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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. IQ, 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 - 2390C) (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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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 expansion.
This assumption is used in Section 5.1.4.

3.2 The 21-PWR WP overall heat transfer rates are used throughout this calculation for all the
waste packages in this study. Although these overall heatftransfer rates pertain to the 21-
PWR WP, they are the greatest among all the waste 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 alhigher temperature than the outer shell, causingi the thermiial 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 assumption is
used in Section 5.1.5.

3.3 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.

3.4 The initial temperature of the waste packages is room temperature, at 20'C (680F 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.

3.5 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 this
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. IQ, 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 Properties

* 316 SS NG (Stainless Steel Nuclear Grade), SA-240, inner shell material
(Attachment I) 316 NG SS, which is 316 SS [SA-240 S31600] with tightened control
on carbon and nitrogen content and has the same material properties as 316 SS (Ref. 5,
page 931 and Ref. 6, Section'II, SA- 240 Table 1)

* Modulus of elasticity, E, =195.1 GPa at' 20°C (28.3 .106 psi).. (Ref. 6, Table TM- 1,
Material Group G) (Assumption 3.3)

* Poisson's ratio, v, = 0.298 at 20eC (Ref.4, page 755, Fig. 15)-

* Mean coefficient of thermal expansion, a,, =17-10 r/ mnm-K at 2600C

(9.7-10-6 in/in-'F) (Ref. 6, Table TE-I,1 6CR-12Ni-2Mo at 500 F, Coefficient B)

* Thermal conductivity, K, =17.3 W/m-K at 232C (10.0 BTU/hr-ft OF) (Ref. 6,

Table TCD, 16CR-I2Ni-2Mo at 4500F).

5.1.2 Outer Shell Properties

* Alloy 22, SB-575 N06022,-outer shell material (Attachment I)

* Modulus of elasticity, E0 '=206GPa- at--20 0C(29.9.106psi) (Ref. 15, page 14,
Average Dynamic Modulus of Elasticity) (Assumption 3.3)

* Poisson's ratio, v = 0.278 at 21 C'(Ref. 4, page 143, Mechanical Properties)

Mean coefficient of thermal expansion, aalloy22 =12.6 106 n/rmn- K from 24 to

- 31 66C (7.0 - in/in * °F) (Ref. 15, page 13, Average Physical Properties, Mean
Coefficient of Thermal Expansion) '

* Thermal conductivity, K. =13.4 WVmIMK at 200 C (7.75 BTU/hr - ft * °F)' (Ref. 15,
page 13, Average Physical Properties, Thermal Conductivity)
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* Yield strength ay = 222 MPa

55Ni-2 I Cr- 1 3.5Mo at 500WF).

at 2600C (32.2. 103 psi) (Ref. 6, Table Y-I,

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

Waste Package Type Inner Shell Inner Inner Shell Outer ShellWat akg yeRadius 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 1).

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 2390C (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 (680F 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, Too

(K) (CC)
0.0 293 20

11799.9 330 57
11762.5 357 84
10846.7 381 108

7192.8 411 138
7191.7 426 153
7182A 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-BVWR, 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 = a R AT; where 8 is the change in radial length; a 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



Waste Package Project Calculation
Waste Package Outer Barrier Stress Due to Thermal Expansion with Various Barrier Gap Sizes
Document Identifier: CAL-EBS-ME-00001 I REV 00 Page I I of 31

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

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 information quality may be confirmed by review of the DIRS database.

6.1 MAXIMUM OUTER SHELL TANGENTIAL STRESS

At the maximum temperature, the waste-package shells are'subject too-the greatest pressure
created by the interference fit caused by uneven 'thermal expan'sion ofthe waste packageoinier
and outer shells. This interference fit subjects the'shells to a tangential stress. The locations of
these outer shell stresses are depicted in Figurer1.

Outer Shell Inner Surface Maximum
Tangential Stress

Outer Surface
Maximum Tangential Stress

L-AnnerShell

Figure 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 Vill) 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, a., (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 140.9 122.1 103.2 84.4 65.6 46.8 27.9 9.1 0.0 0.0 0.0
44-BWR 140.9 122.4 103.9 85.5 67.0 48.5 30.1 11.6 0.0 0.0 0.0
24-BWR 141.3 117.4 93.5 69.6 45.8 21.9 0.0 0.0 0.0 0.0 0.0
12-PWR Long 140.8 117.2 93.6 69.9 46.3 22.7 0.0 0.0 0.0 0.0 0.0

S DHLWoDOE SNF - 131.4 117.9 104.4 90.9 77.4 63.9 50.4 36.9 23.4 9.9 0.0
S hort I_ _ _ _ _ _ _ _

2-MCO/2-DHLW 130.9 115.0 99.2 83.4 67.5 51.7 35.8 20.0 4.2 0.0 0.0
Naval SNF Long 130.4 115.7 101.1 86.4 71.7 57.0 42.4 27.7 13.0 0.0 0.0

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

Maximum Tangential Stress at the Outer Surface, a,. (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 144.6 125.3 106.0 86.6 67.3 48.0 28.7 9.4 0.0 0.0 0.0
44-BWR 144.5 125.6 106.6 87.7 68.7 49.8 30.8 11.9 0.0 0.0 0.0
24-BWR 146.1 121.4 96.7 72.0 47.3 22.7 0.0 0.0 0.0 0.0 0.0
12-PWR Long 145.6 121.1 96.7 72.3 47.8 23.4 0.0 0.0 0.0 0.0 0.0

5 DHLWoDOE SNF - 134.8 120.9 107.1 93.2 79.4 65.5 51.7 37.9 24.0 10.2 0.0
Short III

2-MCO/2-DHLW 134.8 118.5 102.2 85.9 69.5 53.2 36.9 20.6 4.3 0.0 0.0
Naval SNF Long 134.1 119.0 103.9 88.8 73.7 58.6 43.5 28.5 13.4 0.0 0.0

6.2 TANGENTIAL STRESS RELATION TO TEMPERATURE

The calculation results (Attachments 11 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 ( 0C). 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 (0C) 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.
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Figure 3 illustrates the 21-PWR WP outer shell inner surface tangential stress (MPa) with
respect to temperature (0 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 outer shell outer surface tangential stress (MPa) with
respect to temperature (0C) 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 illustrates the 44-BWR WP outer shell inner surface tangential stress (MPa) with
respect to temperature (0C) 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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6.2.3 24-BWR WP

Figure 6 illustrates the 24-BWR WP outer shell outer surface tangential stress (MPa) with
respect to temperature (TC) 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 (0 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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6.2.4 12-PWR LONG WP

Figure 8 illustrates the 12-PWR Long WP outer shell outer surface tangential stress (MPa) with
respect to temperature (0C) 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 (0 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 9. 12-PWR Long WP Outer Shell Inner Surface Tangential Stress
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6.2.5 5 DHLW/DOE SNF - Short WP

Figure 10 illustrates the 5 DHLW/DOE SNE - Short WP outer shell outer surface tangential
stress (MPa) with respect to temperature (0C) 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. 5 DHLW/DOE SNF - Short WP Outer Shell 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 (0 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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6.2.6 2-MCO/2-DHLW WP

Figure 12 illustrates'the 2-MCO/2-DHLW WP outer shell outer surface tangential stress (MPa)
with respect to temperature (0C) 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 12. 2-MCO/2-DHLW WP Outer Shell Outer Surface Tangential Stress
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Figure 13 illustrates the 2-MCO/2-DHLW WP outer shell inner surface tangential stress (MPa)
with respect to temperature (0 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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6.2.7 NAVAL SNF-Long WM

Figure 14 illustrates the Naval SNF-Long WP outer shell outer surface tangential stress (MPa)
with respect to temperature (0C) 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 (TC) 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. ATTACHMENTS.

Attachment I (22 pages): Design sketches. Table 4 lists the potential 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 1-1 to 1-2
21-PWR Waste Package Weld Configuration SK-0191 00 1-3
44-BWR Waste'Package Configuration for Site Recommendation SK-0192 00 1-4 to 1-5
44-BWR Waste Package Assembly Weld Configuration SK-0193 00 1-6
24-BWR Waste Package Configuration for Site Recommendation SK-0184 00 1-7 to l-8
24-BWR Waste Package Assembly Weld Configuration SK-0202 00 1-9
12-PWR Long Waste Package Configuration for Site Recommendation SK-0183 01 1-10 to l-11
12-PWR Long Waste Package Weld Configuration SK-0205 00 1-12
5 DHLW/DOE SNF -Short W" Assembly Configuration for Site SK-0196 03 1-13 to 1-14
Recommendation .
5 DHLWIDOE SNF - Short Weld Configuration SK-0197 00 1-15
2-MCO/2-DHLW Waste Package Configuration for Site SK-0198 04 1-16 to 1-18
Recommendation

2-MCO/2-DHLW Waste Package Weld Configuration SK-0199 01 1-19
Naval SNF Long Waste Package Configuration for Site SK-0194 01 1-20 to 1-21
Recommendation .
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):

Attachment VI (10 pages):

Attachment VII (10 pages):

Attachment VIII (10 pages):

Mathcad thermal expansion calculations for the 12-PWR Long
WP

Mathcad thermal expansion calculations for the 5 DHLW/DOE
SNF - Short WP

Mathcad thermal expansion calculations for the 2-MCO/2-DHLW
WP

Mathcad thermal expansion calculations for the Naval SNF Long
WP
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Attachment IX (5 pages): Mathcad verification for the equation of thermal expansion
through a radius, using the theory of elasticity.
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Various Shell Gap Sizes for the 21-PWR 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..

Parameteri provides a range from 0 to 10 with an Interval of 1.

j:=O..I10 range from 0 to 10 with an interval of I

gapj:=j-.O.OOOI-m

.. .. 0.
gape = 0.5

0 1.7

1.0

range of shell gap Sizes between the shells from which
the outer shell stresses are to be calculated

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

ri := 0.712-m inner shell inner radius

th1 := 0.050-m inner shell thickness

RI := ri + thi inner shell outer radius

R0:=R1 + gap

tho:= 0.020-m

ro := Ro + tho

L := 4.585mn

outer shell inner radius

outer shell thickness

outer shell outer radius

inner cavity length

Gap

Material Properties.

a,,:= 17-1076M mean coefficient of thermal expansion for 316NG SS

7.-1 (Section 5.1.2)9 39

in-degF 1

OPa := I109-Pa M~a:= 106 Pa ksi := 103-psi

Bo:= 206-GPa

Fi:= 195.1*GPa

Eo = 29.9 106 psi

E1=28.3 10epsi

outer shell elastic modulus (Section 5.1.2)

Inner shell elastic modulus (Section 5.1.1)

vO:= 0.278

vi:= 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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Xi := 17.3- -
m-K

4y= 13.4 inK

cyiD1y22 :=222MlPa

inner shell thermal conducivity (1.0 b )
o (.7 -hr-fl-degFJ

outer shell thermal conductivity (7.75 T )
h ir-fl-degF)

(Section 5.1.1)

(Section 5.1.2)

riylanoy = 322ksi outer shell yield 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 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 Initl
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. qA 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

330

357

381

411

426

443

468

493

502

512

0.0
11799.9

11762.5

10846.7

7192.8

7191.7

7182.4

7102.3

6856.1

6540.6

K outer shell outer
surface temperature

W. overall heat transfer
rates (Section 5.1.5)

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 Ri and Ro
are equal to each other (Assumption 3.5).

7
Outer Shell

- Inner Shell

I . I

2*nL-K1 2.in.L.IK0
+ T's

293.0

-359.4

$383.2

T5 = 412.5
Tj, 427.5

44.5

r 469.4

. 494.4
503.3

513.3

K

Ti T2  Tot
q, -0, o- _/

2.ir.L.K3O

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

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

,&To$ := Tot - 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 expansion:

E = a (AT) where E 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. (241)).

Since c = L 1 (change In length per length), solving for the change In length, 5, yields the
equation for thermal expansion a long a radius:

; ; -- . ! . ' -' 'c " .

5= a R AT where 5 Is the change In radial length, a Is the coefficient of thermal expansion, R
Is the radial length, and AT is the change in temperature.

8 := asc-Ri-ATi- change In size of the inner shell outer radius

T
8o := vasllqn-RO-&TO5T change in size of the outer shell inner radius

A:=(I I I I 1 1 1 1 1 1 1) This lxi1 rowvectorIs used to expand the I xI column
vectors into matrices compatible with the 6, 11 xiI matrix.

5. A . - - gap-A interference between shells

Ro:=Ro-A outer shell inner surface radii I lxi column vector, expanded to
anh1x1l matrix

ro:= ro-A outer shell outer surface radii 1Ixi column vector, expanded to
an 1Ix11 matrix

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

P
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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. (2-50j, first equation) at the outer surface:

I 2 . .2

a~ =r .(R,)2 .I .
[r02 -R2 0

outer shell outer surface tangential stress (MPa).

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

alS:=[ 2 .(I +'. outer shell inner surface tangential stress (MPa)

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.

aw1% =I 110 10% yield strength

a 10% = 22.2MPa

a2o% := 20 0hWay.glwnp 20% yield strength

a204% = 44.4MPa
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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.

gap = j,10

0.0 mm 140.9 MPa
0.1 122.1
0.2 103.2
0.3 84A.
OA 65.6
0.5 46.8
0.6 27.9
0.7 9.1
0.8 -9.7
0.9 -28.5
1.0 -47.3
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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.

OS Outer Surface Tangential Stress

loe

aGal J

10'

leo2J

loe

le°4J

X loj

1 aleJ

e; 106

O6J

l6

_ jlee

loe

l6

100loo
-__ _

T e p r t r D e gr es C )
- 0.0-mm gap

----- 0.1-mm gap
- - 0.2-mm gap
- - - 03-mm gap
- 0.4-mm gap

----- 0.5-mm gap
- -- 0.6-mm gap
- -- 0.7-mm gap
- 0.8-mm gap
---- 0.9-mm gap

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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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 = a13  =

0.0 mm 144.6 MPa
0.1 125.3

0.2 106.0

0.3 86.6

OA. 67.3

0.5 48.0

0.6 28.7

0.7 9.A

0.8 -10.0

0.9 -29.3

1.0 -48.6
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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 variou~s gap sizes.

OS Inner Surface Tangential Stress

*lot

loe106

106

loe

Oh2J

lo,

Cb,6 J

106

le

a
2
,7J

lot

10

Tos273X

Temperaue (Degres C)

0.0-mm gap
0.1-mm gap
0.2-mm gap
03-mm gap
0.4-mm gap
0.5-mm gap
0.6-mm gap
0.7-mm gap
0.8-mm gap
0.9-mm gap

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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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.

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

j:=0..s0 range from 0 to 10 with an Interval of 1

gapj :=j-0.OOO1-m

0.0
'~0.1

0.3
4 0.

gapj = 0

,1
-0.7

range of shell gap sizes between the shells from which
the outer shell stresses are to be calculated

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

r, := 0.727*m inner shell inner radius

thb:= 0.050-m inner shell thickness

R 1:= q + thi inner shell outer radius

Ro:= RI + gap

th := 0.020-m

r.:= R + th0

L :=4.585m

Material Properties.

a,:= 17.10 6-
m-l

aa,11y22 :=12.6.10- m
M1.)

GPa:= 10OPa

outer shell inner radius

outer shell thickness

outer shell outer radius

inner cavity length

Gap

mean coefficient of thermal expansion for 316NG SS

.- 106 (Section 5.1.1)
(9 in-degF

L mean coefficient of thermal expansion for Alloy 22

( 7.0.10 6 ) (Section 5.1.2)
* 7. in-degF)

6 : 3M~a:=0 lePa ksi:= 10 .psi

E,:=206-GPa

Es := 195.1.GPa

E0 = 29.910 -psi

Ei = 28.3 10 pi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

vo:= 0.278

vl:=0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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i

KY.:= 73-

- 1m-K

inner shell thermal conductivity 10.0 BT (Section 5.1.1)
* - V hr-ft-deg F)

outer shell thermal conductivity (7.75 Br (Section 5.1.2)

ry~alj2: 222MPa ay. aioY22 = 32.2 ksi outer shell yield 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 boundary temperature range is used for all waste packages
(Section 5.1.4)¶ Room temperature at20 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.

T05 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.

293

330

357

381

411

426

443

468

493

502

512

K * outer shell outer
- surface temperature

0.0

11799.9

11762.5

10846.7

7192.8

7191.7

7182A

7102.3

6856.1

6540.6

61583

W overall heat transfer
rates (Section 5.1.5)

* . . ! -' .. I _ . . . -
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell Inner
surface temperature range, Tjs, Is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with T03 values. For this part of the calculation R and Ro
are equal to each other (Assumption 3.5).

(ro ' (CIII
- + : )1 q J +Tog
2 *nL.Ki 2.ir.L.K 0

* Outer Shell

I Inner Sheil

I

TIS T2  Tox
qr _ O/AOAAO

4,"R'r)
2-n-.L-Ko

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

AT1s:= Tis - 293K inner shell inner surface temperature change

ATo5 := Tos - 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 expansion'

£ a (AT) where c 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)).

Since c = 6 (change in length per length), solving for the change in length, 6, yields the.
equation for thermal expansion along a radius:

6= a R AT where 8 is the change in radial length, a is the coefficient of thermal expansion, R
is the radial length, and AT is the change in temperature.

8 .:= a,-Rj-ATks change In size of the Inner shell outer radius

T
Lo := Ctalloy22 RoATOS change In size of the outer shell inner radius

A:=(I I I I I I I 1 I I 1) This 1x1i row vector is used to expand the 1x1 column
vectors Into matrices compatible with the 60 11 xi1 matrix.

6 :=ATST - RI - gap-A Interference between shells

Ro := Ro-A outer shell inner surface radii 1lxi column vector, expanded to
an lx1l matrix

ro r0-A outer shell outer surface radii 11xi column vector, expanded to
an 11xi1 matrix

Pressure, p, due to an interference fit Is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

p
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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:

E p.(RO)' r ro 2j
[r2 21 r21L --R0oj

outer shell outer surface tangential stress (MPa).

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

a;,j L + outer shell inner surface tangential stress (MPa)

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.

a 10g5 5 10°76-y Andy2 10% yield strength

c 10 = 22.2MPa

20% yield strength

a 20% = 44A MPa
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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.

gapj =
0.0
0.1

0.2

0.3

0.4
0.5
0.6

0.7

0.8 :

0.9

1.0

nun

CFS=
J .10

140.9
122.4

103.9

85.5

67.0

48.5

30.1

11.6

-6.9

.25.3

-.43.8

MPa

.1

I .

I .

I..- --
I I .. .-

. " " -, 7
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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. -

. ', I , - I I

OS Outer Surface Tangential Stress

a* Ooojle,>
10'

leo j

106

_____

e"2J

10'

le,3
106

UR 106
,le"

_____

6J
%a l

-----

6

106

le

lo,
-----

T0, 1-273K
Tempeatur (Degees C)

0.0-mm gap
0.1-mm gap
0.2-mm gap
03-mm gap
0.4-mm gap
0.5-mm gap
0.6-mm gap
0.7-mm gap
0.8-mm gap
0.9-mm gap

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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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 '
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

mm

a3 =CisJ .10=

144.5
125.6
106.6
87.7
68.7
49.8
30.8
11.9
-7.0

-26.0
-44.9

MPa
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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.

Parameterj provides a range from 0 to 10 with an interval of 1.

j :=O..10 range from 0 to 10 with an interval of I

gapj:= j-.OOOI rm

0.1
0.2

~'0.3
0.4

gapj= 0

0.7

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):

ri := 0.549-m inner shell inner radius

thi:= O.050-m inner shell thickness

R.:= r + thi inner shell outer radius

Page IV-2

RO:= RI + gap

thO:= 0.020-m

r. := Ro + tho

L:= 4.585m

outer shell inner radius

outer shell thickness

outer shell outer radius

inner cavity length

Gap

Material Properties.

a,:= 17-.16-6m
m-K

aajjOy22 := 12.6-10-6 m
m.1

GPa:= 1099Pa

mean coefficient of thermal expansion for 316NG SS

(9.7.106 ) (Section 5.1.1)

-mmean coefficient of thermal expansion for Alloy 22

(7. 0.107 (Section 5.1.2)

3MWa:= 106.Pa ksi:= 10 .psi

EO:= 206-GPa

E;:= 195.1-GPa

E = 29.910' psi

Ei = 28.3 106 .psi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

VO:= 0278

vi:= 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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K1:=17.3W
m-K

KB:= 13.4
m-K

inner shell thermal conductivity 0 U ) (Section 5.1.1)
r sl t l c t (. - ( n hr-51)degFJ

outer shell thermal conductivity (7.75 h IidF (Section 5-1-2)

0 y.alloy2 := 222Mpa ayxioy22 = 32.2 ksi outer shell yield 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 boundary temperature range Is used for all waste packages
(Section 5.1.4). Room temperature at 2O 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.

T0s represents the temperature range values (Kelvin) of the calculation. qr 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

330

357

381

411

426

443

468

493

502

512

K outer shell outer
- surface temperature

0.0

11799.9

11762.5

10846.7

7192.8

7191.7

7182A

71023

6856.1

6540.6

61583

W overall heat transfer
rates (Section 5.1.5)
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, T15, is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with T03 values. For this part of the calculation Ri and Ro
are equal to each other (Assumption 3.5).

Outer Shell

InnerShel

Tis = -q + T 1

TI)~~{e ___ q0+~
_~22-7L- 2-s-L-2Koi

Ti K

383.8

419

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

ATis:= Tis - 293K * inner shell inner surface temperature change

ATot := T.3 - 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 expansion:

£ cc (AT) where c 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)).

Since c = , L (change in length per length), solving for the change in length, 6, yields the
equation for thermal expansion a ong a radius:

8 = a R AT where 6 is the change in radial length, a Is the coefficient of thermal expansion, R
Is the radial length, and AT Is the change in temperature.

6 :=a c'-RrAT ; change in size of the inner shell outer radius

T .
8, := aajj~y22 R. AT03 change In size of the outer shell inner radius

A:=.(I I I I I I I I I I) This 1x1i rowvectoris used to expand the I1xi column
vectors into matrices compatible with the 60 1I xiI matrix

6 A= gp - 6 A - gap.A interference between shells'.

RO := Ro-A . outer shell Inner surface radii 1lxi column vector, expanded to

r. roA outer shell outer surface radii 1I xi column vector, expanded to
an 11x11 matrix

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

P
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The tangential stresses at the Inner and outer surfaces of the outer.shell are found in this section.

O. 1
Outer shell tangential stress (Ref. 17, page 59, eq. (2-50), first eqluation) at the outer surface:

[f l ( r
outer shell outer surface tangential stress (MPa)

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

[ Xp(R)2 ( rO2
Cris:= [I -2 I 1+ ~

- R i 2R I

outer shell inner surface tangential stress (MPa)

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.

CTO% := I0%/. 7yAny2n 10% yield strength

aov. = 22.2MPa

a2o% := 2tr/b-ay22 20% yield strength

a20% = 44.4 MPa
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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.

gapj =
0.0
0.1
0.2
0.3
OA
0.5
0.6
0.7
0.8
0.9

1.0

mm

Jr "S 10 '

141.3
117A
93.5
69.6
45.8
21.9
-1.9

-25.8
-49.6
-73.5
-97.3

MPa

.1 I . .

. I .1

t .
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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

eaioJ

loe

. I 6

---

6

a64J10I

X 106

a o6J

I6

106

id'
0

019J

10i

0
019J

lo
10.

T., -273K
*T1rnpelabue (Degreas C)

- 0.0-mm gap
--0.1-mm gap

- 0.2-mm gap
- - 03-mm gap

- 0.4-mm gap
-0.5-mm gap

-- 0.6-mm gap
- - 0.7-mm gap
- 0.8-mm gap

----- 0.9-mm gap

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for Informational purposes only.
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L I . I. I ; r -; ! , . . I

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
0.2

0.3

OA

0.5

0.6

0.7

0.8

0.9

1.0

nun

a13 =
CisJ .10=

146.1
121.4

96.7

72.0

47.3
22.7

-2.0

--26.7

-51.3

-76.0

-100.6

MPa

. I -

* . I . . . i
.;

e , _ . I I, I I .

. .- ,', b , . I

.. . ,

_~ . I

. ,
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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

To,-273K
Temnpeture (Drees C)

0.0-mm gap
0.1-mm gap
0.2-mm gap
0.3-mm gap
0.4-mm gap
0.5-mm gap
0.6-mm gap
0.7-mm gap
0.8-mm gap
0.9-mm gap

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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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.

Parameter j provides a range from 0 to 10 With an interval of 1.

j 0O.. 10 range from 0 to 10 with an interval of I

gapj :=j.O.O0Ol-m range of shell gap iizes between the shells from which
the outer shell stresses are to be calculated

0o.3
j 0.1

0.2

0.3

= 0.



Xa-

Attachment V: CAL-EBS-ME-00001 I REV 00
TEVarGapCalcs 12PWR Vl.O.mcd

Page V-2

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

r1 := O.555-m inner shell inner radius

* thl:= 0.OS0m inner shell thickness

RI := + + thi inner shell outer radius

Ro:= Ri + gap

tho:= 0.020-m

r. := RO + tho

L := S.121m

outer shell inner radius

outer shell thickness

outer shell outer radius Gap

inner cavity length

Material Properties.

a,:= 17-1076 K
mnK

aalloy2:= 12.6-10-6 m

GPa:= 109 .Pa

mean coefficient of thermal expansion for 316NG SS

( in-dgF~97.10- .--- (Section 5.1.1)

- mean coefficient of thermal expansion for Alloy 22

( I-deF(7.0.10- P (Section 5.1.2)

M~a:= 06.Pa ksi:= 103.psi

EO := 206.GPa

El:= 195.1.GPa

Eo - 29.9 106 -psi

El = 28.310 -psi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

VO:= 0.278

v := 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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KJ = 173- K
m-K

y 0:= 13.4-W
m*K

C~yMjy2:=222MWa

inner shell thermal conductivity (10.0 BU ) (Se
1. hr-fl-dgF

action 5.1.1)

'ction 5.1.2)outer shell thermal conductivity B7.7 TUr
I. hr-fi-degF)

(Se

OFrloy,22= 32.2 ksi outer shell yield 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 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.

TJo represents the temperature range values (Kelvin) of the calculation. qr 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.
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K .outer shell outer
surface temperature
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11799.9
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7102.3
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6540.6

61583

W overall heat transfer
rates (Section 5.1.5)
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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 T0, values. For this part of the calculation R1 and Ro
are equal to each other (Assumption 3.5).

U *sLK1= 2 L*Kqr- . 0

* Outer Shell

- Inner Shell

T., T2  To0
q, -_ O vA/

I,,(R)

2-n-L-Ki 2-n-L-Ko

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

ATj, := Ti - 293K inner shell inner surface temperature change

ATog := Ton - 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 expansion:

E = a (AT) where c 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)).

Since E = 5 I L (change in length per length), solving for the change In length, 6, yields the
equation for thermal expansion along a radius:

5= a R AT where 6 is the change in radial length, a is the coefficient of thermal expansion, R
is the radial length, and AT is the change In temperature.

:=as-Rj.ATi change in size of the inner shell outer radius

Tso := abloy22 RO ATOs change in size of the outer shell inner radius

A:=(1 1 I 1 1 1 1 1 1 1 1) This 1xi IrowvectorIs used to expand the I xi column
vectors into matrices compatible with the 8,0 I1 x1i matrix.

S A .S= - so - gap.A interference between shells

Ro:= RO-A outer shell inner surface radii I lxi column vector, expanded to
an 11x11 matrix

r,:= ro-A outer shell outer surface radii I 1x1 column vector, expanded to
an 11x11 matrix

Pressure. p. due to an interference fit Is found by the following equation (Ref. 17. pages 62 to 63,
eq. (2-59)):

p
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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:

[ p.(RO)2 ( r
. r0

2 - R.02 r2 1
outer shell outer surface tangential stress (MPa)

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

P.(R -()2 ( °
a13:= E 2 2 1 + 2 outer shell inner surface tangential stress (MPa)

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.

a1O% lO/O:= 10rya lov22 10% yield strength

calo% = 22.2MPa

a2m% := 2 0%o-cyh,1y22 20% yield strength

a 2W. = 44.4 Ma
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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.

gapj aosJIo 0

0.0 m 140.8 MPa
0.1 117.2
0.2 93.6

0.3 69.9
0.4 46.3
0.5 . 22.7
0.6 . -1.0
0.7 -24.6
0.8 -48.2
0.9 .- 71.8
1.0 . -95.4

- ...

- .�.¶ . .-. ,-.
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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
160J .

101,

~12

054 . A

CFJ 120, , /

a"E'J ' I0 6' 0

/ 4.4

10'

0196, . ...... . .- - -- O -- - - - - -/ .... W...;.._ .......... IL---.

2 1

to,

0.0-mm gap
0.1 -mm gap
0.2-mm gap
0.3-mm gap
0.4-mm gap
0.5-mm gap
0.6-mm gap
0.7-mm gap
0.8-mm gap
0.9-mm gap

Tm, -273K

Tempenture (Degrea C)

The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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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

0.3

0.4
0.5
0.6
0.7
0.8
0.9
1.0

mnu

CisJ .10=

145.6
121.1

96.7
72.3
47.8

23A

-1.0
-25.4

-49.8

-74.2

-98.6

MPa

-, I- I %. I - .. I . I
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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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loe0132J

le4
a63
log

cb4j
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The 44.4 MPa and 22.2 MPa horizontal dashed lines
indicate 10% and 20% yield strength of alloy 22. These
lines are for informational purposes only.
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Various Shell Gap Sizes for the 5-DHLWiDOE SNF-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 provides a range from 0 to 10 with an Interval of 1.

j := O..IO0
:"-'' a'

, range from 0 to 10 with an interval of 1
.-1 . I .

gapj :=j-.O.OOOl-m :

0.0
: 0.1

02

. 0.3

gapj = 0

. range of shell gap sizes between the shells from which
the outer shell stresses are'to be calculated

I

nun
I .

. . I , , ; - - ____

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

ri := 0.940-m inner shell inner radius

th1 := 0.050-m inner shell thickness

RI:= ri + thi inner shell outer radius

R.:= RI + gap

th0 := 0.025-m

ro:= Ro + tho

L:= 3.590m

Material Properties.

a,,:= 17-1076 m

a IIOy22 := 12.6.10-6 -
M.]

GPa:= 169-Pa

outer shell inner radius

outer shell thickness

outer shell outer radius

I,

Gap

inner cavity length

mean coefficient of thermal expansion for 316NG SS

* (9.7 .106 idF) (Section 5.1.1)

L mean coefficient of thermal expansion for Alloy 22

7 0107- (Section 5.1.2)

M~a:= 106.Pa ksi:= 103.psi

E.:= 206.GPa

E1 := 195.1.GPa

E0 = 29.9106.psi

El = 283 106.psi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

vO:= 0.278

vi:= 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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Yq:=173*
mrn-

K; := 13A .
fln.K

inner shell thermal conductivity (10.0 b -d ) (Section 5.1.1)

outer shell thermal conductivity (7.7S BhJd (Section 5.1.2)

0y.aym22 := 222MPa ay.JWloy22 = 32.2 ksi * outer shell yield 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 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.

Tor represents the temperature range values (Kelvin) of the calculation. qr 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
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381

411

426
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502

512

K outer shell outer
surface temperature

0.0

11799.9

11762.5

10846.7

7192.8
7191.7

7182A

7102.3

6856.1

6540.6

6158.3

W overall heat transfer
rates (Section 5.1.5)
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Ti3, is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with T03 values. For this part of the calculation R4 and Ro
are equal to each other (Assumption 3.5).

Outer Shell

[ K 2 -L 2-.n-L- K q +T' s

Inner Shell

Y293.0

35.5

T =

~8 4.5

'4694.5

503.4

tp513.3

K

TK5  T2  To,
q,_ -. aVAV&.o

n(R)
in(tri )

2-x Lea~

I )

2-n;-L-K,

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

AT,$:= T1 - 293K inner shell Inner surface temperature change

,&TAs:= Tos - 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 expansion: -'

E = a (AT) where c 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)).

Since c = IL (change in length per length), solving for the change in length, 8, yields the
equation for thermal expansion along a radius:

6 a R AT where 5 is the change In radial length, a is the coefficient of thermal expansion, R
is the radial length, and AT Is the change in temperature.

81:= ass-Ri-ATh change In size of the inner shell outer radius

Bo := aj1y RO'^Tos

A:=(I 1 1 1 1 1 1 1 1

8:=A .8 -8 0 -gap A

change In size of the outer shell inner radius

1 I) This 1x1I row vector is used to expand the I 1x1 column
vectors Into matrices compatible with the . 1I x11 matrix.

interference between shells

outer shell inner surface radii 1 1x1 column vector, expanded to
an 11x11 matrix

ro :=r-A outer shell outer surface radii 11x1 column vector, expanded to
an 11x1I matrix

, I 1 .. ; .I ..

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

p
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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:

a = .I 2 1
Lro _i~ To r2

outer shell outer surface tangential stress (MPa)

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

a;, (= - + ° outer shell inner surface tangential stress (MPa)

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.

ado. := 10'I'"Y.21l0M 10% yield strength

ajoy = 22.2 MPa

a2o% := 20°/S0'cy.2lloy2 20% yield strength

a20%h = 44.4MPa
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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.

gapj =
0.0
0.1
02

0.3
0.4
0.5

0.6
0.7 .
0.8
0.9
1.0

mm

0S=
J *10

131.4
117.9
104.4

90.9
77.4
63.9

50.4
36.9

23.4
9.9

-3.6

MPa

.. - - . . . !
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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
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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 = jo;

0. n Eu! MPa i
0.1 II
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0.3 e
0.4
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0.7
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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 2-MCO/2-DHLW 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 provides a range from 0 to 10 with an interval of 1.

j:= O.. 10 range from 0 to 10 with an interval of I

gapj :=j-.O.O01.m range of shell gap sizes between the shells from which
the outer shell stresses are to be calculated

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

r1 := 0.792-m inner shell inner radius

thi := 0.050-m inner shell thickness

RI:= r1+ thi inner shell outer radius

Page VII-2

Ro:= Ri + gap

tho := 0.025-m

ro = R, + tho

L := 4.617m

outer shell inner radius

outer shell thickness

outer shell outer radius

inner cavity length

Gap

Material Properties.

a,:= 17-1076 m
m.K

aalloY22:= 12.6.106 m

GPa:= 109-Pa

mean coefficient of thermal expansion for 316NG SS

(9.7.1(f 6  in d ) (Section 5.1.1)
(9 in-degFJ

- mean coefficient of thermal expansion for Alloy 22

k7.0o107 dnF) (Section 5.1.2)

MPa:= 106-Pa ksi:= 10 *psi

EO:= 206-GPa

E; := 195.1-GPa

Eo = 29.9106 psi

E1= 283 le-psi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

v0 := 0.278

v1 := 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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KI := 17.3-- , rinner shell thermal conductivity (10 -BTEJ
m-K ,hr-ft-dpi

KO 13.4- outer shell thermal conductivity (7.75
m-K hr-ft-de8

- Page VII-3

(Section 5.1.1)
(Seti . on. .1.

-F (Section 5.1.2)

aryA1y:- 222MPa ' ,0 y.W1oy22 = 32.2 ksi outer shell yield strength at 260 degrees C
(Section 5.1.2) ;, :

I . !, . , i
.~~ *,t,

I. I I I - I

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 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. qr 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.

293I .-
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K .outer shell outer qr :=

: surface temperature

0.0

11799.9
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10846.7
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7191.7

7182.4

71023

'6856.1

6540.6

61583

,~ .. . .

. L

1 F . , ..

I-

. I .

W overall heat transfer
rates (Section 5.1.5)

: r - ': ,~ . . 1 -~ - .
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Using heat transfer methods for a composite cylindrical wall, illustrated here, the inner shell inner
surface temperature range, Tb, is found by the following equation (Ref. 16, page 92, eq. (3-29)).
These temperature values correspond with T03 values. For this part of the calculation R and Ro
are equal to each other (Assumption 3.5).

Tis:=ft IJ + _ qr
2-7x-L-K, 2n-L-K

* Outer Shell

_ Inner Shell

T1, T2 Toz

IrR)

2-n-L-K

)tJ
2-7a-L-Ko

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

ATis := Ti - 293K inner shell inner surface temperature change

ATo5 := Tos - 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 expansion:

E = a (AT) where c 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)).

Since £ = 8 I L (change in length per length), solving for the change in length, 8, yields the
equation for thermal expansion along a radius:

8 = a R AT where 6 is the change In radial length, a Is the coefficient of thermal expansion, R
Is the radial length, and AT Is the change In temperature.

j:=cats-Rj-ATj5  change In size of the inner shell outer radius

T8.=ajj..mR,0AT. change In size of the outer shell inner radius

A:=(1I I I I 1 1 1 I

8:= A.87 - 0 - gap-A

1 I) This 1x11I row vector is used to expand the 11Ix1 column
vectors Into matrices compatible with the 80 11xi1 matrix.

Interference between shells

outer shell Inner surface radii 11xi column vector, expanded to
an I1xi1 matrix

ro:= r0 -A outer shell outer surface radii 11xi column vector, expanded to
an I1x1i matrix

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

p-
8

(T2 Ro2 Ri:R 2 +ri2

- E Fro2 _ 7 1 ; 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. 17, page 59, eq. (2-50), first equation) at the outer surface:

_ _=_[ (1 + r.2)

[r2 721 21
-r R 0 o

outer shell outer surface tangential stress (MPa)

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

[ 2Ro+2

2Y'
II

J11
outer shell inner surface tangential stress (MPa)

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.

erOrs:= 'Ot/%-ay.alloy22 10% yield strength

I s. = 22.2 MPa

a2W= = 2 00/-ayalloy22 20% yield strength

a20% = 44.4 MPa
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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.

gapj =
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

mm 130.9
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-11.6
-27.5

MPa
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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
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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.
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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 Naval SNF 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.

et* o

PararneterJ provides a range from 0 to 10 with an interval of 1.

j := O.. 10 ' * 'O

gapj :=j.0.0I0 m

C
gapj =

).O
O.1
on

F.3
.4-
i-.5
0.6
U~

range from 0 to 10 with an interval of I

range of shell gap sizes between the shells from which
the outer shell stresses are to be calculated

fmm-; -:

I
L

-c

1.
0.;

0 . 1 : . - I
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Dimensions of the waste package cross section
and the inner cavity length (Section 5.1.3):

ri:=0.8595-m inner shell inner radius

thl:= 0.050-m inner shell thickness

RI := r1 + thj inner shell outer radius

Page VII-2

RO:= R1 + gap

tho:= 0.025-m

ro = RO + tho

L:= 5.415nm

outer shell inner radius

outer shell thickness

outer shell outer radius

inner cavity length

Gap

Material Properties.

a,,:= 1710 m
m-K

aaloyM:= 12.6-1076 m
m*K

mean coefficient of thermal expansion for 316NG SS

(9.7-10 6  ind ) (Section 5.1.1)
(9 in-deg Fi

mean coefficient of thermal expansion for Alloy 22

(7.0-10-6 in F) (Section 5.1.2)
in6deg F

GPa:= 109 .Pa

E := 206-GPa

E1:= 195.1-GPa

MPa:= l0 *Pa

Eo = 29.9106 psi

El = 283 106°psi

ksi:= 103 psi

outer shell elastic modulus (Section 5.1.2)

inner shell elastic modulus (Section 5.1.1)

vO:= 0.278

VI:= 0.298

outer shell Poisson's ratio (Section 5.1.2)

inner shell Poisson's ratio (Section 5.1.1)
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K;j:= 17.3.-
m-K

Ko := 13.4 -

Inner shell thermal conductivity (10.0 ) (Section 5.1.1)

outer shell thermal conductivity (7.75 BTUd ) (Section 5.1.2)

UyaI1oy222 222MPa ay.aloyn2 = 32.2 ksi outer shell yield 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 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.

T03 represents the temperature range values (Kelvin) of the calculation. qr 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

330

.357

381

411

426

443

468

493

502

512

N

0.0

11799.9

11762.5

10846.7

7192.8

7191.7

7182A

7102.3

K outer shell outer
surface temperature

W overall heat transfer
rates (Section 5.1.5)

6856.1

6540.6

6158.3

.. . . I ,.
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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 T03 values. For this part of the calculation R and RO
are equal to each other (Assumption 3.5).

Inner Shel

Tis T2 T.s

In( R.)
2-n -L Ki

R

2-n-L-K,

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

ATis := Tis - 293K inner shell Inner surface temperature change

ATos := To3 - 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 expansion:

E = a (AT) -where c 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)).

Since c = 8 L (change In length per length), solving for the change in length, 8, yields the
equation for thermal expansion along a radius:

c= R AT where 8 Is the change in radial length, ca Is the coefficient of thermal expansion, R
is the radial length, and AT is the change in temperature.

a8.:= -RI-ATi3 change In size of the inner shell outer radius

TA0:= aa1 oy221 1R 1O.1
I. . I . - .

A:= (I I I I I.

change in size of the outer shell inner' radius
.

1 1 1 I) This lxII row vector is used to expand the 11xI column
vectors into matrices compatible with the B. I IxI matrix.

8 A .81 - S - gap-A ; interference between shells
I 1;1 i, I �: "- , --.; .'� -

R, := R-A outer shell Inner surface radii 11Ix1 column vector, expanded to
an 11xI1 matrix - l

r, = 0*A outer shell outer surface radii I lx1 column vector, expanded to
an I1x1l matrix

Pressure, p, due to an interference fit is found by the following equation (Ref. 17, pages 62 to 63,
eq. (2-59)):

8 1
R. (ro+ R ' Ri Ri 2 2 I
P [[+vO +2. -v. I 2

-0 -rR0 E_ R, ri
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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:

a [ 2 *21 2I+
r3 -R0

outer shell outer surface tangential stress (MPa)

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

ai,:=[P P. Qo)2{ + J2 )
outer shell inner surface tangential stress (MPa)

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.

1 0 %ay.&IIoy22 10% yield strength

a1O% =22.2MPa

a20 /, := 2 0 6-ay.alloy22 20% yield strength

a2O% = 44.4 MPa
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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.
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0
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 corresponding gap size.
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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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Thermal Expansion for a Long Circular Cylinder

This attachment will verify the basic equation for thermal expansion through the radius of a
cylinder. The equation is as follows:

6 = a.R-AT

where
5 Is the change in radial length,
a is the coefficient of thermal expansion,
R is the radial length,
and AT is the change in temperature.

1� .

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 or, ac, and az, respectively. The
displacement due to thermal expansion is given by u. Since the temperature gradient through
the barrier thickness is negligibly small, AT is Independent of the radius, r.

I +v 1 t C2u - .a---. AT-rdr + C-r +- (1)
l-v r r

ar a E I lAT-rdr+ E Cl C2) (2)
I-v f2 I +V vT 1-2v J

a-E I F a-E-*AT E C1  C2aoATrdr - + 1- + - (3)
I v rV J I- I v I _-2V r2

a-E-AT 2-v.E-C]
a+* (I + v)(I -2v)

. i
. . f

where

v Is Poisson's ratio,
a is the coefficient of thermal expansion,
E Is the elastic modulus,
r Is the radial length,
a Is the inner radius,
and AT is the change In temperature.

I

; I. . ..
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Integrating and simplifying equation (2) gives

a-E E (C 1  C2'
I -v r2a I +v _1-2v 2)

ar = a-AT -a2-AT) +- Cl i
I-v r7 2 2 I +v I-2v 2

a-E AT a2 E Cl C2a Er 5- . I -- + - (5)
I -v 2 r2 I +v I -2v r

Using eq. (5), C2 is found in terms of C, by using the following boundary condition:

For r= a, ar = 0.

C2  - .a2.Cl (6)
1 -2v

C2 is substituted Into eq. (5).

a-E AT a2 E r I Ia2
Cy = ._. I __ + - - a*.I

1-v 2 r ) I+ v-2v 'J9J

a-E AT ( a2) C-E ( a2a - .-. 1--+- .I1-
r I 2 r2) (I + v)-(l - 2v) r2

r a-E AT C1 -E a2)
ar I - v 2 (I + v) .l -2v)] (7r2

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

For r = b, ca, 0. where b is the outer radius.

(I + v)((l - 2Rv)
-I -

2(1 -v)
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Substituting C1 Into eq. (6) produces C2.

- -Page IX-3

I . , .- .

I2 n-L.2:(1+v).( 2.~V) ' ,C2 = 1 , Va(1T
I -2v 2(1 -V)

1

. I ! .

C2 (+V) a2aAT
2(1 -V

1 4 1 -

. '. , 1 ,

. I

" - i

.. I .,

( ) . I

(9?
, . .I

.. . .I

C1 and C2 are inserted into eq. (5) to determine the radial stress, %p

a-E AT ( a2) E r I
CTIr -.

1 -v 2 12 I+ v I -2v

-) *

(14 +V)-(i - 2-V) *
.. 1 - v tAl^

I I (1+v) 2 J 1

-. a aA

Reducing the equation yields

Cr= 2( a AT (I -

.. I .1 - -; . , ........... ... .

E (I + V) T (+ V) aAT1

1+ L2(1-V) 2(- V) 2 - --

=2(- ) A { + "yz A { ~ -$ J 1ar = a-AT0 _ a I -

VT J+ 1-v - . _ .I . ... ... :

(10)

C1 and C2 are inserted into eq. (3) to determine the angular stress, a0.

a-E I r f Trd a-E.AT E I (I + v).(1 2V)AT (I +v) a2ATl
I -v 2 I - V I+v 1-2v 2(1 - v) 2(1-V) 2

J
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Reducing the equation yields

a-E I 1I 1 a-E-AT E r (I+v) ( +v) a2  1
ao= -. -. AT.(?r- aJ_2) - + - .( )a-AT + *--a-AT

I r- v L2  v I + v 2-1 -v) 2.(I -v) r2

a8 = _*a-AT.(I - -.j_ E a.AT + E )-CeAT I +
2( -v)T - 2J I - v 2-(1 -v) ?

aO- = ( T r2 - E AT- (I+ 2

( 2(1 - .a.2( + -v) ( r

aO =0 (11)

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

a.E-AT 2.v.E.C1az -v + ( V( +C3 O (12)

Using eq. (12), C3 Is found by substituting C1 into the equation.

a-E-AT 2.v.E (I + v).(I - 2-v)

C3=I - v ( ) 2-v) -2(1 - v) aA

Reducing the equation yields

C3 = 'a-AT. - AT
-v v

C3 = - *-^ I -v)
I v

C3 = E a-AT (13)
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The displacement u, is affected by the axial stress C3. A term -vC3r/E must be added on the right
of eq. (1) (Ref. 19, page 445).

I + v 1 -rC V.C3.r
u + V- AT-rdr+Cj r+ -+

l-v rJa r E
(14)

C., C2, and Cj are inserted into eq. (14) to determine the radial displacement.

u = *+var aTrdr + (I + v).(l - 2.v) .atiAT r + I (I + v) a2.c.AT+ vEcazAT-r
I-v r a 2(1 - v) r 2(1 -v) E )

Reducing the equation yields

1 +v I ( 2) (I + v)( -2-v) (I+ v) a2

U = . *-acAT*(tr - a + c c .A&Tr + v*-,cz*AT - v--r.AT
2(1 -v) r 2-(1 - v) 2(1 -v) r

u - *aAT.I(r -- i+ (r -2-- -)- v.cc.r.AT

2(1 - v) a _r _

(2 L

U IG a -/T. ( +r - 2-v-r) v a_ -rAT

1 + v
2.1- ).a.AT.(2r 2- v-r) - vCz-r.AT

I + v
u * ;w-t-.r-AT(I- - v)-v-a-r.AT

u = (I + v).--r-AT - v-a-rAT

u a a-r.AT (IS)


