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Learning Objectives

Learn about different types of nonlinear behavior

Learn how to apply top Inventor Nastran nonlinear tips.

Learn about performing analysis using both implicit and explicit solvers.
Learn about designing products with less impact on the environment.

Description

This session will start with real-life examples demonstrating how engineers and designers like
you have greatly benefited from the advanced use of Inventor Nastran simulation technology
within their companies. The software has helped them to make informed design decisions early
on and enabled them to make cost-effective optimized designs with less impact on the
environment, ultimately providing more time to explore “what if’ scenarios. Real-life examples
will include blast loads, drop tests, elastic/plastic analysis, and permanent deformation. We will
then continue by explaining the process of applying nonlinear analysis using a straightforward,
step-by-step approach, supported by industry best practices with explanations and tips. Our
hope is to help make your Inventor Nastran adoption journey within your workplace successful.
We want ultimately to help you simulate complex real-world scenarios early on, enabling the
creation of sustainable designs faster and more cost-effectively.

Speaker(s)

A passionate simulation solutions expert been involved with Autodesk simulation software from
when it was first introduced, and is well-known throughout the Autodesk simulation community,
worldwide. Also authored the Up and Running with Autodesk Inventor Professional books. He
also manages a dedicated forum for simulation users on LinkedIn — Up and Running with
Autodesk Simulation. Wasim has a bachelor’'s degree in mechanical engineering from the
University of Bradford and a master’s degree in computer- aided-engineering from Staffordshire
University.
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Different types of nonlinear behaviour

Stress, o

Tension Limit

Yield Limit———

Non linear range
(material nonlinearity)

Geometric
nonlinearity

A 4

Strain,

Nonlinear analysis generically falls into the following three categories.

Geometric nonlinearity - Where a component experiences large deformations and as a result
can cause the component to experience nonlinear behavior. A typical example is a fishing rod.

Material nonlinearity - When the component goes beyond the yield limit, the stress/strain
relationship becomes nonlinear as the material starts to deform permanently.

Contact - Includes the effect of two components coming into contact; that is, they can
experience an abrupt change in stiffness resulting in localised material deformation at region of
contact.

While many practical problems can be solved using linear analysis, some or all its inherent
assumptions may not be valid:

o Displacements and rotations may become large enough that equilibrium equations must
be written for the deformed rather than the original configuration. Large rotations can
cause pressure loads to change in direction, and to change in magnitude if there is a
change in area to which they are applied.

o Elastic materials may become plastic, or the material may not have a linear stress-strain
relation at any stress level.

Part of the structure may lose stiffness because of buckling or material failure.

o Adjacent parts may make or break contact with the contact area changing as the loads

change.
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Geometric Nonlinearity

The geometric nonlinearity becomes a concern when the part(s) deform such that the
small displacement assumptions are no longer valid. The large displacement effects are
a collection of different nonlinear properties, such as:

Large deflections.

Stress stiffening/softening.
Snap-thru.

Buckling.

Large strain.

agrON=~

Large Deflections

When your components or assemblies start to experience rotations of more than about
10 degrees you should start to consider nonlinear analysis. This is because linear
analysis assumes small displacement theory in which sin(8) = (8).

Stress Stiffening

Stress stiffening (also known as geometric stiffening) only effects thin structures where
the bending stiffness is very small compared to the axial stiffness. For instance, consider
the following plate subjected to a load. The structure is fixed around the perimeter. This
thin-walled structure will undergo significant stress stiffening as the part transitions from
reacting the load in bending, to reacting the load in-plane.

v e

The images below show two results of the plate. The first image is results from a
nonlinear analysis (peak deflection 3.321mm). The second image is the results from a
linear analysis (peak deflection is 26.03mm).
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Stress stiffening effects are caused by tensile stresses which result from larger
displacements, not by the displacements themselves. The actual displacement in the
model is not a clear indication of the degree of nonlinearity, nor is the tensile stress
magnitude. A similar tension in one geometry or load orientation may result in
significantly less stress stiffening than in another.

Snap-thru and Buckling

Other common geometric nonlinear situations involve snap-thru and buckling problems,
often referred to as bi-stable or multi-stable systems. Many snap-thru problems behave
nearly linearly until the point where a small amount of additional load causes a large
amount of deflection where a secondary stable position is reached. Capturing this snap-
thru is a very difficult numerical problem.

Large Strain

Large strains are typically associated with large displacements causing permanent
deformation as stresses above yield have been exceeded. Cold heading, rubber seal
compression, and metal forming are good examples of large strain examples.

Material Nonlinearity

When components experience stress above yield then the results obtained from linear
analysis are not valid. In these cases, we need to define stress and strain behavior of
materials above yield to get an accurate behavior. However, most materials and even
metals have some amount of ductility. This ductility allows hot spots to locally yield thus
reducing the stresses compared to what a linear analysis would predict.

The metal bracket from the image below shows very different stress distributions
between linear and nonlinear materials. The right image contains linear analysis results
and shows peak stresses well above yield. The nonlinear material analysis on the left
shows a different contour due to the stress redistribution. Peak plastic strain was 5.7% in
the nonlinear material analysis.
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Boundary Condition Nonlinearity
The most common boundary nonlinearities are:

1. Contact.
2. Follower forces.

Contact

Contact conditions model the interaction of two separate parts. Boundary conditions
such as separation contacts are generally regarded as nonlinear, as the contact allows
separation and sliding between components. This type of contact is typically used in
bolted connections where two plates are held by the bolts and the plates allowed to slide
and separate depending on the extent of the loading conditions. Another example is in

impact type analyses as illustrated below.

Follower Forces
This nonlinear effect simply means that the direction of the force moves with deformation

or movement of the part. This can be best demonstrated with the cantilevered strip
shown below which is loaded with a force of 100N and three analyses are performed
with different large displacement settings.
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The first image shows the unrealistic "growth" that occurs when large displacement
effects are turned off (LGDISP=0OFF). The second image shows the results of large
displacements turned on, but follower forces turned off (LGDISP=2). The final image
uses large displacement effects with follower forces and is the most accurate
(LGDISP=0N).

’ 4

LGDISF=0FF
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.

4

o052 ]
/ -/

Top Inventor Nastran nonlinear tips.

!

= Always run a linear analysis first to check if the yield limit has exceeded.
= Keep model simple and consider symmetry.
=. Perform distortion checks to make sure there are no severely distorted elements.

= Only apply nonlinear materials in the areas of the model where you expect nonlinear or
plastic behavior. This will help to speed up the analysis and can improve the convergence
rate.

= Split faces at contact regions to reduce the number of generated contacts.

= Use Linear elements instead of Parabolic elements to help with achieving faster
convergence in results.

= Use Continuous Meshing for Surface models to connect surfaces eliminating the need
to create contacts. Contacts increase solution times.

= Leave the Number of Increments field blank in the Nonlinear Setup dialogue box. The
software will calculate the optimum number of increments.

= Equivalent Stress Results follow the stress and strain curve data. Use this to analyse
your stress and strain results.
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o Use the NPROCESSORS parameter to increase number of cores to help speed up analysis
times.

o Use explicit solvers if you are expecting high strains.

= Run modal analysis to determine Dominant Frequency W3 required for Nonlinear Transient
Response Analysis.

o Use multiple subcases to determine permanent deformations in Nonlinear Static Analysis.
With the first being loaded and second being unloaded.

=. Use multiple subcases to allow different time steps in Nonlinear Transient Response
Analysis.

Performing analysis using both implicit and explicit solvers.

The 1%t Simatek example is based on the implicit solver and the following content is directly
taken from my new Up and Running with Autodesk Inventor Nastran 2023 — Nonlinear Analysis
book.

Up and RUNNINg with
Autodesk®

Inventor®

Nastran 2023

Nonlinear Analysis

g )
= Wil | Iy 7
w4 1 ]
> ) 3 3 ! i
- Y - |
s

Available from Amazon worldwide.
(Image hyperlink takes you to Amazon.com)
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DP4 — Inlet

(Design problem courtesy of Simatek A/S)

Key features and workflows introduced in this design problem

Key Features/Workflows

_ Material Nonlinearity

- Nonlinear Static Analysis — Plastic Stress and Strain curve
- Shell Elements - Continuous Mesh Connections
- Multiple subcases — (Actual Permanent Deformation)

Introduction

Simatek is a leading manufacturer of industrial emission and air pollution control solutions. Their
high-value products and systems, optimise footprint, performance, powder recovery and
maintenance for industrial plants worldwide. All at a low cost of ownership.

In this design problem we are going to analyse an inlet using the following design information
and goal.

Page 8



AUTODESK
UNIVERSITY

Design Information

Main Structure

Material - AISI Carbon Steel 304
Youngs Modulus - 193GPa

Yield Limit - 184MPa

Poisson’s Ratio - 0.27

Blast Load — 0.082MPa

Design Goal
Strain to be less than 10%.

Workflow of Design Problem 4

IDEALIZATION
1 - Simplify assembly as a single surface model.

L

BOUNDARY CONDITIONS

1 - Apply materials, loads and constraints to simulate reality.

RUN SIMULATION AND ANALYSE

1 - Analyse and interpret results.

REDESIGN
1-None.
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Idealization

The assembly is remodeled as a single surface component to simplify the analysis and to speed
up solution times. This includes removing small features like holes and non-structural
components.

1. Open Inlet.ipt

@Iﬂ\er.lpt

+ D Model States: [Primary]
+ [ 3rd Party

+ Ea Surface Bodies(1)

+ T_T-View: [Primary]

+ E Qrigin

v @ Compositel

O End of Part
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Boundary conditions

2. Select Environments tab > Select Autodesk Inventor Nastran.

3. Double click Generic under Materials from the Model tree.

4. Select Material > Select Load Database > Open ADSK_materials.nasmat > Select AlSI

Carbon Steel 304 > Click OK > Specify 184 for Sy > Click OK.

EZ¢ The default path to access library is C:\Program Files\Autodesk\Inventor Nastran 2023\In-
CAD\Materials.

5. Select Idealizations tab > Select Shell Elements for Type of Idealizations > Specify Body
for Name of Idealizations > Specify 3mm for t >Select Associated Geometry > Right click
in selection entities box > Select Face Chain > Select all faces making up body of the inlet.

#5 |dealizations

IE

TYPE:  Shell Elements

Ling Element Type:

Bar
[]Add To Analysis
Material:

AISI Carbon St

Color:

| Associated Geometryt

Selected Quadrilaterals:

face<10> ~
face<7=
face<5> v

Selected Triangles:

(@) Standard

Advanced Options

(O Laminate

New Laminate

Cancel
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6. Click New > Select Shell Elements for Type of Idealizations > Specify Support for Name of
Idealizations > Specify 10mm for t > Select Associated Geometry > Select the 4
highlighted faces as shown below.

ﬂ Idealizations ? X

(@) standard
FEme: Support

D: 2
TYPE! Shell Elements Advanced Options

Line Element Type: (O Laminate

Bar

New Laminate =
[#]Add To Analysis

Material:

AISI Carbon St

Color:

Associated Geomets

Selected Quadrilaterals:
face<14>
face<15>
face<12> v

Selected Triangles:

>

i

7. Click New > Select Shell Elements for Type of |dealizations > Specify Flange for Name of

Idealizations > Specify 6mm for t >Select Associated Geometry > Select the 3 highlighted
flange faces as shown below.

5 Idealizations ? x

(@) Standard
N
TyPe:  Shell Elements Advanced Optians

Line Element Type: (O Laminate

Bar

-]
I

News Laminate =
[#] Add To Analysis

Material:

ATSI Carbon St v

Color:

Associated Geometry

Selected Quadrilaterals:
ace<11>

ace<4>

ace<3>

MMM

Selected Triangles:

Cancel
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8. Click OK > Select Constraints > Specify Fixed Constraints for Name > Select bottom

flange as shown below > Select Preview so you can see constraint symbol. Adjust display
options as desired.

& Constraint ? X
Degrees of Freedom
Coordinate System:
Type: | Structural ~ Ty Ty T,
Selected Entities: R« Ry Rz
- Fixed No Translation
Subcases:
Al &
Free No Rotation
Display Options FuEE
Size: I III E
Density: 1

AntiSymmetry:

Color: - III E

C]'Cﬂ Cancel

9. Click OK > Select Loads > Specify Blast for Name > Select Pressure for Load Type >
Specify -0.082 for Magnitude (MPa) > Select Face Chain option from Selected Entities
box > Select all faces making up body of the inlet (No Support Plates and Flanges)> Select
Preview so you can see load symbol. Adjust display options as desired.

2 Load ? X

Load Definition
me: l
Blast Direction:

Normal To Surfar ~

g

m:

Sub Type:

H

Selected Entities: Magnitude (MPa):

face<9> ~ 0002
foce<10>

v

Subcases:

Display Options

Size: 1
Density: 1
Advanced Options >>
M & Gancel
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10. Click OK > Select Mesh Settings > Specify 50 for Element Size (mm) > Select Linear for
Element Order > Select Continuous Meshing.

11. Click OK. This will regenerate mesh.

= Selecting linear elements will help to achieve results convergence quicker.

= Selecting continuous meshing will connect nodes and elements at adjacent surface
intersections avoiding the need to use contacts.

~ Continuous meshing will only work if surfaces have no gaps between them.

12. Double click Analysis 1 [Linear Static] > Select Nonlinear Static for Analysis Type >

Click OK.

13. Right click AISI Carbon Steel 304 material > Select Edit > Select Nonlinear > Select
Plastic option > Specify the following values to define the stress and strain curve. First two
rows already specified.

['E Nonlinear Material Data

Type
ONnne
(O Nonlinear Elastic

(O Elasto-Plastic (Bi-Linear)

(@ Flastc

Froperties

Hardening Rule

Yield Function
“ield Criterion:

Initial Yield Stress (MPa)

L
(3
£

Isotropic ~

14305

von Mises v

184

0

?

x

Strain
0
0.0009531203531
0.0015
0.002
0.01

Stress (MPa)

i)

184
216.2
230
260

Show XY Plot

Cancel

AIST 304
Strain Stress
0.000953 184
0.0015 216.2
0.002 230
0.01 260
0.45 540
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14. Select Show XY Plot.

EE v Plot
Curve Optiong

Type Line

Step: |None

[1spline [IFill Area
Clogy [JLogx

Vertical Bar Width

0%

Copy Data to Cliphoard

[ show Grid

Default Setings

Curve Display

Calor: Choose Color
Style: Solid ~
\Width 1 ~

Stress (MPa)

Stress (MPa) Vs Strain

600

500

400

300

200

100

02 03
Strain

04

SetAs Defoult Setings

15. Click OK three times to exist all dialogue boxes.

16. Double click Nonlinear Setup 1 > Select All option for Intermediate Output.

l_é Monlinear Setup

MName: | Nonlinear Setup 1

Nonlinear Settings:

Number of Increments:

L]

Intermediate Output:

All e

Arc Length:
off ~

Advanced Settings

17. Click OK.

A Selecting All will save all converged intermediate and bisected increments in the results file.

= Nastran will calculate the number of increments automatically, if left blank. Typically, a run

will complete after 10 iterations.
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Run simulation and analyse
18. Select Run > Click OK when run is complete.
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Hitig

Depending on computer specification this can take up to 4mins.

19. Right click Results > Select Edit > Select increment showing LOAD = 1.0 > Select SHELL
EQUIVALENT STRESS > Select Centroidal for Data Type > Select Visibility Options >

o 59.667
1 49723

Switch visibility off for loads and constraints.

23B.669
228.724
218.780
208.835
198.891
188.946
179.002
169.057
159.113
149.168
139.223
129.279
119.334
109.390

99.445

89.501

79.556

69.612

39.778
29.834
19.889
9.945
0.000

@ riot
Subcases:
Contour
| micr 13, Loap=1.0 | options
o Deform
SRS
Display  Animate Create AVI Section View
Display Options
Rendering : Fart View
Continuous ~
Levels: |24 Vector
D Optians
Mmeax Markers
Global Values Animation
Optians
Visible View Values
Iso-Surfaces Visibility
Options

Result Data:
Stress

Type:

SHELL EQUIVALENT S |

[ specify Min/Max

Data Min:

Data Max: 238.669

Data Conversion:

Average w

Centroidal v

Data Type:

Real
Contour Type:
Nodal

No Averaging

]

X

v

Imaginary

<

Cancel

B Equivalent Stress results in Nastran follow the stress and strain curve specified in the

earlier steps.
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20. Click OK > Select Strain from the results heads-up bar > Select Options from the Results
panel > Select Contour Options from the Plot dialogue box > Select Specify Min/Max >
Specify 0.001 for Data Max > Select Display to update results.

@ Piot ? X
Subcases:
Contour .
INCR 13, LOAD=1.0 ~ Options Result Data:
Az _ Deform Type:
1.000E-03 Options SHELL EFFECTIVE STF
9.583E-04 =
9.167E-04 Display ~ Animate Create AVI Section View [ speciy Min/Max
8,333E-04
Display Options
£ 7.917E-04 . Fart View Data Max: 0.001
7 SO0E-04 Rendering :
| . Continuous ~ .
. 7.083E-M4 Data Conversion:
— 6.667E-04 Levels: Vector Average ~
6250604 [ Optiens Data Type:
_ 5.833E-04 [ 7] in/Max Markers Centroidal ~
— 5.417E-04 Global Values Animation
—— 5.000E-D4 Options Real Imaginary
visible View Val
. 45B3E-M isible Vier alues T T
g e Iso-Surfaces Visibility Nodal ~
| 3.750E-04 Options
i 33%E-M Mo Averaging
L 2917E-04
. 2.500E-04
. 2.083E-04
L 1667E-04
1.250E-04
8.333€-05
4.167E-05

The component experiences up to 0.5% strain.

21. Click OK > Right click Subcases > Select New > Select Fixed constraint.

[ subcase ? X
Mame: | Subcase 15 Loads:

Blast
D: 5

I

Constraints:

T

“. In Nonlinear analysis subcases are linked, unlike linear analysis where they are
independent of one another.
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This subcase will start from the previous deformed shape as a result of the blast. In this

subcase no blast load will be specified, and we will be able to determine the permanent
deformation after the blast load.

22. Click OK > Right click Loads in Subcases 15 (new subcase) > Select New > Select
highlighted face > Specify 0.0001 for Magnitude (N) for Fz direction > Select Preview so

you can see load symbol. Adjust display options as desired.

2% Load ? X
Load Definition
- Mo Load Direction:
TYPe:  Force v Coordinate System:
Sub Type: PR ¥
Total Force
Selected Entities: Magnitude (N):
face<6>
S
4
Subcases:
0.0001
Display Options
Size: 1
Density: 1
Advanced Options >>
o

Y

important

. For analysis to run we need to specify a negligible load. Location of the load is not

23. Click OK > Select Run.

24. Click OK when run is complete.
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25. Select Shell Equivalent Stress from the results heads-up bar > Select Options from the
Results panel > Select increment showing LOAD = 2.0 (No-oad) > Select Contour
Options from the Plot dialogue box > Select Centroidal for Data Type > Select Specify
Min/Max > > Specify 184 for Data Max > Specify 0 for Data Min > Select Display to update
results.

& riot ? X

Subcases:
Contour Result Data

184.000

176.333
168.667
161.000
153.333

B 145667
= 138.000
o 130333
12667
_ 115.000
107333

INCR 8, LOAD=2.0 = Options

Plot

Display ~ Animate  Create AVI

Display Options

Lol

[IMin/Max Markers

Deform

options

Section Viey

Fart Viev

Stress -
Type:
SHELL EQUIVALENT S v

[“] Specify Min/Max

DataMax: | 184

Data Conversion
Average ~
Data Type
Centroidal v

o667 Global Values
. w2000
L sa3m
| 7667
| 60000
| NG
o 53667
| 46000
o333
| 30667

23.000
15.333
7.667
0.000

The contour plot is showing residual stresses in the component as a result of plastic
deformation. So once the load is removed as in this subcase, the material tries to recover the
elastic part of the deformation but is inhibited from full recovery due to the adjacent plastically
deformed material. Residual stresses can affect fatigue life if the component is subjected to
repetitive and cyclic loading. This is the not the case in this example.

Visible View Values

Iso-Surfaces

26. Click OK > Select Displacement from the results heads-up bar.

Displacement ¥ | TOTAL ¥ mm v |&

16923
16.218
15.513
14.808
14103
13.398
= e
o eer
s
10577
9872
9167
L 8462
o 776
7.051
I 6346
o sedt
L ao
o et
o 36
| RN

2115
1410
0705
0000

This shows permanent deformation of 16.9mm of the inlet as a result of 5% strain.

27. Close File.
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The step-by-step workflow for Dellner and EMC example is in my new Up and Running with
Autodesk Inventor Nastran 2023 — Nonlinear Analysis.

NB: Due to copyright issues could not include in this handout.

Up and RUnning with
Autodesk®

Inventor®

Nastran 2023

yam Sujuuny pue dn

Up and Running with
Autodesk® Inventor® Nastran® 2023
Nonlinear Analysis

-3
H
g
g
g
=
H
H
g
z
&
=
8
B

in your results fast by analysing
Up and Running with
Inventor users who need
Nastran analysis capabiliti
real-world tutorials, the st
designers, engineers, and manufact

fre e s €l
d
e el

A passionate simulati f experience

in the manufacturing n involved with Autodesk simulation

software from when i tintroduced, and is wel
- throughout the Autod on ¢ WO
~ 4 5 e Up and Running with Autodesk Inventor Professional

j 0 g both Inventor Stress Analysis and Dynamic Simulation.

Download book exercises from:

https://tinyurl.com/2c5w49bk

SIUNOA WISBM

Available from Amazon worldwide. (Image hyperlink takes you to Amazon.com)

This book has been written using actual design problems, all of which have greatly benefited
from the use of advance simulation technology. For each design problem, | have attempted to
explain the process of applying nonlinear analysis using a straightforward, step by step
approach, and have supported this approach with explanation and tips. At all times, | have tried
to anticipate what questions a designer or development engineer would want to ask whilst he or
she were performing the task using Inventor Nastran.

The design problems have been carefully chosen to cover the most popular nonlinear analysis
capabilities of Inventor Nastran and their solutions are universal, so you should be able to apply
the knowledge quickly to your own design problems with more confidence.

Chapter 1 provides an overview of Inventor Nastran Nonlinear and the user interface and
features so that you are well-grounded in core concepts and the software’s strengths,
limitations, and work arounds. Each design problem illustrates a different unique approach and
demonstrates different key aspects of the software, making it easier for you to pick and choose
which design problem you want to cover first; therefore, having read chapter 1 it is not
necessary to follow the rest of the book sequentially.

This book is primarily designed for self-paced learning by individuals but can also be used in an
instructor-led classroom environment.
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Further Resources and Learning
The following books have also been authored by the speaker and are available from Amazon
worldwide.

Up and RUNNing with Up and RUNNing with Up and RUNNIng witn
Autodesk® Autodesk® Autodesk®

Inventor® Inventor® Inventor®
Nastran®2023 Professional 2023 Professional 2023

If you have any further questions, you can post them on my LinkedIn User group.

Up and Running with Autodesk Simulation | Groups | LinkedIn

My contact details if you have any further questions

Work email: wasim.younis@symetri.com
Personal email: younis_wasim@hotmail.com
Mobile: +44(0)7980 735244

LinkedIn: www.linkedin.com/in/wasimyounis/
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