ME309: Finite Elements in Mechanical Design

ME309 Homework #5

Final project: Design problem

Select one of the analysis problems listed below to solve. Your solution, along with a
description of your analysis process, should be handed in as a final report. For the report,
follow the format shown in Table 1.

Possible Problems / Projects:

1. Transient thermal-stress study

2. Prediction of stress intensity factors

3. Bar element finite element code

4. Truss bridge design, analysis and testing (2 students per team)

5. Your own design project

Resources:

1. References provided and listed below

2. ANSYS on-line manuals
http://www 1 .ansys.com/customer/content/documentation/80/ansys/Hlp E CH]1 .ht
ml#aVL8sqglfcldm

3. ANSYS verification manual
http://www 1 .ansys.com/customer/content/documentation/80/ansys/Hlp V. VMT
OC .html

4. ANSYS tutorials
http://www .mece .ualberta.ca/tutorials/ansys/index .html

5. All course materials, tutorials, notes, and modules

6. Teaching staff, project coaches and classmates

Final projects are due on Friday, June 05, 12pm. They can be dropped off at the box in
front of Durand 217. Late projects will not be accepted.
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Table 1: Table of Contents for an Analysis Report
(guidelines for Homework #5 Report):

1. Problem Description: Description of the objectives of the analysis. Describe the
failure criteria or engineering requirements against which the analysis will be
compared. Include a physical description of the part to be analyzed. The overall
dimensions, material, loading conditions, and description of the operation or
application of the part should be included. Obviously, a sketch of the part is helpful.
2. FEA Code: Brief summary of the finite element program and computer system
used for the analysis (this section might be omitted for an in-house report, but not
here).

3. Model Description and Assumptions: Include plots of the finite element model
and a description of types of elements used, boundary conditions, applied loads and
relevant engineering assumptions.

4. Results and Analysis: Include the important results (displacement, mode shape,
thermal, and/or stress contour plots). A discussion should be accompanied these
plots, describing the behavior of the model and how it relates to the actual expected
behavior of the part. Include tables showing the stresses and displacements (if
structure analysis) for critical sections of the model. Include hand calculations,
theoretical solutions and/or experimental results supporting the finite element results.
A brief discussion of these calculations along with references should be included.
For long results or discussions that detract from the flow of the main report, include
parts of this section as an appendix to the main body of the report.

S. Conclusions and recommendations: Describe what was learned from the
analysis and what conclusions can be drawn. Summarize the results in conjunction
with the failure criteria or engineering requirements. If the analysis shows an
inadequate design, recommendation for design modifications would be included in
this section.

The importance of thorough documentation (and judicious use of appendices) cannot
be overemphasized. First, documentation is required to support the design or
analysis decisions resulting from the finite element analysis. Second, and of equal
importance, the process of preparing the report forces you to check all aspects of
your analysis. Even if your work situation does not require a formal report, it is
strongly recommended that you go through the process described above as a means
of checking your analysis. Reports should include enough detail that an experienced
analyst could completely reproduce your results from reading the report alone.
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1. Transient thermal-stress study.

A long metal bar of rectangular cross-section is initially at a temperature T, and is then
suddenly quenched in a large mass of fluid at temperature T,. The material conductivity is
anisotropic, having different X and Y directional properties and the surface convection
coefficient is h. The bar is made out of steel.

(a) Determine using finite element analysis the temperature distribution in the slab after 3
seconds if the block is totally immersed in the fluid. Compare with an analytic
solution (see reference below).

(b) Determine the stresses in the bar at three seconds, assuming all elastic behavior.

(c) Determine, using finite element analysis, the temperature distribution in the slab after
3 seconds if the immersed in the fluid along its bottom edge. All other boundary
surfaces can be assumed to be adiabatic.

(d) Determine the stresses in the bar in (c) at three seconds, assuming all elastic behavior.
Also, determine the curvature (distortion) of the bar about the x-axis, where curvature
is the maximum deflection in the y-direction for this case. The bar extends 10 in. in
the z-direction.
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Given: k,=20 Btu/hr-ft-"F, k,=k,= 5.0 Btu/hr-ft-"F, p=400 Ib/ft’, c=0.009009 Btu/Ib-°F,
T,=500°F, T=100°F, h=240 Btuw/hr-fe-°F, with E ., =26.875,000 psi, Vy=0.27,
0, =6.5e-6/degree F, a=2 in=0.166666 ft, b=1 in=0.083333 ft.

References: Schneider, P.J., “Conduction Heat Transfer,” Addison-Wesley Publishing
Co., Inc., Reading, Mass., 2nd Printing, 1957, Pg. 261, Example 10-7.
http://www 1 .ansys.com/customer/content/documentation/80/ansys/Hlp_G_TheTOC .html
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113.1

VERIFICATION PROBLEM NO. 113

TITLE: Transient Temperature Distribution in an Orthotropic Metal Bar.
TYPE: Heat Transfer analysis (KAN=-1), conducting elements (STIF55).

REFERENCE: Schneider (Ref. 14), Page 261, Example 10-7.

PROBLEM: A long metal bar of rectangular cross-section is initially at a temperature
T, and is then suddenly quenched in a large mass of fluid at temperature
T¢. The material conductivity is orthotropic, having different X and Y
directional properties. If the surface convection coefficient is h,
determine the temperature distribution in the siab after 3 seconds.

Problem Sketch Finite Element Model

GIVEN: ky = 20 BTU/hr-ft-°F, ky = 3.6036 BTU/hr-ft-°F, p = 400 lb/fts,
¢ = 0.008009 BTU/!Ib~°F, T° = 500°F, T¢ = 100°F, h = 240 BTU/hr-ft2-°F,
a=2in=20.166666 ft, b = 1 in = 0,083333 ft.

NON-UNIFORM GRID: The grid spacing is automatically calculated by the program based
upon input requiring that the spacing between the last two nodes be 1/3 the

spacing between the first two nodes, in each direction.

MODELING HINTS: A non-uniform grid (based on a geometric progression) is used in both
X and Y directions. The transient time step optimization procedures are
used. The initial integration time step (0.00083333/20 = 0.000041666 hr)
is based on = 82/4a, where & is the shortest element length (0.0089 ft) and
a is the thermal diffusivity (k/pc = 1.0 ft2/hr).



ME309: Finite Elements in Mechanical Design

113.2

VERIFICATION PROBLEM NO. 113 (Continued)

INPUT DATA LISTING:

/PREP7
/TITLE, VM113, TRANSIENT TEMP. DIST. IN AN ORTHOTROPIC METAL BAR
Crx» CONDUCTION HEAT TRANSFER, SCHNEIDER, 2ND. PRINTING, PAGE 261, EX. 10-7
KAN, -1

ET, 1,55

KXX, 1,20

KYY,1,3.6036

DENS, 1, 400

C,1,.008008

N, 1

N,7,.1666666666
FILL,..,.,,,,.333333333
NGEN,6,7,1,7,1,,.0166666, , . 333333333
£,2,9,8.1

EGEN,5,7,1

EGEN.6,1,1,5

ITER,-20,1

TIME, .00083333

TUNIF, 500

KBC, 1

Cv,36,37,240, 100, 41

.7,14,240,100, 35,

AFWRITE

FINISH

/INPUT, 27

FINISH

* SOLUTION COMPARISON:

Time = 0.0008333 hr (3 sec):

Node 1 Node 7 Node 36 ~ Node 42

T, °F T, °F T, °F T, °F
Theory* 459.5 279.0 202.0 160.8
ANSYS 464.0 286.0 200.8 154.2
Difference** | = None = None = None lz None

*  Based on graphical estimates.

**  The accuracy is within the graphical read-out range.
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2. Prediction of stress intensity factors.
http://www 1.ansys.com/customer/content/documentation/80/ansys/Hlp G StrTOC.html

The sketch shows a central crack of length 2a in a flat strip of material whose width is 2c.
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If side nodes of isoparametric elements are moved to quarter points in the manner shown,
stresses vary as r’> along certain radial lines. The r’? variation is consistent with the
theory of linear fracture mechanics. The mode I stress intensity factor K; can be
computed as:

2G o 0.5

K=—1_1—| [4A.—-A
ks 1(2L) [#4c = Al

where G is the shear modulus, k=(3-v)/(1+v) for plane stress conditions, or ¥ =3-4v for

plane strain conditions, and A, and A are the amounts of crack opening at C and D. A
handbook gives a formula for K;:

1-0. 32 ’
KI:GX‘/TH 05(a/c)+0356(a/c)
[1—a/c]
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(a) Assign convenient dimensions for the center cracked specimen, complete the FEA
model, do computations, and compare the computed and formula values of K,. Also,
use alternative methods for calculation of K, if the software provides them.

(b) Repeat (a) for the compact specimen (figure below). A handbook gives a formula for
K, for a compact specimen (as shown below) :

[ a |

K, ——_l W 0.886+ 4 64(1) ~13 32(1)2 +14 72(1)3 -5 6O(i)4—|
: BJWL(l_i)wJ[ ' AW w “w Aw) |
W

where B is the specimen thickness.

& BB

e 3 DL C 1.
A
- > .
W L

v ' —

Portion of mesh
* that surrounds
P the crack tip at A
ienlarged)




ME309: Finite Elements in Mechanical Design

S ome Uil Sl

GEOMETRY fa/w)*

Single Edge Notched Tension (SENT) \/__
" na
2tan 5o
P [0.752 +2.02 (;3—)

na
€Os iw
o a3
, +0.37(1-sm2w) ]
Single Edge Notched Bend (SENB) .\ /
[‘l 9

P/2 e S > P/2 .
a 2
| 2(H2W)G- 2)

X (o ()22 (3)*)]

Center Cracked Tension (CCT)
. - ’ 2 .
w SCCZW [1 0.025 (W‘)
a 4
+0.06 (W) ]

Double Edge Notched Tension (DENT)

W (_a_) (3_)2
[1.122-0.561 W -0205 \ 3
a )3 a Y4
+0.471 (W) +0.190 (W) -l

Compact Specimen
a
2+ 57
W (1) (.a_) 2
( i_)a/z [0.886 +4.64 w/- 13.32 W
1- W }
)3 (.a_) 4
+14.72 (W ) -5.60 W ]

P
*K| = —= f(8/w) where B is the specimen thickness.
P eyw Y P
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ME309: Finite Elements in Mechanical Design

Apeaije s2aey s3jnsas Suistwosd swos pue mc..u—ﬂmv,u..u —«wuomwcvc.nﬁw
-3324Y3 uo poylrsw dnise[3-o3oyd ay3 puedxa 03 sprwr usaq saey
S3I0Y3 3[qeIapIsuod LPuddar 0]y swajqoid jeuolisuswiIp
-om3 Yitm Buiesp aI19m Sm Jryl pawinsse sdvmje sem 31 sish
-feue ssaa3s >use[e-ojoyd Y3l jo uolssnosip snoiasiad syi uy

“1 ~d ‘S€61 ‘z "Jop ‘‘yospy jddy
jo —«auﬂo.m ‘TYeAA "IN "V PU® uos13ag F "y Aq 13ded 23s ‘[yeas ‘N 'V
%‘ Pasn A[InsSsd00ns pue MUUQOﬁU}UHv SBA IJJJUWOSUIIXI sy Axessadau
ayy, -9tf -d ‘31 -o0f “aeBeusspy 'y £q pa1soB8ns sem poyisw SIY Y, o

‘syutod osoy3 3e adeid
$3)E3 UCIIBIIUIDUOCD SSIIIS S[qBIOPISUOD B IBYI PIPn[OUcd 3q
L' 31 SIB[Y Y3 3T PSPMOID 3ae s98ULsf Y3 3BYI ID08J OYI WO

61T ‘o1

617 -81 Ul UOREBIISH[[I UE Se umoys ate Juipusq aind jo
UOI3dE Y3 03 paijtwqns SIS[[Y YIim 33e[d © ul paureiqo saSuily
ayy, -ssssaays [edputid sy3 jo spmituSew sy3 3e[nd[Ed A[IpEAL
ued am ‘(y) uorssaadxd woij wns IBY3I pue 3593 duse[e-ozoyd
2y3 wogy sassaais [edpurad oml syl jo IdulIBYIP 943 Juraery

@ ("0 4 *0) mmm = yv

uone[Rs uMouy
3y3 3uisn pue 4, o pur “o s3sS2.13S Y3 03 anp air[d Y3 jo ¥

1S€ NOILLVHYLNAIDNOD SSIYLS

ssauydIy3 oy’ ul ¥y a8ueyd 2yl Buumsesw £q Ajeauswradxs
paureiqo 2q os[e ued sassanis [edouwrd 2yl jo wns ay],

) ‘A[resuswradxs paulriqo 2q ued
a3eid ay3 jo 3uiod Yyoes 3e sassai3s jedpund Y3 JO SUOIIDIIIP
sy3 snyy - 3req ‘Ccr -d 99s ‘sassaays fedpunad sy3 jo sareoy
-22{v.4; Y3 Po[[ed 24e SoUI| I33138[ ISIY], 'SS213s jo soxe [edid
-utad sy3 o3 3urod yoea je [er3uslSuel SIe YdIYM SIUI] 3Y3 Medp
ued om ‘saul] asoy3 Buraely -sassaxs [edipunid jo suoiidap
swes ay3 yitm sjurod 19y3ia8031 urofl ysym sauyy 2iuipr05: pajjed
-0s JOo walsAs 3yl ureiqo sm ‘uoneziiejod jo sueid sYy3 jo suon
-231Ip snottea Ioj 33e[d passai3s oyl jo sBewil Y3l uo SIUI[ H{Iep
Bupyjiew pue “tszieue pue yazirejod ‘swsiid jodiN Yyioq Suiiel
-o1 Ag -uonezue[od jo sueid Syl Y3im SOPIdUIOD SUOIIIAJIIP
ssox3s [edpunrd ay3 jo suo yosiym 3e sjutod sy3 -Sup@dsuuod
S3Ul[ MJEP OS[B 3Ng 9I0jJ3q PISSNOsIp saluily dIep 2yl L[312w
jou sar3sqo as 3IYSi pezirejod ur [Ppowr judredsueis passans
e SBUruIwWexs Ul 3OUSE] -ua340s Iyl uo 3jods HIiep B uleiqo
2m pue o2z SI 0T UIs ‘Oproulod saue(d om3 asayl jy  Liz "By
‘sassaa3s jedidurd sy3 jo suo jo surld sy3 pue uopezirejod jo
surid sy3 uasmiaq s[due 3y st © JI3Ym ‘0 uis 03 jeuonzodoid
s1 1oz4Ajeur sYy3 yBnoayy Buissed 3yBi[ oy3 jo L31sua3ul 3yl eyl
smoys (f) uopenby -wns 1oy3 pue ssssans jedpund sy
JO SUOIIDAIIP Y3 PUY 03 uUsY3 sulewar 31 1urod Y3 Ie SS3IIS Y3

. jJo uvonrrurwIa3ap 933[dwod & J0q -3uted 2y3 3e sassaazs [edid

-ursd om3 3Y3 UIIMIQ IDUIBYIP Y3 L[[el5usd $3418 raquuinu
s1y3 ‘uoIssnosip snoiadxd ino wogy u3lds st 31 Sy uonng
-1nsip ssaa3s surjd Lue 10j osje pasn 9q ued jurod ussoyd v Ful
~-ssed sa8ullj JJep jOo Isqunu 3Yy3 SUI3UNOD jO poyiduw 3YJ,
-3urod ay: 1240 ssed yoiym
sa8uLyy jo ssquinu ay3 Sununod £Aq pauteiqo usy3l st jutod Lue
je ssa1is 3y J, -poyded £[eso[> sIow pue sIow Swod2q sa3uly
sy3 3EY3 os suejd [enInsu 3y3 pIremol saow Lenpesd pue duis
2y3 jo woljoq ay3 pue doi sy3 e seadde sfemje souo mdu
3YJ, -PEO[ JO ISBIIDUL YIIM S$35e3I0ul s28uUlyy MIep jo Joquunu
sy3 moy 22s Leur om ‘Ljjenpead paijdde s1 peof 3y3 spysm dins
ays Buiyozem Ag -uoisusl d[duwis ul sa8euwil MIEP SAINDIIS

STVIAILVIA . A0 HLONAYLS os¢

12



ME309: Finite Elements in Mechanical Design

3. Bar element finite element code.

Write a finite element code that will accept information on a planar truss structure made
of up to seven bar elements (each with a different area), and constraints and loads, and
will solve (using the finite element formulation developed in class) for the reaction loads,
and the bar forces and stresses. Validation of the code with hand calculations should be
included, along with a listing of the code that includes comments. This should be
original code in a standard programming language (e.g., Fortran, C, C++), not in an
applications language.
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ME309: Finite Elements in Mechanical Design

4. Truss bridge design, analysis and testing (2 students per team).

Technical Overview: Your team is to
* design, analyze, construct and test a bridge according to specifications below,
* report on your design and testing results in a formal report (1 report per team).

Technical Details:
* Materials:
o no more than seven (7) 3-foot lengths of balsa wood,
a bottle of wood glue,
a sheet of wax paper,
straight pins,
some simple fixturing.

©)
@)
@)
@)

* Tools: You may use any tools you like for fabrication. Finite element analysis using
ANSYS should be the tool you use for predicting failure load and weight of structure.

* Bridge Specifications/Requirements:

Design Specifications

Span 24 cm

Width 3.5cm

Maximum Height 10.0 cm

Maximum Load ~66 N (as applied by the road-bed")
Minimum Factor of Safety | 2

Maximum Cost $10 (team expenditures)

Material Balsa (limited supply)

Dimensions of Cross 3.175mm X 3.175mm

Section of Balsa

Max Internal Compressive | 69 N*
Load

Max Internal Tensile Load 735N

Total Weight of Structure As light as possible to sustain the required load,
with the required safety factor (of 2.0)

! The road bed will be 3cm tall, 3 cm wide, and 21 cm long. The four hooks will be placed at 6.69cm,
9.23cm, 11.77cm, and 14.31cm. These are at one inch intervals, offset from the center joints as shown in
the diagram in class.

% The compressive yield strength typically ranges from 6.9 MPa to 9 MPa for balsa wood along the grain.
This data was taken from matweb. http://www.matweb.com/search/SpecificMaterial.asp?bassnum=PTSIA
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ME309: Finite Elements in Mechanical Design

5. Your own project.

Propose your own project. Remember, this project should be of a reasonable size (most
folks underestimate how hard it is to model something) and should include verification of
the solution. Verification might be via an experiment or a theoretical solution.

Make sure to discuss the scope of your proposed project (including how your solutions
will be verified) with the teaching staff before starting to work on it. Submit a brief
problem description to ekuhl@stanford.edu or nOe@stanford.edu before you start
working on it to make sure that the problem is not too difficult!

15



