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SOFTWARE RELEASE NOTICE

1. SRN Number: S RA I 2 2- ; -7

2. Project Title: RDTME Project No. 20.01402.671

3. SRN Title: Dtherm v. 1.1 for Mathcad 2000 Professional (Service Release 2a)

4. Originator/Requestor: Andrew J. Grohmann Date: May 28, 2002

5. Summary of Actions

O Release of new software 0 Change of access software

Release of modified software: l Software Retirement

A Enhancements made

l Corrections made

6. Validation Status

0 Validated

o Limited Validation

Not Validated Explain: Scheduled for October 2002

7. Persons Authorized Access

Name Read Only/Read-Write | Addition/Change/Delete

Dr. Doug Gute Read - Write Addition/Change/Delete
Andrew J. Grohmann Read - Write Addition/Change/Delete
Brittain Hill Read Only

8. Element Manager Approval: ACI4 Date: ( J Q3 adz

9. Remarks:

Password protected version of the program is available to all CNWRA and/or NRC staff.
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SOFTWARE SUMMARY FORM

01. Summary Date: 02. Summary prepared by (Name and phone) 02. Summary Action:
5-29-02 Dr. Doug Gute ext. 2307

Andrew J. Grohmann ext. 6877 REPLACEMENT

03. Software Date: 04. Short Title: Dtherm
5-29-02

06. Software Title: Dtherm v. 1.1 for Mathcad 2000 Professional (Service Release 2a) 07. Internal Software ID:

08. Software Type: 09. Processing Mode: 10. Application Area

D1 Automated Data System Interactive a. General:

4 Scientific/Engineering [1 Auxiliary Analyses
[1 Computer Program L2 Batch [ Total System PA

D2 Subsystem PA [1 Other|
iSubroutine/Module [1 Combination l

b. Specific: Approximates differential thermal expansion
stresses in the waste package

I1. Submitting Organization and Address: 12. Technical Contact(s) and Phone:
Andrew J. Grohmann

CNWRA/SwRI
6220 Culebra Road Dr. Doug Gute Ext. 2307
San Antonio, TX 78228

13. Software Application:
Software calculates the stresses in the waste package due to differential thermal expansion.

14. Computer Platform 15. Computer Operating 16. Programming 17. Number of Source
PC System: Windows NT 4.0 Language(s): Mathcad 2000 Program Statements: 500

18. Computer Memory 19. Tape Drives: 20. Disk Units: 21. Graphics:
Requirements: 32 MB N/A N/A Open GL

22. Other Operational Requirements
Mathcad 2000's latest service release should be installed (2a at the time this was written).

|23. Software Availability: 24. Documentation Availability:

| 1 Available -\ Limited C1 In-House ONLY 71Available [1 Preliminary [1 In-House ONLY

25.

Software Developer: /dx Date: 3 2°u2
CNWRA Fln- TOP-4-1 ((<5/981



CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
QA VERIFICATION REPORT

FOR
- DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE -

Software Title/Name: b "er 1. \
Version: \

Demonstration workstation: _

Operating System: Lie.%S ,JT Lt s Ha
Developer: * .we vo

Software Requirements Description (SRD) [TOP-018, Section 5.3]

SRD Version: _____ _

SRD Approval Date:

SRD and any changes thereto reviewed in accordance with QAP-002 requirements?

Yes: O No: O N/A:

Is a Software Change Report(s) (SCR) used for minor modifications (i.e., acquired code), problems or changes to a
configured version of software?

Comments: se"L. SC4 re\s1ee 5C/t 440T, Yes: V/ No: O N/A: O
Comments:

Software Development Plan (SDP) [TOP-018, Section 5.4]

SDP Version:

SDP (EM) Approval Date:

The SDP addresses applicable sections of TOP-018, Appendix B, SDP Template?

Yes: O No: O N/A:

Is the waiver (if used) in accordance with specified guidelines?

Yes: O No: O N/A:

Comments: -f- Scd ,e G e- f6 •Cv - q o

Design and Development [TOP-0 18, Section 5.5.1 - 5.5.4]

Is code development in accordance with the conventions (i.e., coding conventions)described in the SDP/SCR?

r X ~~Yes: O No: O N/A: 91
Module(s) Reviewed:

Comments: tJ \4 l
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
QA VERIFICATION REPORT

FOR
-#DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE -

Is code internally documented to allow a user to understand the function(s) being performed and to follow the flow
of execution of individual routines?

Yes: E No: 0 N/A: Mo

Module(s) Reviewed:

Comments: ALES 0

Is development of the code and informal module/subroutine-level testing documented in scientific notebook and/or

SCR? Yes: TV No: O N/A: 0

SCR's and/or Scientific Notebook(s) Reviewed: S5c4 X40*

Comments: fCS 2.r- 'i i.-0,00

Software designed so that individual runs are uniquely identified by date, time, name of software and version?

Date andTime Displayed: - 1 W A l- 3 Yes: i 7 No: O N/A: l

NameNersion Displayed: kr \. t

Comments:

Medium and Header Documentation [TOP-018, Section 5.5.6]

A program title block of main program contains: Program Title, Customer Name, Customer Office/Division, Customer
Contact(s), Customer Phone Number, Associated Documentation, Software Developer and Phone Number, Date, and
Disclaimer Notice? /

Yes: Vt No: El N/A: El

Comments: g; et S a 4 oI

Source code module headers contain: Program Name, Client Name, Contract reference, Revision Number, Revision
History, and Reference to SRD/SCR requirement(s)?

Yes: E No: O N/A:

Module(s) Reviewed:

Comments: C j 5!
The physical labeling of software medium (tapes, disks, etc.) contains: Program Name, Module/Name/Title, Module

Revision, File type (ASCII, OBJ, EXE), Recording Date, and Operating System(s)? Yes:
Ye: l No: El N/A: El

Comments: f r
So CC Q/ otRatN )
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
QA VERIFICATION REPORT

FOR
-DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE 4

Code Reviews [TOP-018, Section 5.5.6]

Are code reviews (if implemented) documented in a scientific notebook or in another format that allows others to
understand the code review process and results?

Yes: O No: O N/A:Q'

Documented in Scientific Notebook No.:

Comments: l

Acceptance and Installation Testing [TOP-018, Section 5.6]

Does acceptance testing demonstrate whether or not requirements in the SRD and/or SCR(s) have been fulfilled?

Yes: MO/No: O N/A: OJ

Has acceptance testing been conducted for each intended computer platform and operating system?

Yes: l& No: O N/A: O
Computer Platforms: S Operating Systems: W -'j

Location of Acceptance Test Results: SC.& & Lfo-1

Comments: tm Y E en -" '/
A CostFsA --a. ,_W

-Of
Has installation testing been conducted for each intended computer platform and operating system?

Yes: I/ No: C N/A: O

Computer Platforms: re Operating Systems: P7d > wrr

Location of Acceptance Test Results: 5 -IL ! 40

Comments:

User Documentation [TOP-018, Section 5.5.7]

Is there a Users' Manual for the software and is it up-to-date?
,, ~~Yes:QO" No: O N/A:lJ

User's Manual Version and Date: •V Yes: O i No: C3 L{ -°

Comments:
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
QA VERIFICATION REPORT

FOR
-#DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE 4-

Are there basic instructions for the installation and use of the software?

Location of Instructions: sc tYe No: El N/A:O

Comments:

Configuration Control [TOP-0 18, Section 5.7, 5.9.31

Is the Software Summary Form (Form TOP-4-1) completed and signed? Yes: No: C3 N/A: I

Date of Approval: __ _ _ _ _t

Is the list of files attached'the Software Summary Form complete and accurate?
- ~~~~~~~~~~~~~~~Yes:ln/ No: C3 N/A: O3

Comments:

Is the source code available or, is the executable code available in the case of (acquired/commer ial codes)?
^ ~~~Yes: Do No: 0 N/A: O

Location of Source Code: tN Ado Ad
Comments:

Have all the script/make files and executable files been submitted to the Software Custodian?

Location of script/make files:. Yes: No: 0 N/All

Comments:

Software Release [TOP-018, Section 5.9]

Upon acceptance of the software as verified above, has a Software Release Notice (SRN), Form TOP-6 been issued
and does the version number of the software match the documentation?

Yes:I No: 0 N/A: 0

SRN Number: 8 f§.)- a' 0-i
Comments:
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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES
QA VERIFICATION REPORT

FOR
- DEVELOPED OR ACQUIRED TO BE MODIFIED SOFTWARE 4

Software Validation [TOP-0 18, Section 5.10]

Has a Software Validation Test Plan (SVTP) been prepared for the range of application of the software?

Yes: O No: l/ N/A: O

Version and Date of SVTP:

Date Reviewed and Approved via QAP-002:

Comments: 5 1QCCJ\4) A_.,. .' k AS G B

Has a Software Validation Test Report (SVTR) been prepared that documents the results of the validation cases,
interpretation of the results, and determination if the software has been validated?

Yes: C No: W/ N/A: O
Version and Date of SVTR:

Date Reviewed and Approved via QAP-002:

Comments: § C-Livt Ax -- OXo j-

Additional Comments: 6 2

Software Developer/Date S'oftwareCustian/Date

040) Page 5 of 5
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Release Version: 1.1

Client Name: USNRC

NRC Contract: NRC 02-97-009

Programmed by:

Andrew J. Grohmann
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1.0 SOFTWARE FUNCTION

The purpose of this software is to calculate the stresses and displacements of the inner

and outer barrier of the waste package due to differential thermal expansion. This

software will create 2-D plots of the radial displacement, radial stress, "hoop" stress, and

von Mises stress as functions of radius for the inner and outer barrier. The user will be

able to input all the material properties, waste package dimensions, temperatures, and

internal and external pressures exerted on the waste package. The software will also be

able to create 3-D plots of the von Mises stresses as functions of radial gap and axial gap

for both the inner and outer barrier. The data for the 3-D plots is also outputted to a

text file that can be re-opened in Mathcad, Microsoft Excel, or a similar program.

2.0 TECHNICAL BASIS: PHYSICAL AND MATHEMATICAL MODEL

The problem was to derive a closed-form method for approximating the stresses due to

differential thermal expansion stresses in the waste package. The governing equations all

come from the theory of elasticity and the full derivation is presented in scientific

notebook 472E. The following equations are the main equations that are needed in the

program.

r 2 r

w(z) = [(I f - v.(Gr(r) + d C(r))1 + -
r 1

E.d (I + v).- [ T(r)-rdrl
-E-Cl E-C2 dr[ rr J ro-T(r) E Eo v Fr c Yzv

a (r) = _ [ t( - )r dr - (v -i)



-EBC1 E C2 dr[ r JJri E EaT(r) E ax r oz V

cy0(r) = ( ) + [ 1 - (v - 0. + v) + EV .T1)- [ T(r)(rdr - i)

Ovon(r) = j (fOr(r) -_(3(r)) + (yoo(r) - CFz) + (az - (Yr(r))2]

There are four different cases that affect the stresses in the waste package. As the inner

barrier expands, it may or may not come into contact with the outer barrier. This leads

to four different cases. Case 1: The inner barrier never comes into contact with the

outer barrier in either the axial or radial directions. Case 2: The inner barrier comes into

contact with the outer barrier in the radial direction only, without coming into contact in

the axial direction. Case 3: The inner barrier comes into contact with the outer barrier in

the axial direction only, without coming into contact in the radial direction. Case 4: The

inner barrier comes into contact with the outer barrier in both the axial and radial

directions. These four cases present four unique solutions to the problem. In order to

test to see which case is applicable, the radial and axial displacement equations will be

used. The inner barrier will come into contact with the outer barrier in the radial

direction when:

r + ui(r2) = r3 + uo(r3)

So if the following condition is true, Case 2 or Case 4 applies.

rQ + ui(r 2) 2 r3 + uo(r3)

The second check that must be made is to see if the inner barrier contacts the outer

barrier in the axial direction. The inner barrier will contact the outer barrier in the axial

direction when:

Lj+W ( Lj Lo W( Lo)

2 2 = 2 +wL 2

So if the following condition is true, Case 3 or Case 4 applies.

L2 (LEA Lo (Lo
-+ 2 1 2- 2~l



By testing these two conditions, it can be determined which case is applicable. The full

derivations for all four cases can be found in scientific notebook 472E. However, a brief

summary of the approach will be described here.

Case 1:

In this case, there is no interaction between the inner and outer barrier therefore each

barrier can be solved separately. The boundary conditions that are used to solve for the

constants are the pressures on the inner and outer surfaces of each barrier. These

pressures correspond to the radial stresses at the inner and outer radius of each barrier.

Case 2:

Since there is contact between the inner and outer barrier, the two cannot be solved for

separately. The boundary conditions that are needed to solve for the constants are again

the pressures on the inner and outer surfaces of each barrier. However, the outer radial

surface of the inner barrier and the inner radial surface of the outer barrier both exert

and equal and opposite pressure. This pressure can be solved for and substituted back

into the equations in place of the outer pressure on the inner barrier and the inner

pressure on the outer barrier.

Case 3:

Again, since there is contact between the two barriers, the two barriers interact with each

other and cannot be solved separately. This time the condition that both the inner and

outer barrier have in common, is the force exerted on them in the axial direction. This

force can be solved for and then substituted back into the equations in the axial stress

term for both the inner and outer barrier.

Case 4:

In this case, the two barriers interact in two places. They contact in both the axial and

radial direction. In order to solve this case, both the pressure that is exerted on the outer

radius of the inner barrier and the inner radius of the outer barrier must be solved for as

well as the force that acts along the axial direction. After solving for both the pressure



and the force simultaneously, these forces are substituted back into the constants, stress,

and displacement equations in order to solve for case 4.

3.0 COMPUTATIONAL APPROACH

3.1 The user interface for the program is a Mathcad 2000 Professional Worksheet.

Some working knowledge of Mathcad will be helpful when using the software

package.

3.2 Hardware and Software Requirements

This program requires Mathsoft Mathcad 2000 Professional or Premium for

Windows or any later version of Mathcad. Any prior version of Mathcad or a

Standard version of Mathcad will not work with this program. Following are the

system requirements.

* PC with Pentium - 133 or higher

* Windows 95, 98, 2000 or NT 4.0 or higher

* 32 MB RAM minimum; 48 MB or higher recommended (64 MB RAM

recommended for SmartSketch LE)

* CD-ROM drive

* SVGA or higher graphics card and monitor

* At least 80 MB disk space (30 MB Mathcad, 12 MB techexplorer, 30 MB

SmartSketch LE, 8 MB VoloView); 315 MB for full installation (130 MB

Mathcad, 12 MB techexplorer, 160 MB SmartSketch LE, 8 MB VoloView, 5

MB Internet Explorer)

* Mouse or compatible pointing device

The program performs a fair amount of heavy calculations, therefore the

recommended system requirements are:

* Mathcad 2000 Professional/Premium with the latest service release (or later

version)

* PC with Pentium 4/Athlon 1.5 GHz or higher

* Windows 2000 or NT 4.0 or higher (With the latest service pack installed)



* 512 MB RAM minimum

* CD-ROM drive

* SVGA graphics card and 21" monitor at 1280 x 1024 resolution or higher

* At least 500 MB of free hard disk space

* Microsoft Internet Explorer 5 with the latest service pack installed or higher

(For help files)

* Mouse or compatible pointing device

4.0 USAGE NOTES - FEATURES/LIMITATIONS/TROUBLESHOOTING

The following is an attempt to explain any limitations and known issues that might occur

within the Mathcad program as well as some of the useful features of Mathcad. This is

by no means a comprehensive list, but it should be broad enough to cover most errors

that might occur within the program. For more in depth support, contact Mathsoft or

read through the help files included with Mathcad 2000.

4.1 SAVE YOUR PLOTS BEFORE CHANGING THE VARIABLES. In order

to keep the 3-D plots, Mathcad must have the array of values in memory. After

a run of the 3-D program, the plots will display. If Mathcad is closed or asked to

recalculate any of the values, the plots will be lost. In order to retrieve that data

for the plots, Dtherm creates .txt documents that store the values. These values

can be reopened in Mathcad or any other 3-D software that can read .txt files.

(Some manipulation might need to be done to the data file so it can be read into

another 3-D plot package)

4.2 The system requirements (Section 3.2) as described by Mathsoft are the bare

minimum needed to run this software and program. It is strongly recommended

that this program run on a system that meets the recommended system

requirements. This program runs very extensive computations that will require a

lot of CPU time. The faster the system, the faster the results and more pleased

the user will be.

4.3 Mathsoft issued Mathcad 2000 Service Release 2a on July 26, 2000. The service

release concentrated in the following three areas:





4.7 One of the most useful functions in Mathcad is the unit feature. Units can be

added to any of the variables in the program from the Insert menu or using

Ctrl+U. Mathcad has many built in units and the user is also allowed to define

their own units if needed. Units can be from any system and Mathcad will work

out all the conversions automatically. Included is a brief tutorial.

To associate a unit with a variable or constant, simply multiply it by

the name of the unit. Click in the variable or constant.

x :=321

Press * to insert the multiplication symbol and a placeholder

x :=325.ui

Type the name of any unit in the placeholder or choose Unit from

the Insert menu. From the Insert menu, all the built in units for

Mathcad are displayed.

x :=325- kH21

Mathcad uses a base unit system. The program was written for SI units and it is

recommended that the user leave the base unit system to SI units. The base unit

system can be accessed from the Math menu under Qptions... This will then open

the Mathcad Math Options window. By clicking on the Unit System tab the unit

system can be updated. Figure 2 shows the Math Options window.





* 0

5.5 In order to run the program, execute the file "Dtherm.hbk" located in the

"Dtherm" directory (or the directory that it was named when copied over) and

this will open Mathcad 2000 and start the Dtherm Program.

6.0 REFERENCES

Timoshenko, and Goodier, Theoy of Elasticiy, 3rd Edition, McGraw-Hill Book Company.

Shames, and Cozzarelli, Elastic and Inelastic Stress AnaAysis, Prentice-Hall, Inc.
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Mathcad 2000 Service Release 2a Documentation
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Is__ F_

Mathcad 2000
Update

Other
resources:

Mathcad 2000
Support

Axum Support

SmartSketch
Support

Other Downloads

- a .* SIS

Mathcad 2000 Service Release 2a

Mathcad Service Release 2a improves the overall stability and
robustness of Mathcad 2000 and addresses miscellaneous
issues reported by users since Service Release 1. Specifically,
Service Release 2a concentrates on the following areas:

1. Stability and performance
2. Improvements in calculation, display and printing
3. Compatibility issues

Stability and Performance

Mathcad 2000 Service Release 2a provides increased stability
for your Mathcad documents. In addition to general
improvements, the following operations have been specifically
refined for this purpose:

* Performing general cut/copy/paste operations
* Editing large regions
* Zooming on 2D plots

In order to improve on the speed of calculation within Mathcad
2000, we have optimized many of our functions to reduce
calculation time. In particular, these include:

* Vector/matrix subscripting and column operator
* Submatrix operation
* Vectorization operation

Mathcad 2000 Service Release 2a also incorporates an
improved memory management system.

Improvements in Calculation, Display, and Printing

All areas of calculation have been enhanced.

* General recalculation with components and collapsed
regions is much more robust: expressions now
recalculate automatically when a component is updated.

* Some numeric functions and operators have been
improved:

o The vectorize operator of user-defined functions
that involve matrices now computes more
accurately.

o The submatrix function is faster and now takes into
account the ORIGIN of the worksheet.

http://www.mathsoft.com/support/mcad2000/update/m2000inf2.asp 5/29/02
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o Maximize and minimize functions are now more
functional within programs.

o The product operator can now be used for
decreasing ranges.

* Symbolic calculations
o Symbolic evaluation of programs has improved.
o Mathcad 2000 can now symbolically solve for an

inequality expression that consists of two or more
unknowns.

o When the atan2 function is returned from a
symbolic calculation, it is returned in the form
atan2 (x, y).

* In MathConnex, you can now pass nested arrays to and
from a Mathcad component.

Troubles with displaying graphs and printing have been
addressed.

* You can now save a bar plot stacked or side-by-side.
* The display has improved when recalculating 3D plots.
* Contour labels now display correctly in contour plots.

Compatibility

We have improved Mathcad 2000's compatibility under the
following conditions:

* When running on Windows 2000, 2D plots with the line
weight set greater than 1 and a line type that is not solid
calculate without trouble.

* Files saved in Mathcad 2000 as HTML are now compatible
with Netscape as well as Microsoft Internet Explorer.

* Issues with accessing the Mathcad Library and
Collaboratory from behind firewalls via proxy have been
addressed.

. A Mathcad file containing a 3D plot that was saved in
Mathcad 8 format in Mathcad 2000 can now be opened in
Mathcad 8 without incident.

Download Mathcad 2000 Service Release 2a.

© 2002 MathSoft Engineering & Education, Inc. All rights reserved.

http://www.mathsoft.com/support/mcad2000/update/m2OOOinf 2 .asp 5/29/02



Appendix B:

Acceptance and Installation Tests



This software has been installed on a Microsoft Windows NT 4.0 Service Pack 6 system

following the guidelines in the included documentation. After installation, four test runs

were performed to simulate the four different cases in the problem. All four cases returned

results that were identical to the results anticipated from prior acceptance tests.

Signed: ___ /_ _ Date: _5_29_02
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Contents of Dtherm v. 1.1 CD







Acceptance Testing

Performed by Andrew J. Grohmann

Date: May 31, 2002

The two modules (2-D and 3-D) were inputted the same variables for each case. If the
output from the two programs is equal, then because the two programs and the equations
that lie within them were created independent of each other, the program will indeed be
"correct." All variables will be set to the same values. The difference between the 4
cases comes from using different values for the radial and axial gap. The results are
shown in the "validation" section of the output.

It should be noted that equal output doesn't necessarily mean the same exact number to
15 significant digits. For example, the stress might be equal to 0 Pa at a boundary but
Mathcad might actually print this out similar to this: 5.046 x 10-6 Pa. That value is
definitely close enough to zero considering our main concern when using this program
are stress values near the failure limit of the materials.



Case 1

Radial Gap = 20 mm
Axial Gap = 20 mm















Optional Graphs: In order to see the effect of varying one parameter such as axial gap and holding the radial gap constant use these graphs.
In order to view them ... right click the graph you would like and select -> Enable Evaluation. Then select Automatic
Calculation from the Math menu or Calculate [F9].
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i Validation

The purpose of this section is to compare the results given by the 3-D module of Dtherm to the 2-D module. Since the 3-D module and 2-D
module were derived separately, if they output the same values the codes can be shown to be valid. The 3-D module calculates the stresses as
functions of radius, axial gap, and radial gap. The 2-D module calculates the stresses solely as a function of radius with the axial gap and radial
gap user defined. Therefore, if you set the axial gap and the radial gap in the 3-D module, you will in a sense recreate the 2-D module (although
the 3-D module is less efficient than the 2-D module when used this way).

Note: Most of the calculations shown below are calculated much more efficiently in the 2-D module.

Axial Gap

Radial Gap

gap, = 20mm

gapr = 20mm
|CaseNumber(gapagapr)

r3 := r2 + gap, r4 := r2 + gap, + th,

Radial Stress on inner barrier at ri

Grinner(rl,gaPa,gapr) =-1.61 x 10 Pa

Radial Stress on inner barrier at r2

Grinner(r2,gapagapr) = 2.547 x I0O Pa

Axial Stress on inner barrier at rl

o`einner(rl, gapa, gapr) = 1.292 x 10 Pa

Axial Stress on inner barrier at rQ

Cy inner(r2,gapagapr) = 3.25 x 10 Pa

Radial Stress on outer barrier at r3

Grouter(r3,gapa,gapr) = 8.27 x 10 Pa

Radial Stress on outer barrier at r4

G router(r4, gapa, gapr) = -7 x 10 Pa

Axial Stress on outer barrier at r3

G0outer(r3, gapa, gapr) = -2.847 x 10 Pa

Axial Stress on inner barrier at r4

a Oouter(r4, gapa, gapr) = -2.768 x 10 Pa

Von mises Stress on inner barrier at rl

0voninner valid(r1,gapa,gapr) = 1.37 x 106 Pa

Von mises Stress on inner barrier at r2

Gvoninnervalid(r2, gapa, gapr) = 2.862 x 10 Pa

Von mises Stress on inner barrier at rl

Gvonouter valid(r3, gapa, gapr) = 2.466 x 10 Pa

Von mises Stress on inner barrier at r2

Ovonouter valid(r4, gapa, gapr) = 2.336 x 10 Pa

E] Validation

5/31/02 4:19 PM Dtherm v. 1.1 5/7
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Case 2

Radial Gap = 20 mun
Axial Gap = 0 mm





































Optional Graphs: In order to see the effect of varying one parameter such as axial gap and holding the radial gap constant use these graphs.
In order to view them ... right click the graph you would like and select -> Enable Evaluation. Then select Automatic
Calculation from the Math menu or Calculate [F9].
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i Validation

The purpose of this section is to compare the results given by the 3-D module of Dtherm to the 2-D module. Since the 3-D module and 2-D
module were derived separately, if they output the same values the codes can be shown to be valid. The 3-D module calculates the stresses as
functions of radius, axial gap, and radial gap. The 2-D module calculates the stresses solely as a function of radius with the axial gap and radial
gap user defined. Therefore, if you set the axial gap and the radial gap in the 3-D module, you will in a sense recreate the 2-D module (although
the 3-D module is less efficient than the 2-D module when used this way).

Note: Most of the calculations shown below are calculated much more efficiently in the 2-D module.

Axial Gap

Radial Gap

gapa = 20mm

gap, = Omm
KCaseNumber(gaPa, gapr) = 2

r3 := r2 + gapr r4 := r2 + gapr + tho

Radial Stress on inner barrier at rl

Grinner(rl,gaPa,gapr) =-1.61 x 10 Pa

Radial Stress on inner barrier at r2

Grinner(r2,gapagapr) = -9.152 x 10 Pa

Hoop Stress on inner barrier at rl

ceinner(rlgapagapr) = -1.429x 108 Pa

Axial Stress on inner barrier at r2

a Oinner(r2, gapa, gapr) = -1.318 x 10 Pa

Radial Stress on outer barrier at r3

Grouter(r3, gapa, gapr) = -9.152 x 10 Pa

Radial Stress on outer barrier at r4

O'router(r4,gapa,gapr) = -7 x 10 Pa

Hoop Stress on outer barrier at r3

00outer(r3,gapa,gapr) = 7.561 x 10 Pa

Axial Stress on inner barrier at r4

e Oouter(r4, gapa, gapr) = 7.43 9 x 10 Pa

Von mises Stress on inner barrier at rl

voninner valid(rl ,gapagapr) = 1.434x 10 Pa

Von mises Stress on inner barrier at r2

Gvoninner vaijd(r2,gapagapr) = 1.281 x 10 Pa

Von mises Stress on inner barrier at rl

Ovonouter valid(r3,gapagapr) = 1.869x 10 Pa

Von mises Stress on inner barrier at r2

Uvonouter valid(r4, gapa, gapr) = 1.862 x I1 8Pa

F Validation
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Case 4

Radial Gap = 0 mm
Axial Gap = 0 mm

0 0















Optional Graphs: In order to see the effect of varying one parameter such as axial gap and holding the radial gap constant use these graphs.
In order to view them ... right click the graph you would like and select -> Enable Evaluation. Then select Automatic
Calculation from the Math menu or Calculate [F9].
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i Validation

The purpose of this section is to compare the results given by the 3-D module of Dtherm to the 2-D module. Since the 3-D module and 2-D
module were derived separately, if they output the same values the codes can be shown to be valid. The 3-D module calculates the stresses as
functions of radius, axial gap, and radial gap. The 2-D module calculates the stresses solely as a function of radius with the axial gap and radial
gap user defined. Therefore, if you set the axial gap and the radial gap in the 3-D module, you will in a sense recreate the 2-D module (although
the 3-D module is less efficient than the 2-D module when used this way).

Note: Most of the calculations shown below are calculated much more efficiently in the 2-D module.

Axial Gap

Radial Gap

- gapa = mm

- gapr = 0 mm
ICaseNumber(gaPa, gapr) = 4 |

r3 := r2 + gapr r4 := r2 + gapr + tho

Radial Stress on inner barrier at rl

arinner(rl,gaPa,gapr) =-1.61 x 10 Pa

Radial Stress on inner barrier at r2

cGrinner(r2,gapa,gapr) =-I.188x 107 Pa

Hoop Stress on inner barrier at rl

c90inner(rlgapagapr) =-1.859x 10 Pa

Axial Stress on inner barrier at r2

CTeinner(r2,gapagapr) = -1.721 x 10 Pa

Radial Stress on outer barrier at r3

CGrouter(r3,gapagapr) = -1 .188x 10 Pa

Radial Stress on outer barrier at r4

Cyrouter(r4, gap,,gapr) = -7 x 10 Pa

Hoop Stress on outer barrier at r3

Goouter(r3,gaPa,gapr) = 1.81 x 10 Pa

Axial Stress on inner barrier at r4

06outer(r4, gapa, gapr) = 1.77 x 10 Pa

Von mises Stress on inner barrier at rl

Ovoninner valid(rlgapagapr) = 1.695x 10 8Pa

Von mises Stress on inner barrier at r2

Ovoninner valid(r2,gapagapr) = 1.491 x 10 Pa

Von mises Stress on inner barrier at rl

Gvonouter valid(r3,gapagapr) = 2.1 12x 10 Pa

Von mises Stress on inner barrier at r2

G vonouter valid(r4, gapa, gapr) = 2.049 x I 08 Pa

i Validation
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SOFTWARE CHANGE REPORT ISCRI

1. SeC N c. I SofIwgre N aloPurASSINII: 2. Software Title and Version: 3. Prolect No:

rs C r _ s c t 1 - Dtherm v. 1.1 01402.671

4 Affected Software Moduleosl, Descriptlon of Problemlsl:
Mathcad 2000 Professional (Service Release 2a1

Dtborm v. 1.0 was missing header Informaton required bh Top-18 In main program file. 2-D,3-D, and 3-f Plits
modules were all affected.

5. Changeo Requested by: 6. Changeo Authorized by I Sofi~n~esre~lowopi:
Dr. G. Dougilas Guol Andrew J. Grolunan
late: Mav 28, 2002 late: Mav 28, 2002

7. Description of Chanlois] or Prohlem Resolutlon (ff eI~shnos aotimplouIoJiufL pDluossouusIf4:

Added header Informatlon required by Tp-8 to Contentsmcd.

8. ImPlemented by: Andrew I. Grohmann Date: Mnv 28, 2002

9. Description ef Acceptance Tests:

Verified by Inspection that all header Information was up to Tep-iO specificatlons

Pertormed Regresslen testing t verifv that preuram was unchanged. - 2 .Q 1AJi /
;/ /0g

10. Tested bh n: Date: ; /

EWU Fehr TIIF-5 (5128811



0 0

Repeat of Dtherm v. 1.0 test results

Demonstrates that Dtherm v. 1.1 gives the same results
as Dtherm v. 1.0





















































//Datafile written by* athcad 8.0 0
// 05/24/02 11:56:33

.MATRIX 0 0 5 1

"Dtherm v 1.1" {1,0,240,1} {2,0,240,1} {3,0,240,1} {4,0,240,1)

.MATRIX 1 0 240 1

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0.0005 0.0005 0.0005 0.0005

0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005

0.0005 0.0005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.0015 0.0015

0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015

0.0015 0.0015 0.0015 0.0015 0.002 0.002 0.002 0.002 0.002 0.002

0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025

0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.003 0.003 0.003 0.003

0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

0.003 0.003 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035

0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.004 0.004

0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

0.004 0.004 0.004 0.004 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045

0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045

0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

0.005 0.005 0.005 0.005 0.005 0.005 0.0055 0.0055 0.0055 0.0055

0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055

0.0055 0.0055 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006

0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.0065 0.0065

0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065

0.0065 0.0065 0.0065 0.0065 0.007 0.007 0.007 0.007 0.007 0.007

0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007

.MATRIX 2 0 240 1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026

0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002

0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022

0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01

0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026

0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002

0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022

0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01

0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026

0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002

0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022

0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01

0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

.MATRIX 3 0 240 1

3.733e+008 3.617e+008 3.507e+008 3.403e+008 3.305e+008 3.215e+008 3.131e+008

3.056e+008 2.99e+008 2.933e+008 2.886e+008 2.849e+008 2.823e+008 2.807e+008

2.803e+008 2.811e+008 3.517e+008 3.395e+008 3.278e+008 3.167e+008 3.063e+008

2.965e+008 2.876e+008 2.794e+008 2.723e+008 2.661e+008 2.609e+008 2.569e+008

2.541e+008 2.525e+008 2.522e+008 2.531e+008 3.312e+008 3.183e+008 3.059e+008

2.94e+008 2.828e+008 2.723e+008 2.626e+008 2.538e+008 2.459e+008 2.391e+008

2.335e+008 2.291e+008 2.261e+008 2.244e+008 2.241e+008 2.252e+008 3.12e+008



2.983e+008 2.851e+00*.724e+008 2.603e+008 2.489e+00*.384e+008 2.287e+008
2.2e+008 2.126e+008 2.063e+008 2.015e+008 1.981e+008 1.963e+008 1.961e+008
1.975e+008 2.942e+008
2. 151e+008
1.683e+008
2. 193e+008
1.468e+008
2.321e+008
1.368e+008
2.523e+008
1.407e+008
8 . 519e+007
1.576e+008
6.074e+007
1.839e+008
6.342e+007
2 . 162e+008
9 . 09e+007
3.73e+006
1. 29e+008
7.634e+006
1.694e+008
4. 123e+007
2.063e+008
7.772e+007
2.433e+008
1 .144e+008
6. 481e+006

.MATRIX 4 0
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
1
3
3
3
3

2.045e+008
1.682e+008
2.059e+008
1.425e+008
2. 166e+008
1.274e+008
2.355e+008
1.269e+008
8.762e+007

2.797e+008
1.949e+008

1.7e+008 2
1.932e+008

1.403e+008

2 . 016e+008

1.2e+008 1
2. 189e+008
1 . 142e+008

2.432e+008

3 2.656e+008 2.52e+008 2.39e+008 2.267e+008
1.865e+008 1.795e+008 1.74e+008 1.703e+008

.781e+008 2.628e+008 2.478e+008 2.333e+008
1.814e+008 1.706e+008 1.611e+008 1.531e+008
1.404e+008 1.427e+008 2.64e+008 2.479e+008
1.87e+008 1.73e+008 1.599e+008 1.477e+008

L.149e+008 1.124e+008 1.127e+008 1.157e+008
2.025e+008 1.864e+008 1.706e+008 1.554e+008
1.03e+008 9.391e+007 8.755e+007 8.453e+007
2.258e+008 2.085e+008 1.914e+008 1.744e+008

1.093e+008 9.444e+007 8.087e+007 6.926e+007
5.906e+007 2.371e+008 2.193e+008 2.016e+008
1.311e+008 1.138e+008 9.659e+007 7.973e+007
2.897e+007 3.06e+007 3.06e+007 2.341e+008
1.624e+008 1.445e+008 1.266e+008 1.088e+008

1.41e+008 1.249e+008
5.671e+007 5.811e+007
1.662e+008 1.486e+008
4.822e+007 3.556e+007
1.982e+008 1.803e+008

7.305e+007
2.344e+008
1 . 117e+008

5. 521e+007
2.167e+008
9.452e+007

3.754e+007
1 .991e+008
7 .761e+007

1.989e+007
1 .815e+008
5.938e+007

2.404e+006
1.639e+008
4. 121e+007

3 . 73e+006
1.464e+008
2.329e+007

6.481e+006 6.481e+006 2.388e+008 2.214e+008 2.041e+008 1.87e+008
1.51e+008 1.327e+008 1.143e+008 9.599e+007 7.768e+007 5.941e+007
2.331e+007 7.64e+006 6.481e+006 6.481e+006 2.432e+008 2.248e+008
1.879e+008
5.945e+007
2.249e+008
9.609e+007
6. 481e+006
240 1

4
4

1.695e+008
4. 126e+007
2.064e+008
7.776e+007

4
4

4
4

1. 511e+008
2.333e+007
1.88e+008 1
5.948e+007

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
2
4
4
3
3

1.327e+008 1.144e+008
7.646e+006 6.481e+006
.696e+008 1.512e+008 1
4.129e+007 2.335e+007

9.604e+007
6. 481e+006
.328e+008
7.652e+006

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
2
4
4
3
3
3
3

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
2
4
4
3
3
3
3

3 1
3 3

1 3 3 3
3 3 3 331

3 3 3
3 1 1



// Datafile written by* athcad 8.0
// 05/24/02 11:58:53

.MATRIX 0 0 5 1
"Dtherm v 1.1" {1,0,240,1) {2,0,240,1} {3,0,240,11 {4,0,240,1)
.MATRIX 1 0 240 1

o o 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0.0005 0.0005 0.0005 0.0005

0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
0.0005 0.0005 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.0015 0.0015

0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
0.0015 0.0015 0.0015 0.0015 0.002 0.002 0.002 0.002 0.002 0.002
0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025
0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 0.003 0.003 0.003 0.003
0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
0.003 0.003 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035

0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.004 0.004
0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
0.004 0.004 0.004 0.004 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045

0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045 0.0045
0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
0.005 0.005 0.005 0.005 0.005 0.005 0.0055 0.0055 0.0055 0.0055

0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055 0.0055
0.0055 0.0055 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.0065 0.0065

0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065 0.0065
0.0065 0.0065 0.0065 0.0065 0.007 0.007 0.007 0.007 0.007 0.007
0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007

.MATRIX 2 0 240 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006
0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026
0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002
0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026
0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002
0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
0.02 0.022 0.024 0.026 0.028 0.03 0 0.002 0.004 0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026
0.028 0.03 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03 0 0.002
0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
0.024 0.026 0.028 0.03 0 0.002 0.004 0.006 0.008 0.01
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

.MATRIX 3 0 240 1
7.29e+008 6.976e+008 6.675e+008 6.388e+008 6.119e+008 5.868e+008 5.638e+008
5.432e+008 5.253e+008 5.104e+008 4.986e+008 4.903e+008 4.856e+008 4.846e+008
4.873e+008 4.936e+008 6.8e+008 6.466e+008 6.144e+008 5.836e+008 5.544e+008
5.27e+008 5.017e+008 4.79e+008 4.591e+008 4.424e+008 4.294e+008 4.202e+008
4.153e+008 4.146e+008 4.183e+008 4.262e+008 6.352e+008 5.997e+008 5.652e+008
5.32e+008 5.002e+008 4.702e+008 4.422e+008 4.168e+008 3.943e+008 3.754e+008
3.606e+008 3.503e+008 3.45e+008 3.448e+008 3.499e+008 3.599e+008 5.953e+008



5.209e+00 .851e+0085.577e+008 4.505e+008
3.319e+008 3.099e+008
2.956e+008 5.614e+008
3.36e+008 3.032e+008

2.925e+008 2.805e+008
5.218e+008 4.828e+008

2.733e+008 2.47e+008 2
2.064e+008
3.718e+008
1.427e+008
4.315e+008
1.436e+008
5.067e+008
2.083e+008

8. 931e+007
2.978e+008
7.634e+007

3.956e+008
1. 616e+008
4.969e+008
2.624e+008

2.282e+008
3. 661e+008
2.423e+008
4.676e+008
2.604e+008
5.441e+008
3.034e+008

6.234e+008
3.624e+008
2.426e+008

.MATRIX 4 0
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
1

3
3
3
3

2. 169e+008
3.324e+008
1.343e+008
3.893e+008
1.072e+008
4 .64e+008
1.658e+008
1. 172e+008
2.568e+008
9. 187e+007
3.563e+008
1.482e+008
4.588e+008
2.407e+008
5.627e+008

2.346e+008
2.939e+008
1.389e+008
3 .473e+008
7.747e+007

4.213e+008 2
1.233e+008
5.069e+008
2.165e+008
1.21e+008 1
33. 179e+008
1.464e+008
4. 217e+008

5.346e+008
2.567e+008
1.554e+008
3.055e+008
6.414e+007

3.786e+008 ^
8.084e+007
4.648e+008
1.773e+008
.279e+008 8
2.808e+008
1.565e+008
3.857e+008

4.175e+00*.864e+008 3.576e+008
2.747e+008 2.754e+008 2.825e+008
4.444e+008 4.07e+008 3.707e+008

.258e+008 2.112e+008 2.045e+008
4.933e+008 4.524e+008 4.118e+008
2.215e+008 1.894e+008 1.622e+008
1.806e+008 5.161e+008 4.737e+008
2.64e+008 2.23e+008 1.826e+008
7.635e+007 1.056e+008 1.42e+008

3.36e+008 2.934e+008 2.508e+008
3.86e+007 7.229e+006 4.708e+007
4.227e+008 3.808e+008 3.392e+008
1.401e+008 1.068e+008 8.256e+007

5.168e+008 4.76e+008 4.355e+008
2.454e+008 2.127e+008 1.84e+008
1.707e+008 1.707e+008 5.357e+008
3.512e+008 3.186e+008 2.887e+008

2.25e+008 2.166e+008 2.164e+008 2.244e+008 2.282e+008
5.264e+008 4.911e+008 4.571e+008 4.246e+008 3.941e+008

3.41e+008 3.197e+008 3.029e+008 2.792e+008
2.422e+008 2.422e+008 5.967e+008 5.63e+008
4.31e+008 3.957e+008 3.623e+008 3.312e+008

2.603e+008
5.306e+008
3.033e+008

2.477e+008
4.998e+008
2.793e+008

2.479e+008
5.054e+008
2.794e+008
5.835e+008
3.314e+008
2.426e+008
240 1

2.425e+008
4.677e+008
2.606e+008
5 .441e+008
3.035e+008

2.423e+008 2.423e+008 6.235e+008 5.835e+008
4.31e+008 3.958e+008 3.624e+008 3.313e+008
2.48e+008 2.426e+008 2.425e+008 2.425e+008
5.054e+008 4.677e+008 4.31e+008 3.958e+008
2.796e+008 2.607e+008 2.482e+008 2.428e+008

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
2
4
4
3
3
3
3
3
1

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
2
4
4
3
3
3
3
3
1



outerbarriervalues.txt
// Datafile written by Mathcad 8.0
// 05/28/02 20:13:13

.MATRIX 0 0 52 1
"Dtherm v 1.1" "Output Data File Name" "Inner Barrier" "runlinner.tx

t "

"Outer Barrier"" "runlouter.txt" "Poisson's Ratio" "Inner Barrier"
0.27
"Outer Barrier"" 0.3 "Young's Modulus (Pa)" "Inner Barrier" 1.248

e+011
"Outer Barrier"" 1.558e+011
"Temperature at outside radius of outer barrier (K)" 1373
"Thermal Expansion Coefficients (1/K)" "Inner Barrier" 1.75e-005
"Outer Barrier"" 1.368e-005 "Outer Barrier Thickness (m)" 0.02
"Heat Generated per waste package (W)" 1.18e+004
"Length of Entire waste package (m)" 5.165 "Inside barrier inner ra

dius (m)"
0.712 "Thickness of the inner barrier (m)" 0.05

"Initial length of the inner barrier (mi)" 4.775
"Initial Pressure inside the inner barrier at room temperature (Pa)"

1.013e+005
"Pressure outside the outer barrier (Pa)" -7e+006 "3-D Plot variables

1l

"radial gap lower bound (m)" 0 "radial gap upper bound (m)" 0
.007
"radial gap increment (m)" 0.002 "axial gap lower bound (m)"

0
"axial gap upper bound (m)" 0.03 "axial gap increment (m)" 0.01

Page 1



innerbarriervalues.txt
// Datafile written by Mathcad 8.0
// 05/28/02 20:13:13

.MATRIX 0 0 52 1
"Dtherm v 1.1" "Output Data File Name" "Inner Barrier" "runlinner.tx

t "
"Outer Barrier"" "runlouter.txt" "Poisson's Ratio" "Inner Barrier"
0.27
"Outer Barrier"" 0.3 "Young's Modulus (Pa)" "Inner Barrier" 1.248

e+011
"Outer Barrier"" 1.558e+011
"Temperature at outside radius of outer barrier (K)" 1373
"Thermal Expansion Coefficients (1/K)" "Inner Barrier" 1.75e-005
"Outer Barrier"" 1.368e-005 "Outer Barrier Thickness (m)" 0.02
"Heat Generated per waste package (W)" 1.18e+004
"Length of Entire waste package (m)" 5.165 "Inside barrier inner ra

dius (m)"
0.712 "Thickness of the inner barrier (m)" 0.05

"Initial length of the inner barrier (mi)" 4.775
"Initial Pressure inside the inner barrier at room temperature (Pa)"

1.013e+005
"Pressure outside the outer barrier (Pa)" -7e+006 "3-D Plot variables

of

"radial gap lower bound (m)" 0 "radial gap upper bound (m)" 0
.007
"radial gap increment (m)" 0.002 "axial gap lower bound (m)"

0
"axial gap upper bound (m)" 0.03 "axial gap increment (m)" 0.01

Page 1
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1.0 Scope of the Validation

DTHERM is a software program that was developed using the MATHCAD 2000 Professional
(Service Release 2a) programming environment. The DTHERM program is designed to
approximate the waste package inner and outer barrier stresses that could occur as the result of
the respective barrier materials having different thermal expansion properties. To facilitate the
assessment of the different waste package designs (which are needed to accommodate the
different waste forms that will be disposed of at the proposed geologic repository) subjected to
varying environmental conditions (e.g., preclosure ventiliation, igneous intrusion, accumulated
rockfall, and so on), the program allows the User to define (i) the relevant mechanical properties of
the waste package inner and outer barrier materials, (ii) the dimensions of the waste package
inner and outer barriers, (iii) the externally applied temperatures and pressures, and (iv) the waste
form decay heat rate. The results calculated by DTHERM are graphically represented by 2-D
plots of the radial displacement, radial stress, circumferential "hoop" stress, von Mises stress, and
temperature as functions of the radius for the respective inner and outer barriers. The DTHERM
program also creates 3-D plots of the calculated von Mises stress for both the inner and outer
barriers as a function of the radial and axial gaps that exist between them at room temperature.
The data for the 3-D plots is also written to a text file that can be re-opened in MATHCAD,
Microsoft Excel, or a similar program.

The DTHERM program will be validated by comparing the results obtained from finite element
analyses of the waste package structure with those obtained from DTHERM using a consistent
set of modeling parameters. The ABAQUS/Standard finite element program developed by Hibbitt,
Karlsson & Sorenson, Inc., which is an approved supplier for the Southwest Research Institute,
will be used for the finite element modeling aspect of the DTHERM validation. There are four
unique scenarios of differential thermal expansion that can occur between the inner and outer
barriers of the waste package. Each of the four differential thermal expansion scenarios must be
validated. The four contact scenarios between the inner and outer barriers of the waste package
are (i) no radial or axial contact, (ii) radial contact only, (iii) axial contact only, and (iv) both radial
and axial contact. Because the magnitude of differential thermal expansion depends on the waste
package inner and outer barrier temperatures, the closed-form solution implemented within
DTHERM to approximate these temperatures needs to be validated as well.

The closed-form solutions that are used within DTHERM to estimate the temperatures and
stresses created by differential thermal expansion of the waste package inner and outer barriers
are derived and documented within the DTHERM MATHCAD source program itself. The
derivations of the closed-form solutions are based on standard engineering theory documented in
Kreith and Bohn (2000); Shames and Cozzarelli (1992); and Timoshenko, and Goodier (1970).

2.0 References

Kreith and Bohn. Principles of Heat Transfer, 6th Edition. New York, New York: Harper & Row
Publishers. 2000.

Shames and Cozzarelli. Elastic and Inelastic Stress Analysis. Englewood Cliffs, New Jersey:
Prentice-Hall, Inc. 1992.

Timoshenko, and Goodier. Theory of Elasticity, 3rd Edition. New York, New York: McGraw-Hill
Book Company. 1970.



* 0

3.0 Environment

3.1 Software

* ABAQUS/Standard, UNIX compatible operating system
* Mathsoft MATHCAD 2000 Professional or Premium for Windows or any later

version of MATHCAD

3.2 Hardware

* Sun 1420R Server (Solaris 8 operating system)
* PC with Pentium - 133 or higher (Windows 95, 98, 2000 or NT 4.0 or higher

operating system)

4.0 Prerequisites

The individual chosen to implement the software validation test plan should be knowledgeable in
the use of MATHCAD and ABAQUS/Standard.

5.0 Assumptions and Constraints

No assumptions and constraints required to implement the software validation test plan.

6.0 Test Cases

6.1 Validation Test Parameters

Table 6-1 conveys the different combinations of radial and axial gaps that will be used in the
construction of the finite element models. These combinations of radial and axial gaps should
result in the four contact cases between the waste package inner and outer barriers that were
described in Section 1.0. Specifically, Case 1 corresponds to no radial or axial contact, Case 2 is
radial contact only, Case 3 is axial contact only, and Case 4 is both radial and axial contact.

Table 6-2 delineates the model parameters that remain fixed for all four radial and axial contact
cases that will be validated.

Table 6-1. Radial and Axial Model Gaps Between the Waste Package Inner and Outer
Barriers for the Four Cases to be Validated.

Case 1 Case 2 Case 3 Case 4

Radial Gap Between the Inner and Outer Barriers (m) 0.006 0.002 0.006 0.002

Axial Gap Between the Inner and Outer Barriers (m) 0.030 0.030 0.005 0.005



Table 6-2. Fixed Validation Model Parameters.

Model Parameter Parameter Value

Waste Form Properties:

Waste Form Heat Decay Rate (kW) 11.8

Waste Form Effective Thermal Conductivity (W/ moK) 10.3

Boundary Conditions:

Ambient Temperature (K) 473

Ambient Pressure (Pa) 7.0 (106)

Initial Inner Barrier Internal Pressure (Pa) 1.013 (105)

Inner Barrier Material Properties:

Inner Barrier Thermal Conductivity (W/ miK) 25.4

Inner Barrier Thermal Expansion Coefficient (1/K) 17.5 (10.6)

Inner Barrier Modulus of Elasticity (Pa) 124.8 (109)

Inner Barrier Poisson's Ratio 0.27

Outer Barrier Material Properties:

Outer Barrier Thermal Conductivity (W/ meK) 21.6

Outer Barrier Thermal Expansion Coefficient (1/K) 13.7 (10-6)

Outer Barrier Modulus of Elasticity (Pa) 155.8 (109)

Outer Barrier Poisson's Ratio 0.30

Waste Package Dimensions:

Inner Barrier, Inner Radius (m) 0.712

Inner Barrier Total Length (m) 4.775

Inner Barrier Thickness (m) 0.050

Outer Barrier Thickness (m) 0.020



6.2 Validation Test Procedure

The methodology used to define the validation test parameters within the DTHERM program is
described in the DTHERM Release Version 1.1 documentation that is included in the software
Quality Assurance folder located in the Quality Assurance records room.

6.3 Validation Test Results

The estimated stresses calculated within DTHERM for the waste package inner and outer barriers
that are created by the differential thermal expansion effect are valid for the polar cross-section
located at the waste package's mid-length. As a consequence, the finite element model results
that will be used to validate DTHERM will be extracted from the corresponding location, i.e., the
polar cross-section located at the waste package's mid-length. The specific stress results that will
be used to validate the calculated DTHERM values are the radial, axial, circumferential (i.e.,
"hoop"), and von Mises stresses. The same finite element model cross-section will also be used
to validate the approximated waste package inner and outer temperatures that are calculated
within DTHERM. The results calculated by DTHERM are considered to be acceptable if they are
within ± 10% of the finite element method solution.

The results of the DTHERM Release Version 1.1 validation tests will be documented and included
in the appropriate Quality Assurance folder located in the Quality Assurance records room.

7.0 Notes

None.




