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface:

03 I= outer shell outer surface tangential stress (MPa)
2 ‘

i L@_[, =

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface:

. 2 2
. T,
O = P (R Jr+ 2 outer shell inner surface tangential stress (MPa)
2 o2 2
s — Ry R,

The following calculations determine the outer shell 10% and 20% yield strength values. These
values are marked on the resulting plots and are for informational purposes only.

C10% = lmﬁ'cy'.noyzz 10% yield strength

G10% = 222 MPa

O20% = 20%-Cy slioy22 20% vyleld strength

Oagv, = 44.4MPa
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Méximurh s‘tréss'at 239 degrees Cat the outer'sﬁrféc;a for a corresponding gap 'si'z'"e'.‘ NegatNé
stresses signify that there is no contact between the shells for the corresponding gap size.

. oy =
Bgap; = .10
00] mm 1408] MPa
0.1] 1172 —
02| . 836 ; L
03| 69.0] - : !
04 ’ 263 ' | |
05| . [ =227 | L .
06| - |10 '
07| 246
08{. . 482
09| - |7-71.8]
10}, RER -
e -
. e e e L EYANE e
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of
the outer shell for various gap sizes, 4
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Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negatﬁ/e
stresses signify that there i§ no contact between the shells for the corresponding gap size.

Oy =
gapj = , o
00] mm 1456] MPa
0.1 121.1
02 |~ 96.7]
03 ‘ 72.3
04 - [a73
0.5 . 234
061 .- =10
[0.7] 254
0.8 498
0.9 742
10| 986
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes.
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Various Shell Gap Sizes for the 5-DHLW/DOE SNF_—'_I..Q\NG;WP;

This calculation determines the outer shell stresses due to uneven thermal expansion of the .
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade e
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Sectlon 5.1 2) Various shell gap
sizes are used lo calculate the resultmg outer shell stresses. . .

P

&

Peramete}j provides a range from 0'.to 10withanintervalof 1. . ...

;o
3

j=0.10" i - range from 0 o 10 with an interval of 1.

"gapj := j-0.000I'm . : " . : range of shell gap sizes between the shells from which -
the outer shell stresses are'to be calculated
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Dimensions of the waste Kackage cross section

and the inner cavity length (Section 5.1.3);
r:=0.940-m ~ inner shell inner radius B
: I A Outer Shell
th; := 0.050-m inner shell thickness & ;m
Ry:=1 +th inner shell outer radius
R,:=R; + gep outer shell inner radius
th, :=0.025-m outer shell thickness
rp:=R, + thy outer shell outer radius

L:=3.590m inner cavity length ' o Inner Shell

Material Properties.

Page VI-2

gy i= 17_10-6_31_]( mean coefficient of thermal expansion for 316NG SS
me . o
9.7.10"5—= | (Section 5.1.1)
in-degF
Uapioy22 = 12.6-107 G-EE mean coefficient of thermal expansion for Alloy 22
me . .
7.0-1075- (Section 5.1.2)
in-degF
GPa:=10°.Pa " MPa:=10%Pa . ksiz=10%psi
E,:=206-GPa E, =29.9 loﬁ-psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E; =283 106-psi . inner shell elastic modulus (Section 5.1.1)
vo:=0.278 ) outer shell Poisson's ratio (Section 5.1.2)

v;:=0.298 inner shell Poisson's ratio (Section 5.1.1)
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= —o—— ’ inner shell thermal conductivity | 10.0 ————| (Section 5.1.1
Ki=173-0% - 'y( hr-ft-d F)( o ),
Kyi= 13.4-lv— outer Shell thermal conductivity 7.75-——‘11“"— (Section 5.1.2)
mK hr-ft-deg F
c =22MPa  © =322ksi - outer shell yield strength at 260 'degreesc
yallo22 . yalloy22 (Section 5.1.2) ) S

The upper boundary of the temperalure range that the outer shell of the 21-PWR waste package
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years
after emplacement. This upper boundalz temperature range is used for all waste packages
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted.

Tos represents the temperature range values (Kelvin) of the calculation. q, represents the

corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room

temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
. of the spent nuclear fuel. : e

(293 ' (00 )

330 . : 11799.9

357 : ] 117625

381 , ' 10846.7 :

411 ' 7192.8 - :
Tes:=| 426 [K - outer shell outer i=| 71917 |W overall heat transfer

443 surface temperature 7182.4 rates (Section 5.1.5)

] 468 71023

493 o 6856.1

502 : 6540.6

(512 . 61583
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found bK the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with Tes Values. For this part of the calculation Ry and Ry
are equal to each other (Assumption 3.5).

Outer Shell
. - : _
, n(-l-l‘-} : :&] . Inner Shell
T, o
Ty:= DALV Y Y A
2mLK;  2mLK, ; ‘

Y

b0

N R
e e

B Y

R IRIRLI

The temperature change is found for both the inner shell at the inner surface and outer shell at
the outer surface:

ATy :=Tis - 293K inner shell inner surface temperature changb

ATy i= Ty = 293K outer shell outer surface temperature change
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Interference between the two shells along the radius is determined using the basic definition
of thermal expansuon

€= a (AT) where ¢ is the stram (chan%e in length per length), a is the coefficient of thermal
_— expansion, and AT is the change in temperature (Ref. 17, page 63, €q: (2-61)).

Sincee=6/L (change in length i)er length), solving for the change in Iength 5, ylelds the
equatlon for lhermal expansion a ng a radlus s .

6=aRAT  where dis the change in radial len h a is the coeffi aent of thennal expansvon, R
. is the radial length, and AT is the change in temperature.

&= a;s-Ri-AT;, ‘ : change in ei_ze of the inner shell outer radius
8,:= a,"om-Ro-ATo,T change in size of the outer shell inner radius

A=(11111111111) This1ix11rowvectoris used to expand the 11x1 column
vectors Into matrices compat‘ble with the 8, 11x11 matrix.

§:= AT-SiT -8, - gap-A " interference between shells

R,:=R,A outer shell inner surface radii 11x1 column vector expanded to
' an 11x11 matrix

Io=TyA outer shell outer surface radii 11x1 column vector, expanded to
. an 11x11 matrix

Preisusrs) )p. due to an interference fit Is found by the followmg equatlon (Ref. 17 pages 62 to 63
eq. (2-

\2

pi=| 7 '
Ro [ 16°+ Ry R +1
— + v, +— -vil
Eo|,2_g2 Y
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-The tangential stresses at the inner and outer surfaces of the outer shell are found in this section.

Outer shell tangentiél stress (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface:

I-"(R\':)2 02 . .
05 1= - 3 l+—2 outer shell outer surface tangential stress (MPa)
o, =Ry To - A

Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equation) at the inner surface:

3

P’(Ro)z l'oz ' |
O i=| ——| 1 + — outer shell inner surface tangential stress (MPa)
2_52 2
' o =Ro R,

The following calculations determine the outer shell 10% and 20% yield strength values, These
values are marked on the resulting plots and are for informational purposes only.

O 10% = 10%:Cy.aloy22 10% yleld strength
Co% = 222MPa
O20% = 20% Gy alloy22 20% yield strength

G2 = 444 MPa
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Maximum stress at 239 degreés C at the oﬁter surfacé fora cdnespbnding gap size. Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

gapj = %500 ,

00] mm 1314] MPa

0.1 [117.9]

02 104.4

0.3 90.9

0.4 - [774]

05 63.9 ,
06] - 50.4 )
0.7| : - [368

0.8 234 : \
] 9.9

7.0 36
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of

the outer shell for various gap sizes.
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* Maximum stress at 239 degrees C at the inner surface for a corr sponding gap size. Negative = -
stresses signify that there is no contact between the shells for the corresponding gap size.

oy - . [
- - e -

. on =
gep; = 10 B ;
00] “.mm 1348] MPpa o
01| . 120.9 ;

oz . 7074 ' =
03| . . 832 |
o4 . [T794|
05| R
06| - 51.7
07| . [379]

o8] .. . [ 70 |

o8] - . [0z

10| - N X .
c . H
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes. ' '
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This calculation determines the outer shell stresses due to uneven thermal expansion of the .
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade -

(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shell gap
sizes are used to calculate the resultmg outer shell stresses.

Parameter j f)royides arange f_ro_ﬁi 0 to 10 with an interval of 1.

j=0.10 range from O to 10 with an interval of 1

gapj :=j-0.0001-m range of shell gap sizes between the shells from which
the outer shell stresses are to be calculated
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Dimensions of the waste Rackég’e cross section
and the inner cavity length (Section 5.1.3):

r= 0.792:m inner shell inner radius
Outer Shell
th := 0.050-m inner shell thickness 7 R
Ri=r+th inner shell outer radius
R,:=R; + gap outer shell inner radius
th, :=0.025-m outer shell thickness
ry:=Ry + thy outer shell outer radius
L:=4.617Tm inner cavity length Inner Shell

Material Properties.

_6 m

Qg :=17-10 o mean coefficient of thermal expansion for 316NG SS
me .
(9.7.10‘6 = ) (Section 5.1.1)
indegF
Qylloy22 := 12.6-10° 6%{- mean coefficient of thermal expansion for Alloy 22
me .
(7.0-10‘6 o ) (Section 5.1.2)
in-degF
GPa:=10°-Pa MPa:=10%Pa ksi := 10%.psi
E,:=206-GPa . E,=299 10% psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E; = 28.310%psi _ inner shell elastic modulus (Section 5.1.1)
vo:=0278 outer shell Poisson's ratio (Section 5.1.2)

v;:=0.298 inner shell Poisson's ratio (Section 5.1.1)
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T S P -

Kj:=173—— - . ! “Yiinier shell thermal conductivity [ 100200 (Section 5.1.1)"
S TmK T e L U heRdegR)
Ko:=13.4 L outer shell thermal conductivity | 7.75 _BU_ (Section 5.1.2)
m-K ' , hrfi-degF :

oy .alloy‘22 i=222MPa - "."y-nll;m = 322ksi * outer shell yield strength at 260 degfe'"es C

- e e
' : U

(Section5.1.2) . /"

The upper boundary of the temperature rarige that the outer shell of the 21-PWR waste package
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years '
after emplacement. This upper boundary temperature range is used for all waste packages

- (Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 293 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. -

Tos repreéeﬁis]h.ea tembt;fétufeﬂ farigé ir;lu'e; (Kelvih) of the calculation. g r:épréée'nié ihe
correspondin%overall heat transfer rates (Watts) for each temperature (Section 5.1.5). At room

temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. ' -

(293) . | _ ~( o0 -
S . [ 117999 RN
357 , - | 1762 SR
381 10846.7 T
411 p 7192.8 T
Tos = a6 K ‘outer shell outer =| 71917 |W overall heat transfer
‘ ;‘43‘ : :syrf‘age'temperature 2182.4 : rates (Section 5.1.5)
468 ‘ 71023
493 ' : 1 6856.1
502 65406 | : _
(512 N M‘\"6158t3kj ' ! ‘



Attachment VII: CAL-EBS-ME-000011 REV 00 " . Page VII-4
TEVarGapCalcs 2MCO-2DHLW V1.0.med S | o

Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found bx the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with Tos values. For this part of the calculation Ry and R,
are equal to each other (Assumption 3.5).

Outer Shell

| {m) , ’%) Inner Shetl
R
Ty t= 1 + :

s 2Lk 2mLK, )

The temperature change is found for both the inner shell at the inner surface and outer shell at
the outer surface: .

ATy =Ty - 293K inner shell inner surface temperature change

AT 1= Tos ~ 293K outer shell outer surface temperature change
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Interference between the two shells along the radius is detenmned using the basic definition
of thermal expansion: , .

€=« (AT) where ¢ is the strain (change in length per length) a Is the coefficient of them\al
) expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)).

Since € = & / L (change in length ?er length) solving for the change in length, §, ylelds the ',
equatnon for thermal expansion a ong a radius:

tt

-

6=aRAT where 6 is the change in radial length, a Is the coeffi cnent of thermal expansnon R
is the radial length, and AT is the change in temperature.

6= ase Ry AT ‘ 6hange in size of the inner shell outer radius

o :=:am°y22-Ro-AT“T : change in size of the outer shell inner rad}u§

A=(11111111111) This1x11 row vectoris used to expand the 11x1 column
vectors into matrices compatible with the 5, 11x11 matrix.

-

5= AT-SiT -8y~ éép-A interference between shells
Ry:=RyA outer shell inner surface radii 11x1 column vector, expanded to ,

an 11x11 matrix

Ii=ToA outer shell outer surface radii 11x1 column vector, éxbanded to
an 11x11 matrix

Pre?;ugs) )p, due to an interference fi t is found by the following equat:on (Ref. 17 pages 62 to 63,
eq o

p=
Ro r°2 + Roz Ri Riz + riz
—_— Vv |t -V
Eo r°2 - Roz Ei Ri2 _ ri2
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The tangential stresses at the inner and outer surfaces of the outer shell are found in this section.

- Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first equétidn) at the outer surface:

P'(Ro)z ro2 . .
Gosi=| 7 1+ - outer shell outer surface tangential stress (MPa).
L —R, To '

Outer shell tangential stress (Ref, .17, page 59, eq. (2-50), first equation) at the inner surface:

3

2 2
(R, T,
Cig = —EL—)- 1+ — outer shell inner surface tangential stress (MPa)
2 2 2
ro — Ry R,

The following calculations determine the outer shell 10% and 20% yield strength values. These
values are marked on the resulting plots and are for informational purposes only.

G 10% := 10%-0y aoy22 10% yleld strength
O10% = 22.2MPa
G20% = 20%Cy a0y 20% vyield strength

C20% = 44.4MPa
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Maxumum stress at 239 degrees C at lhe outer surface for a correspondmg gap s:ze Negatlve '
stresses signify that there Is no contact between the shells for the corresponding gap size.

Cog =
gap; = jde
00|  mm 130.9 MPa
0.1 L 115.0
02 - 99.2 :
03] - : 83.4 .
04 ' C 675
05 517 )
0.6 , 35.8
[0.7] 20.0 : -
08| - 421 i ]
0.9 ' <116 :
1.0 i -27.5]
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of
the outer shell for various gap sizes.
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SN
'

Maximum stress at 239 degrees C at the inner surface for a corresponding gap size. Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

gapj = T
0.0 ‘mm 134.8 MPa
0.1 118.5
0.2 102.2
0.3 859
0.4 69.5
0.5} . 632
0.6 . 36.9
0.7 20.6
08 43
09| 120
1.0 -28.3




‘Attachment VII: CAL-EBS-ME-000011 REV 00 : . Page VII-10
TEVarGapCalcs 2MCO-2DHLW V1.0.mcd ~

This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes.
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Various Shell Gap Sizes for the Naval SNF Lc_mg WP e

This calculation determmes the outer shell stresses due to uneven thermal expansion of the .
inner and outer shells. The inner shell is constructed of 316 Stainless Steel Nuclear Grade -
(Section 5.1.1), and the outer shell is constructed of Alloy 22 (Section 5.1.2). Various shellgap -
sizes are used to calculate the resulting outer shell stresses

s L ..,.,:‘. A

Pararﬁéterj ﬁerides é range frpﬁ\l() to10 yvjth aninterval of 1.

[y

j=0.10 - o téngéfromOto 10 with an intervalof 1

~

gap;j := j-0.0001-m ‘ _ range of shell gap sizes between the shells from which T
. ' the outer shell stresses are to be calculated
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Dimensions of the waste ﬁackage cross section

and the inner cavity length (Section 5.1.3):
1j := 0.8595-m inner shell inner radius S :
, ‘ ' < Outer Shell - -
th; := 0.050-m inner shell thickness N\
Rj==r + th; ‘ inner shell outer radius
Ry =Ry + gap outer shell inner radius
thy := 0.025-m outer shell thickness
Io:=Ry+ thy outer shell outer radius Gap
L:=5.415m © inner cavity length Inner Shell
Material Properties.
gy = 17-10“‘-"“—K mean coefficient of thermal expansion for 316NG SS
. m- .
9710”6 —2 | (Section 5.1.1)
in-degF .
Qalloy22 := 12.6-1 0 ‘-LK mean coefficient of thermal expansion for Alloy 22
m : .
7.0-10"5—=— | (Section 5.1.2)
in-degF
GPa:=10"-Pa MPa:=10°Pa ksi := 10% psi
E, :=206.-GPa E, =299 106-psi outer shell elastic modulus (Section 5.1.2)
E;:=195.1-GPa E; =283 106~psi Inner shell elastic modulus (Section 5.1.1)
Vo :=0.278 _ outer shell Poisson's ratio (Section 5.1.2)

v;:=0298 inner shell Poisson's ratio (Section 5.1.1)
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Ki=173—9- " - inner shell thermal conductivity [ 10.0—220 ) (Section 5.1.1)
mK ’ o e . hrfidegf) -

Ky:= 13.4-lv- : outer shell thermal conductivity 7.75-ﬂ-u—— (Section 5.1.2)
mK . hr-ft-degF

Cyalloy22:=222MPa Oy glioy2y = 32.2ksi ‘ outer shell yield strength at 260 degreés C

(Section5.1.2) - .-

The upper boundary of the temperature range that the outer shell of the 21-PWR waste package -
is subject to is 239 degrees C (462 degrees F and 512 K) (Section 5.1.4), occurring 35 years.
after emplacement. This upper boundary temperature range is used for all waste packages
(Section 5.1.4). Room temperature at 20 degrees C (68 degrees F and 283 K) is the initial
temperature (Section 5.1.4) of the shells before the spent nuclear fuel is inserted. -

Tos represents the temperature range values (Kelvin) of the calculation. g, represents the
corresponding overall heat transfer rates (Watts) for each temperature (Section 5.1.5). Atroom
temperature the overall heat transfer rate is equal to zero, representing the shells before insertion
of the spent nuclear fuel. : o

(293 R ( 0.0
330 ] - - 1117999
‘357 11762.5
381 _ 10846.7
411 L 7192.8
Tos:=| 426 [K - outer shell outer qr:=| 71917 (W - overall heat transfer
: 4 413 surface temperature 7182.4 rates (Section 5.1.5)
468 |, : . - 7102.3
493 | 4 6856.1
| 302 . \ - Con | 65406 1
\512 J \ 61583 )
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tis, is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with Tos values. For this part of the calculation Rjand Ry
are equal to each other (Assumption 3.5). .

Outer Shell

Inner Shell

N R

Ti, o= + q + T,
*“Ha2nLK 2nLK,) | *

The temperature change is found for both the inner shell at the inner surface and outer shell at
the outer surface:

AT :=Tyg ~ 293K inner shell inner surface temperature change

ATgg:= Ty — 293K outer shell outer surface temperature change
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lnterference between the two shells along the radlus is determined using the basic definition
of thermal expansion: -

e=a(AT) - where € is the strain (change in Iength per length), ais the coeff' cient of thennal
- - - expansion, and AT is the change in temperature (Ref. 17, page 63, eq. (2-61)). :

Sinces=6/L (changein Iength ?er length) solvmg for the change in Iength S, ynelds the -
equatnon for thermal expansnon a ng a radius:

e . . % . L. ,.
’ N oL . Il o { * .

l', N ‘ [
,' A

5=aRAT where dis the change in radial length, o is the coeffi cient of thermal expansion, R
. is the radial length, and AT is the change in temperature. :

8= RpATy  ~  “change In'size of the inner shell outer raditis
8g:= c:z,,,(,)/22-R‘,-A'I},,'r change |n size of the outer shell i inner radlus

_b.:..

A=(11111111111) This1x11 rowvectornsusedtoexpandthe 11x1 co!umn

vectors into matrices compatible with the 5, 11x11 matrix.

PN

5:=AT5; ~8,~gapA ' interferénce between shells

Ry :=RyA outer shell inner surface radu 11x1 column vector expanded to .

an 11x11 matrix -

o =Tg:A outer shell outer surface radii 11x1 column vector, expanded to’
an 11x11 matrix

S

Pre:z»;ugg»p. due to an interference fit is found by the followmg equatlon (Ref. 17 pages 62 to 63
eq. (2-

P=1 2 o2 .

11 Ro[| 7 +Rg R{ -l-rl )

| [?(’ R,,2”°J"F(R '}
o ~ i""

L I

A
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The tangential stresses at the inner and outer surfaces of thé outer shell are found in this section.

Outer shell tangential stréSs (Ref. 17, page 59, eq. (2-50), first equation) at the outer surface:

2 2 L
. T,
Cog = -pz(—R")-z- 1+ -°—2 outer shell outer surface tangential stress (MPa) .
o =R, To

Outer shell tangential stress (Ref. 17, page 59, eci. (2-50), first equation) at the inner surface:

3

2 2] -
. r PR
Gy i= p—(R-?-)-— 14— outer shell inner surface tangential stress (MPa)
2 2 2
ro =R, R, A

The following calculations determine the outer shell 10% and 20% yield strength values. These
values are marked on the resulting plots and are for informational purposes only. ‘

O o8 := 10%:Cy pijoy22 ~ 10% yield strength
G0y = 22.2MPa -

G 20% = 20%:Cy aliy22 20% yield strength

T20% = 44.4 MPa
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(A

Maximum stress at 239 degrees C at the outer surface for a corresponding gap size. Negative
stresses signify that there is no contact between the shells for the corresponding gap size.

Uos =
gap; = 3410 ,
0.0 mm 1304 MPa
01| 1571
0.2 101.1
03 86.4
04l - . |77
05| _ - [57.0
06| 424
08} . 13.0
09| - - Wi
1.0 -16.3
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This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the outer surface of
the outer shell for various gap sizes.
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Maximum stress at 239 degrees C at the inner surface for a obrres;ponding"gép size. Negative -
stresses signify that there is no contact between the shells for the corresponding gap size.

gapj = l”i’j.m = .
0.0 mm 134.1 MPa - o
01| | 119.0 B
02| - 103.9 -
03| 888
0.4 - ‘ 73.7|
05| . 566 :
06| © - - 435 ~
0.7 - . [2z85
0.8 _ 134 . .
0.9 : ‘ [ -1.7] ‘ T
10| . 168 ' T
N H
- -~ 3
Y .



Attachment VIII: CAL-EBS-ME-000011 REV00 Page VIII-10
TEVarGapCalcs Naval SNF Long V1.0.mcd '

This plot illustrates the stress (MPa) with respect to temperature (degrees C) of the inner surface of
the outer shell for various gap sizes.

OS Inner Surface Tangential Stress

1401 H :
100 9
T ; :
10% : ;
ahlJ 1207 E ’E
(] : e
e ; S
. ' e H
::2_‘1 : s H
s : ’ !
1% oo : e
hicY) : Yo
1o : i
c 5 :
M got : :
g 10 ' :
] T s §
» 10® : :
----- w— : ':
g, 5 '
(] .
1 “s
R
¢ 4T P /
iy i /|
10° : /;:22
R A S, S AR AR SO SR AN [
Ty, 207 /:/ / /' E
10‘ ] s ’ / 4 H
L/
VA
/ Ve
a
0 50 100 150
To 273K
Temperature (Degrees C)

= 0.0-mm gap
""" 0.1-mm gap
—= 0.2-mm gap

_ 1 0mME®  The 44.4 MPa and 22.2 MPa horizontal dashed lines
“4-mMmgap  indicate 10% and 20% yield strength of alloy 22. These
""" 0.5-mmgap |ines are for informational purposes only.
. == 0.6-mm gap
— =+ 0.7-mm gap
— 0.8-mm gap
""" 0.9-mm gap



‘Attachment IX: CAL-EBS-ME-000011 REV 00 -
TEdef-verif. mcd

Thermal Expansion for a Long Circular Cylinder

This attachment will verify the basic e
cylinder. The equation is as follows:

d=a.

where

R-AT

& is the change in radial length,

o is the coefficient of thermal expansion, -
R is the radial length, ,
and AT is the change in temperature.

1

Page IX-1

quation for thermal expansion_through the radius of a.

The following equations (Ref. 19, page 444, eq. (c) through (f)) are used to determine the stress
in the radial, angular, and axial directions, represented by oy, 0, and o, respectively. The
displacement due to thermal expansion is given

the barrier thickness is negligibly small, AT is independent of the radius, r.

14+v 1

us

-a-—-J' AT-rdr+ Cper+ -Cﬁ
r

1-v rJ,

by u. Since the temperature gradient through .

. r C
or= aE-—l-J'AT-rdr+ E o &
1-v 2J, 14v{1-2v 2
EAT . c
g =22 --l—-JTAT-rdr-“EAT'ij (&
1-v 2 J, 1-v 1av{1-2v
oo Q.E.AT+ 2.v:E-Cy
2 1-v (1+v)(1-2v)
where

v is Poisson's ratio,

a is the coefficient of thermal expansion,

E is the elastic modulus,

ris the radial length,

a is the inner radius,

and AT is the change in temperature

.

C,

l'z

gl

5

(1)

@
@

@
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Integrating and simplifying equation (2) gives

G C

1-2v 2
. C C

o = aB.l(l 2 T--!- zA’l‘) E 1 G
1-v 22 2 l+v{l-2v 2

2 ; .

.E AT C

o-rg GE * o— l-a— + E . ! _& (5)
1-v 2. 2 l+vil=-2v 22

Using eq. (5), Cz Is found in terms of C4 by using the following iboundary condition;

0= B -!-J"ATrdr+
1-v 2

Forr=a, o,=0.

2
-a-C (6
1-2v )

Cy=

C, is substituted into eq. (5).

) 2) o
socepar( 2 E[ C (1 2 L
r 2 ] 12

1-v 2 ) l+v|_l-2v
c,= o-E .-AI. 1~ a—z\ Cl B - .a—z-
T oav 2 y (1+v)(1-2v) )

c”=[-1Lj‘:_v-'AzT (1+v;:l(1—2v)]( a’} : | o

Using eq. (7), Cy is found by using the following boundary condition:

|
N
<

Forr=b, o,= 0, where b is the outer radius.

C= G +2‘E)l (_1\52 V) : (8)
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Substituting C4 into eq. (6) produces C,.

' -Page IX-3

H - .],
,(m)(l‘. PR
C ‘AT
2 v 2(1 v)
L | T
(l + v) a2. | ' o ‘ «
C a-AT 9
A =N . @
C1 and C; are inserted into eq. (5) to dgtermine the radial stress, °r-
2 o : ,‘ N T
o, aE.ﬂnl__a_ + E 1. (l+v)(1 2v) l (l+v) 2 AT
1-v 2 2 1+v|1-2v  2(1-v) 220 -v)
£
Reducing the equation yields . . - T st -
( 4
——a-AT- 1-“— + (l+v)aA ED N AT/ .
2(1 ) \ 1'2 1+v 2(1 V) 2(1 V) 2 "" - " - ’;"— -
f 2 et 2Y .
E a - E-- ea
AT 1 == | + e
AL () { ,2) 2i1-v)m ( ,2) : ,
«"., —— - . il! : . - -
c, =0 (10)
Cy and C, are Inserted'into eq. (3) to determine the angular stress, ce.
on2E.L AT g ZEAT E [ 1 (14)1 - 2v) . (1+v) & ol
Tdev g 1<v l+v|_l-2v. 2(1-v) ( -v) 2o
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Reducing the equation yields

- . . 2
R | { () e _(l;\i.a_.u.u]
. v

1-v 2-(1—v) 2-(l-v) P

2 . 2
o= ——eaAT|1- & | - —E AT+ — B _aaT 1+3-
2(1-—v) P 1-v 2( -v)

‘ 2 2
E a a
e o O s AT 1 4 — AT 1 4+ —

MARRPTCINY B ( ) (“")a ( ]

Cg =0 (ll)

A uniform axial stress o = C3is superposed onto eq. (4), choosing C3 so that the resultant force on
the ends is zero (Ref. 19, page 444).

o m oa-E-AT . 2.v:E:Cy
z 1-v (]+v)(l-2v)

+C3=0 C(12)

Using eq. (12), C, is found by substituting C4 into the equation.

@wEAT _ 2.v-E (1+v)(1-2 v)
1-v (Q+v)(-2v) 20-v)

C3=

Reducing the equation ylelds

Cy = —E—aT - ~E AT
1-v l-v
Cy= n E -a-AT(1 - v)
-V

C3 = E-a-AT (13)
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The dnsplacement u,is affected by the axial stress C3. A term -vC3I/E must be added on the right
of eq. (1) (Ref. 19, page 445). .

: v.Cyr) .
us L +v-a-l-fAT-rdr+ C]~r+-(->2—+( 3 ) (14)
1-v rJ, r E

. C4, Co, and Cs are inserted into eq; (i4) to determine the radial displacement.

u'.=l+v J'IATrd (l+v)(1 2v) -T-r+-l--(l+v) z AT+(v-E-a-AT-r)
1-v rJ, 2(1-v) T (—v) E

Reducing the equation yields

1+v +9)0-2v) o (1+v) & ,
z(l_v).:-aAT(f —8) 2(l—v) 2( _v) . 'AT"V'IDI’-AT.
1+v 2 a2

S P

2 2

un—tY -a-AT-(r- L tr=2vr+ 2| oviaraT
2-(] - v; r T

1+v a-AT-(2r— 2-v-r) = v-a-rrAT
2 (l v) _
etV AT (1 - v) - viarAT
(1-v)

u=(1 + v)-0-rAT - v-a-r-AT

" usmorAT ) (15)




