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Before You Start

Notes on hands-on exercises and functionality of SOLIDWORKS
Simulation

This book goes beyond a standard software manual because 1ts unique approach
concurrently introduces you to SOLIDWORKS Simulation software and the
fundamentals of Finite Element Analysis (FEA) through hands-on exercises. We
recommend that you study the exercises in the order presented 1n the book. As
you go through the exercises, you will notice that explanations and steps
described 1n detail 1n earlier exercises are not repeated 1n later chapters. Each
subsequent exercise assumes famihiarity with software functions discussed 1n
previous exercises and builds on the skills, experience, and understanding gained
from previously presented problems.

Exercises 1n this book require different levels of SOLIDWORKS Simulation
functionality and this depends on which Simulation product is used. The
SOLIDWORKS Simulation Product Matrix document 1s available at:

http:// www.SOLIDWORKS.com/sw/products/simulation/simulation-
matrices.htm

This book deals with structural analysis using SOLIDWORKS Simulation.
Therefore, SOLIDWORKS Motion analysis won’t be covered.
SimulationXpress 1s a simplified version of SOLIDWORKS Simulation and
will not be covered either.

All exercises 1n this book use SOLIDWORKS models, which can be
downloaded from www.SDCpublications.com. Most of these exercises do not
contain Simulation studies; you are expected to create studies, results plots, and

graphs yourself. All problems presented here have been solved with
SOLIDWORKS Simulation Premium 2018 x64 SP0.0.

We encourage you to explore each exercise beyond 1ts description by
investigating other options, other menu choices, and other ways to present results.
You will soon discover that the same simple logic applies to all studies 1n
SOLIDWORKS Simulation.
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“Engineering Analysis with SOLIDWORKS Simulation 2018 1s an introductory
text. The focus 1s more on understanding Finite Element Analysis than
presenting all software capabilities. This book 1s not intended to replace software
manuals. Therefore, not all Simulation capabilities will be covered, especially
those of fatigue, design studies, optimization, advanced nonlinear, thermal and
dynamic analyses.

Readers of "Engineering Analysis with SOLIDWORKS Simulation 2018" may
wish to review the book “Vibration Analysis with SOLIDWORKS Simulation
2018” (Figure 24-1) and “Thermal Analysis with SOLIDWORKS Simulation
2018 and Flow Simulation 2018 (Figure 24-2), both published by SDC
Publications. These books are not introductory texts; they are designed for users

who are famihiar with topics presented in “Engineering Analysis with
SOLIDWORKS Simulation 2018.”

The knowledge acquired by the readers of "Engineering Analysis with
SOLIDWORKS Simulation 2018" will not be software specific. The same
concepts, tools and methods will apply to any FEA software.

Prerequisites
The following prerequisites are recommended:

e An understanding of Statics, Kinematics and Dynamics
e An understanding of Mechanics of Materials

e An understanding of Heat Transfer

e An understanding of Mechanical Vibrations

e Experience with parametric, feature based solid modeling using
SOLIDWORKS

e Famihiarity with Windows Operating System
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Selected terminology

The mouse pointer plays a very important role in executing various commands
and providing user feedback. The mouse pointer 1s used to execute commands,
select geometry, and invoke pop-up menus. We use Windows terminology when
referring to mouse-pointer actions.

Item Description
Click Self-explanatory
Double-click Self-explanatory
Click-inside Click the left mouse button. Wait a second, and

then click the left mouse button inside the pop-up
menu or text box. Use this technique to modify the
names of 1tems 1n SOLIDWORKS Simulation

Manager.

Drag and drop Use the mouse to point to an object. Press and
hold the left mouse button down. Move the mouse
pointer to a new location. Release the left mouse
button.

Right-click Click the right mouse button. A pop-up menu 1s
displayed. Use the left mouse button to select a
desired menu command.

All SOLIDWORKS file names appear in CAPITAL letters, even though the
actual file names may use a combination of capital and small letters. Selected
menu 1tems and SOLIDWORKS Simulation commands appear 1n bold.
SOLIDWORKS configurations, SOLIDWORKS Simulation folders, icon
names and study names appear 1n italics except 1n captions and comments to
1llustrations. SOLIDWORKS and Simulation also appear in bold font. Bold
font may also be used to draw the reader's attention to a particular term.

Graphics

To improve the quality and readability, many plots use custom defined colors
where dark blue 1s replaced by light grey color.
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1: Introduction

What is Finite Element Analysis?

Finite Element Analysis, commonly called FEA, 1s a method of numerical
analysis. FEA 1s used for solving problems 1n many engineering disciplines such
as machine design, acoustics, electromagnetism, soil mechanics, fluid dynamics,
and many others. In mathematical terms, FEA 1s a numerical technique used for
solving field problems described by a set of partial differential equations.

In mechanical engineering, FEA 1s widely used for solving structural, vibration,
and thermal problems. However, FEA 1s not the only available tool of numerical
analysis. Other numerical methods include the Finite Difference Method, the
Boundary Element Method, and the Finite Volume Method to mention just a few.
However, due to its versatility and numerical efficiency, FEA has come to
dominate the engineering analysis software market, while other methods have
been relegated to niche applications. When implemented into modern
commercial software, both FEA theory and numerical problem formulation
become completely transparent to users.

Finite Element Analysis used by Design Engineers

FEA 1s a powerful engineering analysis tool useful in solving many problems
ranging from very simple to very complex. Design engineers use FEA during the
product development process to analyze the design-in-progress. Time constraints
and limited availability of product data call for many simplifications of computer
models. On the other hand, specialized analysts implement FEA to solve very
complex problems, such as vehicle crash dynamics, hydro forming, and air bag
deployment.

This book focuses on how design engineers use FEA, implemented 1n
SOLIDWORKS Simulation, as a design tool. Therefore, we highlight the most
essential characteristics of FEA as performed by design engineers as opposed to
those typical for FEA performed by analysts.

FEA for Design Engineers: Another design tool

For design engineers, FEA 1s one of many design tools that are used in the
design process and include CAD, prototypes, spreadsheets, catalogs, hand
calculations, textbooks, etc.
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FEA for Design Engineers: Based on CAD models

Modern design 1s conducted using CAD, so a CAD model 1s the starting

point for analysis. Since CAD models are used for describing geometric
information for FEA, 1t 1s essential to understand how to prepare CAD geometry
in order to produce correct FEA results, and how a CAD model

1s different from an FEA model. This will be discussed 1n later chapters.

FEA for Design Engineers: Concurrent with the design process

Since FEA 1s a design tool, 1t should be used concurrently with the design
process. It should drive the design process rather than follow it.

Limitations of FEA for Design Engineers

An obvious question arises: would 1t be better to have a dedicated specialist
perform FEA and let design engineers do what they do best — design new
products? The answer depends on the size of the business, type of products,
company organization and culture, and many other tangible and intangible
factors. A general consensus 1s that design engineers should handle relatively
simple types of analysis, but do 1t quickly and of course reliably. Analyses that
are very complex and time consuming cannot be executed concurrently with the
design process, and are usually better handled either by a dedicated analyst or
contracted out to specialized consultants.
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Objectives of FEA for Design Engineers

The ultimate objective of using FEA as a design tool 1s to change

the design process from repetitive cycles of “design, prototype, test” into
a streamlined process where prototypes are not used as design tools and
are only needed for final design validation. With the use of FEA, design
iterations are moved from the physical space of prototyping and testing
into the virtual space of computer simulations (Figure 1-1).

Traditional Product Simulation Driven Product
Design Process Design Process

Design CAD : Simulation

W1

Prototyping

2 }

Testing

Prototyping

I

Testing

2l |

Production

Production

Figure 1-1: Traditional and Simulation driven product development.

Traditional product development needs prototypes to support a design in
progress. The process in Simulation-driven product development uses numerical
models, rather than physical prototypes, to drive development. In a Simulation
driven product design process, the prototype is no longer a part of the iterative
design loop.

Simulation means here Finite Element Analysis but other simulation methods
may be used in the product development process such as Mechanism Analysis,
Computational Fluid Dynamics and others.
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What is SOLIDWORKS Simulation?

SOLIDWORKS Simulation 1s a commercial implementation of FEA capable of
solving problems commonly found in design engineering, such as the analysis of
displacements, stresses, natural frequencies, vibration, buckling, heat tlow, etc. It
belongs to the family of engineering analysis software products originally
developed by the Structural Research & Analysis Corporation (SRAC). SRAC
was established 1n 1982 and since 1ts inception has contributed to innovations
that have had a significant impact on the evolution of FEA. In 1995, SRAC
partnered with the SOLIDWORKS Corporation and created COSMOSWorks,
one of the first SOLIDWORKS Gold Products, which became the top-selling
analysis solution for the SOLIDWORKS Corporation. The commercial success
of COSMOSWorks imtegrated with SOLIDWORKS CAD software resulted in
the acquisition of SRAC 1n 2001 by Dassault Systémes, parent of
SOLIDWORKS Corporation. In 2003, SRAC operations merged with the
SOLIDWORKS Corporation. In 2009, COSMOSWorks was renamed
SOLIDWORKS Simulation.

SOLIDWORKS Simulation 1s integrated with SOLIDWORKS CAD software
and uses SOLIDWORKS for creating and editing model geometry.
SOLIDWORKS is a solid, parametric, feature-driven CAD system developed
specifically for the Windows Operating System. Many other CAD and FEA
programs were originally developed in a UNIX environment and only later
ported to Windows, and therefore are less integrated with Windows than

SOLIDWORKS and SOLIDWORKS Simulation.

Fundamental steps in an FEA project

The starting point for any SOLIDWORKS Simulation project 1s a
SOLIDWORKS model, which can be a part or an assembly. First, material
properties, loads, and restraints are defined. Next, as 1s always the case with
using any FEA-based analysis tool, the model geometry 1s split into relatively
small and simply shaped entities called finite elements. The elements are called
“finite” to emphasize the fact that they are not infinitesimally small, but
relatively small in comparison to the overall model size. Creating finite elements
1s commonly called meshing. When working with finite elements, the
SOLIDWORKS Simulation solver approximates the sought solution (for
example stress) by assembling the solutions for individual elements.
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From the perspective of FEA software, each application of FEA requires three
steps:

Q Preprocessing of the FEA model, which involves defining the model and then

splitting 1t into finite elements

a Solving for desired results

Q Post-processing for results analysis

U O 0O O

We will tollow the above three steps 1n every exercise. From the perspective of
FEA methodology, we can list the following FEA steps:
Building the mathematical model
Building the tinite element model by discretizing the mathematical model
Solving the finite element model
Analyzing the results

The following subsections discuss these four steps.

Building the mathematical model

The starting point to analysis with SOLIDWORKS Simulation 1s a
SOLIDWORKS model. Geometry of the model needs to be meshable into a
correct finite element mesh. This requirement of mesh-ability has very important
implications. We need to ensure that the CAD geometry will indeed mesh and
that the produced mesh will provide the data of interest (e.g. stresses,
displacements or temperature distribution) with acceptable accuracy.

The necessity to mesh often requires modifications to the CAD geometry, which
can take the form of defeaturing, idealization, and/or clean-up:

Term Description

Defeaturing | The process of removing geometry features deemed
insignificant for analysis, such as outside fillets,
chamfers, logos, etc.

Idealization A more aggressive exercise that may depart from solid
CAD geometry by, for example, representing thin
walls with surfaces and beams with lines.

Clean-up Sometimes needed because geometry must satisty
high quality requirements to be meshable. To clean-
up, we can use CAD quality control tools to check for
problems like, for example, sliver faces, multiple
entities, etc. that could be tolerated in the CAD model
but would make subsequent meshing ditticult or
impossible.
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[t 1s important to mention that we do not always simplity the CAD model

with the sole objective of making it meshable. Often we must simplity a model
even though 1t would mesh correctly “as 1s,” because the resulting mesh would
be large (1in terms of the number of elements) and consequently, the meshing and
the analysis would take too long. Geometry modifications allow for a stmpler
mesh and shorter meshing and computing times.

Sometimes, geometry preparation may not be required at all. Successful meshing
depends as much on the quality of geometry submitted for meshing as 1t does on
the capabilities of the meshing tools implemented 1n the FEA software.

Having prepared a meshable, but not yet meshed geometry, we now define
material properties (these can also be imported from a CAD model), loads and
restraints, and provide information on the type of analysis that we wish to
perform. This procedure completes the creation of the mathematical model
(Figure 1-2). Notice that the process of creating the mathematical model 1s not
FEA specitic. FEA has not yet entered the picture.

Modification of
geometry (if required)
( [Loads Restraints

g

MATHEMATICAL
MODEL

P

Material Type of
properties analysis

CAD geometry FEA geometry

Figure 1-2: Building the mathematical model.

The process of creating a mathematical model consists of the modification of
CAD geometry (here removing outside fillets), definition of loads, restraints,
material properties, and definition of the type of analysis (for example linear
static) that is to be performed.

You may review the difterences between CAD geometry and FEA geometry
using part model BRACKET DEMO 1n 1ts two configurations: 0/ fully featured
and ()2 defeatured.

10
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Building the finite element model

The mathematical model now needs to be split into finite elements using the
process of discretization, more commonly known as meshing (Figure 1-3).
Geometry, loads, and restraints are all discretized. The discretized loads and
restraints are applied to the nodes of the finite element mesh which 1s a
discretized representation of geometry.

Solving the finite element model

Having created the finite element model, we now utilize a solver provided
in SOLIDWORKS Simulation to produce the desired data of interest (Figure 1-
3.

Analyzing the results

Often the most difficult step of FEA 1s analyzing the results. Proper
interpretation of results requires that we understand all simplifications

(and errors they introduce) in the first three steps: defining the mathematical
model, meshing, and solving.

Numerical
solver

Discretization
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Figure 1-3: Building the finite element model.

The mathematical model is discretized into a finite element model. This
completes the pre-processing phase. The FEA model is then solved with
one of the numerical solvers available in SOLIDWORKS Simulation.

This illustration shows BRACKET DEMO model. For clarity of illustration, the
mesh shows larger elements than those used to produce results.
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Errors in FEA

The process 1llustrated in Figure 1-2 and Figure 1-3 introduces unavoidable
errors. Formulation of a mathematical model introduces modeling errors (also
called 1dealization errors), discretization of the mathematical model introduces
discretization errors, and solving introduces solution errors. Of these three types
of errors, only discretization errors are specific to FEA. Modeling errors
atfecting the mathematical model are introduced before FEA 1s utilized and can
only be controlled by using correct modeling techniques. Solution errors are
caused by the accumulation of round-oft errors.

A closer look at finite elements

Meshing splits continuous mathematical models into finite elements. The type of
elements created by this process depends on the type of geometry meshed.
SOLIDWORKS Simulation offers three types of three dimensional (3D)
elements: solid elements for meshing solid geometry, shell elements tor meshing
surface geometry and beam elements for meshing wire frame geometry.
SOLIDWORKS Simulation also works with two dimensional (2D) elements:
plane stress elements, plane strain elements, and axi-symmetric elements.

Betfore proceeding, we need to clarify an important terminology 1ssue. In
CAD terminology, “solid” denotes the type of geometry: solid geometry

(as opposed to surface or wire frame geometry). In FEA terminology, “solid™
denotes the type of element used to mesh the solid CAD geometry.

Solid elements

The type of geometry that 1s most often used for analysis with SOLIDWORKS
Simulation 1s solid CAD geometry. Meshing of this geometry 1s accomplished
with tetrahedral solid elements, commonly called “tets” in FEA jargon. The
tetrahedral solid elements in SOLIDWORKS Simulation can either be first
order elements (called “draft quality”), or second order elements (called “high
quality’). The user decides whether to use draft quality or high quality elements
for meshing. However, as we will soon prove, only high quality elements should
be used for an analysis of any importance. The difference between first and
second order tetrahedral elements 1s 1llustrated in Figure 1-4.

12
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First order tetrahedral element First order tetrahedral element
before deformation after deformation

.."'--.._._,_ ._,.-
Second order tetrahedral element Second order tetrahedral element
before deformation after deformation

Figure 1-4: Differences between first and second order tetrahedral elements.

First and second order tetrahedral elements are shown before and after
deformation. Notice that the first order element has corner nodes only, while the
second order element has both corner and mid-side nodes,; mid-side nodes are

not visible. Single elements seldom experience deformations of this magnitude,
which are exaggerated in this illustration.

13
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In a first order element, edges are straight and faces are flat. After deformation
the edges and faces must retain these properties.

The edges of a second order element before deformation may either be straight
or curvilinear, depending on how the element has been mapped to model the
actual geometry. Consequently, the faces of a second order element before
deformation may be flat or curved.

After deformation, edges of a second order element may either assume a
different curvilinear shape or acquire a curvilinear shape if they were initially
straight. Consequently, faces of a second order element after deformation

can be either flat or curved.

First order tetrahedral elements model the linear field of displacement
inside their volume, on faces, and along edges. The linear (or first order)
displacement field gives these elements their name: first order elements.

If you recall from Mechanics of Materials, strain 1s the first derivative

of displacement. Since the displacement field 1s linear, the strain field 1s constant.
Consequently the stress field 1s also constant in first order tetrahedral elements.
This situation imposes a very severe limitation on the capability of a mesh
constructed with first order elements to model the stress distribution of any
complex model. To make matters worse, straight edges and flat faces cannot map
properly to curvilinear geometry, as illustrated in Figure 1-35, left.

14
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Second order tetrahedral elements have ten nodes (Figure 1-4) and model the
second order (parabolic) displacement field and first order (linear) stress field in
their volume, on faces and along edges. The edges and faces of second order
tetrahedral elements can be curvilinear before and after deformation; therefore,
these elements can be mapped precisely to curved surfaces, as 1llustrated in
Figure 1-5 right. Even though these elements are more computationally
demanding than first order elements, second order tetrahedral elements are used
for the majority of analyses with SOLIDWORKS Simulation because of their
better mapping and stress modeling capabilities.

A tetrahedral solid element 1s the only type of solid element available in
SOLIDWORKS Simulation.

Mapping a curvilinear geometry with Mapping a curvilinear geometry with

first order solid tetrahedral elements. second order solid tetrahedral elements.

Figure 1-5: Failure of straight edges and flat faces to map to curvilinear geometry
when using first order elements (left), and precise mapping to curvilinear
geometry using second order elements (right).

Notice the imprecise first order element mapping of the hole, flat faces
approximate the face of the curvilinear geometry. Second order elements map
well to curvilinear geometry.

The mesh shows elements that are way too large for any meaningful analysis.
Large elements are used only for clarity of this illustration.

This is LUG 01 model.
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Shell elements

Shell elements are created by meshing surfaces or faces of solid geometry. Shell
elements are primarily used for analyzing thin-walled structures. Since surface
geometry does not carry information about thickness, the user must provide this
information. Similar to solid elements, shell elements also come 1n draft and high
quality with analogous consequences with respect to their ability to map to
curvilinear geometry, as shown in Figure 1-6.

Mapping a cylinder with first order Mapping a cylinder with second order

triangular shell elements triangular shell elements

Figure 1-6: Mapping with first order shell elements (left) and second order shell
elements (right).

The shell element mesh on the left was created with first order elements. Notice
the imprecise mapping of the mesh to curvilinear geometry. The shell element
mesh on the right was created with second order elements, which map correctly
to curvilinear geometry. Similarly to Figure 1-3, large elements are used for
clarity of this illustration.

We need to make two important comments about Figure 1-5 and Figure 1-6.
First, a mesh should never be that coarse (large size of elements compared to the
model). We use a coarse mesh only to show the differences between first and
second order elements clearly. Second, notice the “kinks” on the side of the
second order elements; they indicate locations of mid side nodes. The second
order element does map precisely to second order geometry.

As 1n the case of solid elements, first order shell elements model linear
displacements and constant strain and stress. Second order shell elements model
second order (parabolic) displacement and linear strain and stress.
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The assumptions of modeling first or second order displacements in shell
elements apply only to in-plane directions. The distribution of in-plane stresses
across the thickness 1s assumed to be linear 1n both first and second order shell
elements.

Triangular elements are the only type of shell elements available 1n
SOLIDWORKS Simulation.

Certain classes of shapes can be modeled using either solid or shell elements,
such as the plate shown 1n Figure 1-7. Often the nature of the geometry dictates
what type of element should be used for meshing. For example,

a part produced by casting would be meshed with solid elements, while

a sheet metal structure would be best meshed with shell elements.
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Second order tetrahedral solid elements Second order triangular shell elements

Figure 1-7: Plate modeled with solid elements (left) and shell elements (right).

The actual choice between solids and shells depends on the particular
requirements of analysis and sometimes on personal preferences.
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Beam elements

Beam elements are created by meshing curves (wire frame geometry).
They are a natural choice for meshing weldments. Assumptions about the
stress distribution 1n two directions of the beam cross section are made.

A beam element does not have any physical dimensions in the directions
normal to 1its length. It 1s possible to think of a beam element as a line with
assigned beam cross section properties (Figure 1-8).

Figure 1-8: Conceptual representation of a beam element.

A beam element is a line with assigned properties of a beam cross section as
required by beam theory. This illustration conceptualizes how a curve (here a
straight line) defines an I-beam but does not represent actual geometry of beam
cross-section.

Before we proceed with the classification of finite elements we need to introduce
the concept of nodal degrees of freedom which are of paramount importance in
FEA. The degrees of freedom (DOF) of a node 1n a finite element mesh define
the ability of the node to perform translation and rotation. The number of degrees
of freedom that a node possesses depends on the element type. In
SOLIDWORKS Simulation, nodes of solid elements have three degrees of
freedom, while nodes of shell elements have six degrees of freedom.

This 1s because 1n order to describe the transtormation of a solid element from
the original to the deformed shape, we only need to know three translational
components of nodal displacement. In the case of shell and beam elements, we
need to know the translational components of nodal displacements and the
rotational displacement components.

Using solid elements we study how a 3D structure deforms under a load. Using
shell elements we study how a 3D structure with one dimension “collapsed”
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deforms under a load. This collapsed dimension 1s thickness which 1s not
represented explicitly in the model geometry. Beam elements are intended to
study 3D structures with two dimensions removed from the geometry and not
represented explicitly by model geometry. It 1s important to point out that solids,
shells and beams are all 3D elements capable of deformation 1n 3D space.

2D elements

There are also cases where a structure’s response to load can be fully described
by 2D elements that have only two in-plane degrees of freedom. These are plane
stress, plane strain and axi-symmetric elements.

Plane stress elements are intended for the analysis of thin planar structures
loaded 1in-plane, where out-of-plane stress 1s assumed to be equal to zero. Plane
strain elements are intended for the analysis of thick prismatic structures loaded
in-plane, where out-of-plane strain 1s assumed to equal zero. Axi-symmetric
elements are intended for the analysis of axi-symmetric structures under axi-
symmetric load. In all of these special cases, the structure deformation can be
fully described using elements with only two degrees of freedom per node. For
plane stress and plane strain, these are two components of in-plane translation.
For axi-symmetric elements, these are radial and axial displacements.

2D elements are summarized in Figure 1-9. Just like solids and shells, 2D
elements may be of first or second order.
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Thin 3D model Representative slice ready for meshing
with 2D plane stress elements

Thick 3D model Representative slice ready for meshing
with 2D plane strain elements

Axi-symmetric 3D model Representative slice ready for meshing
with 2D axi-symmetric elements

Figure 1-9: Application of 2D elements: plane stress (top). plane strain (middle),
and axi-symmetric (bottom).

Figure 1-9 shows (from top to bottom) models LUG (02, CONTACT 01,
VASE 01.
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Figure 1-10 presents the basic library ot elements in SOLIDWORKS

Simulation. Solid elements are tetrahedral, shell elements and 2D elements are
triangles and beam elements are lines. Elements such as hexahedral solids or

quadrilateral shells are not available in SOLIDWORKS Simulation.

3D elements

2D elements

Solid elements

Shell elements

Beam elements

Plate elements

First order element

Linear (first order)
displacement field

Constant stress field

Second order element

Parabolic (second order)
displacement field

Linear stress field

Figure 1-10: Basic element library of SOLIDWORKS Simulation.

The majority of analyses use the second order tetrahedral element. Element order
is not applicable to beam elements. 2D elements are sometimes referred to as

plate elements.

Beam element cross-section is defined by cross section and second moments of
inertia of the analyzed structural member. It does not have any physical shape.
The above I beam is shown only for the ease of visualization.
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What is calculated in FEA?

Each degree of freedom of a node 1n a finite element mesh constitutes

an unknown. In structural analysis, nodal degrees of freedom represent
displacement components, while 1n thermal analysis they represent temperatures.
Nodal displacements and nodal temperatures are the primary unknowns for
structural analysis and thermal analysis, respectively.

Structural analysis finds displacements, strains and stresses. If solid elements are
used, then three displacement components (three translations) per node must be
calculated. With shell and beam elements, six displacement components (six
translations) must be calculated. 2D elements require calculations of two
displacement components. Strains and stresses are calculated based on the nodal
displacement results.

Thermal analysis finds temperatures, temperature gradients, and heat flow. Since
temperature 1s a scalar value (unlike displacements, which are vectors), then
regardless of what type of element 1s used, there 1s only one unknown
(temperature) to be found for each node. All other thermal results such as
temperature gradient and heat flux are calculated based on temperature results.
The fact that there 1s only one unknown to be found for each node, rather than
three or six, makes thermal analysis less computationally intensive than
structural analysis.

How to interpret FEA results

Results of structural FEA are provided 1n the form of displacements and stresses.
But how do we decide 1t a design “passes™ or “tails”? What constitutes a failure?

To answer these questions, we need to establish some criteria to interpret FEA
results, which may include maximum acceptable displacements, maximum stress,
or the lowest acceptable natural frequency.

While displacement and frequency criteria are quite obvious and easy to
establish, stress criteria are not. Let us assume that we need to conduct a

stress analysis 1n order to ensure that stresses are within an acceptable range. To
judge stress results, we need to understand the mechanism of potential failure. If
a part breaks, what stress measure best describes that failure? SOLIDWORKS
Simulation can present stress results in any desired form, but 1t 1s up to us to
decide which stress measures should be used to analyze results.

Discussion of various failure criteria is out of the scope of this book. Any
textbook on the Mechanics of Materials provides information on this topic. Here
we will limit our discussion to commonly used failure criteria: Von Mises Stress
failure criterion and Maximum Normal Stress failure criterion.
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Von Mises Stress failure criterion

Von Mises stress, also known as Huber stress, 1s a stress measure that accounts

for all six stress components of a general 3-D state of stress
(Figure 1-11).

Figure 1-11: General state of stress represented by three normal stresses: oy,
Gy, 0, and six shear stresses.

Two components of shear stress and one component of normal stress act on each
side of this elementary cube. Due to symmetry of shear stresses, the general 3D
state of stress is characterized by six stress components. 0x, Oy, 0- ANd Ty = Tyx, Tyz

— Tz, Tz — Tz
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Von Mises stress oym, can be expressed either by six stress components as:

G = (05% [(Jx — Jy)z + (Jy — (TZ)Z + (0, — Jx)zl + 3 X (rxyz FEyt ‘rzxz)

Von Mises stress oym, can be also expressed using three principal stresses (Figure
1-12) as:

0ym = /0.5 X [(01 — 02)% + (02 — 03)% + (03 — 07)?]

Notice that von Mises stress 1s a non-negative, scalar stress measure. Von Mises
stress 1s commonly used to present results because the structural safety for many
engineering materials showing elasto-plastic properties (for example, steel or
aluminum alloy) can be evaluated using von Mises stress.

The maximum von Mises stress failure criterion 1s based on the von Mises-
Hencky theory, also known as the shear-energy theory or the maximum
distortion energy theory. The theory states that a ductile material starts to yield at
a location when the von Mises stress becomes equal to the stress limit. In most
cases, the yield strength 1s used as the stress limit. According to the von Mises
failure criterion, the factor of satety (FOS) 1s expressed as:

FOS = Jlimit/o_vm

where giimic 18 yield strength.
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Maximum Normal Stress failure criterion

By properly adjusting the angular orientation of the stress cube in Figure 1-11,
shear stresses disappear and the state of stress 1s represented only by three
principal stresses: o1, 62, 63, as shown 1n Figure 1-12. In SOLIDWORKS
Simulation, principal stresses are denoted as P1, P2, P3.

O3

Figure 1-12: The general state of stress represented by three principal stresses: 61,
02, O3.

The Maximum Normal Stress Failure criterion 1s used for brittle materials. Brittle
materials do not have a specific yield point. This criterion assumes that the
ultimate tensile strength of the material in tension and compression 1s the same.
This assumption 1s not valid 1n all cases. For example, cracks considerably

decrease the strength of the material in tension while their effect 1s not significant
in compression because the cracks tend to close.

This criterion predicts failure will occur when 61 exceeds the stress limit, usually
the ultimate tensile strength. According to the maximum principle stress failure
criterion, the factor of satety FOS 1s expressed as:

FOS = Oy 04

where 07;i; 1 tensile strength.
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Units of measure

Internally, SOLIDWORKS Simulation uses the International System of Units
(SI). However, for the user’s convenience, the unit manager allows data entry in
any of three systems of units: SI, Metric, and English. Results can be displayed
using any of the three systems. Figure 1-13 summarizes the available systems of

units.

i Metric (MKS) English (IPS)

System (SI) .

Mass kg kg Ib
Length m cm n
Time S S S
Force N Kgf [bf
Graﬂtatl.onal -y G .
acceleration
Mass density ke/m? kg/cm? Ibf/in’
Temperature K C F

Figure 1-13: Unit systems available in SOLIDWORKS Simulation.

SI, Metric, and English systems of units can be interchanged when entering data
and analyzing results in SOLIDWORKS Simulation.

As SOLIDWORKS Simulation users, we are spared much confusion and
trouble with systems of units. However, we may be asked to prepare data or
interpret the results of other FEA software where we do not have the
convenience of the unit manager. Therefore, we will make some general
comments about the use of different systems of units in the preparation of input
data for FEA models. We can use any consistent system of units for FEA models,
but in practice, the choice of the system of units 1s dictated by what units are
used 1n the CAD model. The system of units in CAD models 1s not always
consistent; length can be expressed in [mm], while mass density can be expressed
in [kg/m’]. Contrary to CAD models, in FEA all units must be consistent.
Inconsistencies are easy to overlook, especially when defining mass and mass
density, and can lead to serious errors.
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In the SI system, based on meters [m] for length, kilograms [kg]|

for mass, and seconds [s] for time, all other units are easily derived from

these base units. In mechanical engineering, length 1s commonly expressed

in millimeters [mm], force in Newtons [/V], and time 1n seconds [s]. All

other units must then be derived from these basic units: [mm], [ V], and [s].
Consequently, the unit of mass 1s defined as a mass which, when subjected

to a unit force equal to 1N, will accelerate with a unit acceleration of 1 mm/s?.
Therefore, the unit of mass 1n a system using [mm| for length and | N] for force 1s
equivalent to 1000 kg or one metric ton. Therefore, mass density 1s expressed in
metric tonnes [tonne/mm’]. This is critically important to remember when
defining material properties in FEA software without a unit manager. Review
Figure 1-14 and notice that an erroneous definition of mass density in [kg/m’]
rather than in [tonne/mm’] results in mass density being one trillion (10'?) times
higher.

System SI [m] [N] [s]
Unit of mass kg
Unit of mass density kg/m’
Density of aluminum 2794 kg/m?
System of units derived from SI [mm] [N] [s]
Unit of mass tonne
Unit of mass density tonne/mm’
Density of aluminum 2.794 x 10~ tonne/mm?
English system (IPS) [in] [1bf] [s]
Unit of mass slug/12
Unit of mass density slug/12/in’
Density of aluminum 2.614 x 10 slug/12/in’

Figure 1-14: Mass density of aluminum in the three systems of units.

Comparison of numerical values of mass densities of 1060 aluminum alloy
defined in the SI system of units with the system of units derived from SI,
and with the English (IPS) system of units.
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Using online help

SOLIDWORKS Simulation features very extensive online Help and Tutorial
functions, which can be accessed from the Help menu in the main
SOLIDWORKS tool bar or from the Simulation menu. The Study advisor can

be accessed from the Study drop down menu (Figure 1-15).

(1) (2)
> / / .
Z)S SOLIDWORKS File Edit View Insert Tools Simulation Window Help o @ D v B? v ﬁ v @ v v E'. o O3 + HC
Q¢ | & Study..
Study Material ’
| - ‘| . Loads/Fixture ’
& New Study Wpert | SOLIDWORKS stion \
3) — & Simulation Advisor 1. B - ® - _ _
( ) Contact/Gaps 4 o ﬂ:} - &:’ @ =
Shells ’
Topology Study ’
Mesh ’
= Run »
g._.@ | 1 Study v
Q) | 2 Bodies and Material vy
—1 | 3 Interactions v Plot Results 4
|B_ 4 Mesh and Run List Results '
| = 5 Results
&b Result Tools ’
| @ | To help you create the proper study, select one of the
| following:
L=l
_ﬂi A I am concerned about excessive deformation or
stresses. Fatigue »
I am concerned about the effect of load/unload
" cycles.
. lam cuncgrned about sudden collapse under Import Motion Loads..
compression.
EJ 1 am concerned about excessive shaking. &5} Options..
’ EJ 1am concerned about temperatures. Helo : el Topics
( ) 1T _ : Tutorials
About Simulation T
Verification Problems
E Next Customize Menu NAFEMS Benchmarks

Theoretical Manual (pdf)
Introduction to Simulation (pdf)

Customize Menu

Figure 1-15: Accessing online Help, and Simulation Advisor.

Online Help and Tutorials can be accessed from the Simulation menu (1) as
shown in this illustration or from the main tool bar by selecting Help (2). The
Simulation Advisor can be accessed from the Study drop down menu (3).
Simulation Advisor window appears in the Task Pane (4).
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Limitations of Static studies

Static study 1s the only type of study available in some SOLIDWORKS
packages. Working with Static study we need to accept important limitations:
material 1s assumed as linear, and loads are static.

Linear material

Whatever material we assign to the analyzed parts or assemblies, the material 1s
assumed to be linear, meaning that stress 1s proportional to the strain (Figure 1-

16).
Linear
0] .
S Material
Nonlinear
Maternial
/ o
E= —=tan«
&
[ .
Strain &

Linear range

Figure 1-16: The linear material model assumed in SOLIDWORKS Simulation.

With a linear material, stress is linearly proportional to strain. The linear range
is where the linear and nonlinear material models are not significantly different.

Using a linear material model, the maximum stress magnitude 1s not limited

to yield or to ultimate stress as it 1s 1n reality. Material yielding 1s not modeled,
and whether or not yield may 1n fact be taking place can only be established
based on the stress magnitudes reported 1n results. Most analyzed structures
experience stresses below the yield stress, and the factor of satety 1s most often
related to the yield stress.
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Static loads

All structural loads and restraints are assumed not to change with time. Dynamic
loading conditions cannot be analyzed with Static study. This limitation implies
that loads are applied slowly enough to 1gnore inertial effects.

Nonlinear material analysis and loads changing with time dynamic analysis may
be analyzed with SOLIDWORKS Simulation Premium.

Models used for illustrations

Model

BRACKET DEMO .sldprt

LUG O1.sldprt

LUG 02.sldprt

CONTACT 01 sldprt

VASE 01 sldprt
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2: Static analysis of a plate

Topics covered

Using the SOLIDWORKS Simulation interface

Linear static analysis with solid elements

Controlling discretization error with the convergence process
Finding reaction forces

Presenting FEA results 1n a desired format

Project description

A steel plate 1s supported and loaded, as shown 1n Figure 2-1. We assume that
the support 1s rigid (this 1s also called built-in support, tixed support or tfixed
restraint) and that a 100000N tensile load 1s uniformly distributed along the end
tace, opposite to the supported face.

100000N tensile load
uniformly distributed

'/

Figure 2-1: SOLIDWORKS model of a rectangular plate with a hole.

We will perform a displacement and stress analysis using meshes with different
clement sizes. Notice that repetitive analysis with different meshes does not
represent standard practice in FEA. However, repetitive analysis with different
meshes produces results which are useful 1in gaining more insight into how FEA
works.
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Procedure

In SOLIDWORKS, open the model file called HOLLOW PLATE. Verity that
SOLIDWORKS Simulation is selected in the Add-Ins list (Figure 2-2).

i

Add-Ins

S

Active Add-ins

Start Up

-4

Last Load
Time

—/SOLIDWORKS Premium Add-ins

@ CircuitWorks

gﬁ FeatureWorks

@ PhotoView 360

ﬁe ScanTo3D

@, SOLIDWORKS Design Checker

& soLIDWORKS Motion

1788 SOLIDWORKS Routing

7/ SOLIDWORKS Simulation

¥ SOLIDWORKS Toolbox Library
SOLIDWORKS Toolbox Utilities

% soupworks utilities

] Tolanalyst

—/SOLIDWORKS Add-ins
Autotrace
SOLIDWORKS Composer
SOLIDWORKS Flow Simulation 2018
¥ SOLIDWORKS Forum 2018
SOLIDWORKS PCB 2018
SOLIDWORKS Plastics

+/Other Add-ins

‘ OK \ [ Cancel

S

< 15

4s

1s

35

Figure 2-2: Add-Ins list in SOLIDWORKS.

Verify that SOLIDWORKS Simulation is selected in the list of Add-Ins.

Select Simulation as
Active (left)

and Start-up (right)
Add-1n

Once Simulation has been added, 1t shows 1in the main SOLIDWORKS menu

and 1n the Command Manager.
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Simulation Pin down

/{SSOUDWORKS File Edit View Insert Tools Simulation Window Help
Study creation K
button —— >tudy

- v

Features | Sketch | Evaluate | DimXpert | SOLIDWORKS Add-Ins | Simulation | Analysi

G B R| & & >
\T4

% HOLLOW PLATE (Default<<Default>

» [&) History
[2) Sensors

» [A) Annotations

» [@) Solid Bodies(1)
[&) Surface Bodies
§"'_-5 Material <not spe

Simulation tab

Roll to Previous

Document Properties... Right-click anywhere in the

] Front Hide/Show Tree Items... < Feature Manager Design Tree
ip - Collapse Items Select Hide/Show Tree Items
1] Right Customize Menu

ks Origin

» @] Boss-Extrudel
» H:Li Cut-Extrudel

Figure 2-3: The Simulation tab is a part of the SOLIDWORKS Command
Manager.

Selecting the Simulation tab in the Command Manager displays Simulation menu
items (icons). Since no study has been yet created, only the Study creation icon is
available; all others are grayed-out. For convenience, pin down the top tool bar
as shown. Command Manager with Large Buttons is shown in this illustration.

Notice that Feature Manager Design Tree shown in Figure 2-3 displays Solid
Bodies and Surface Bodies folders. These folders can be displayed by right-
clicking anywhere in Feature Manager Design Tree to bring up the pop-up
menu and selecting Hide/Show Tree Items. This will invoke System Options-
Feature Manager (not shown here). From there, Solid Bodies and Surface
Bodies folders can be selected to show (Figure 2-3). We will need to distinguish
between these two different bodies 1n later exercises. In this exercise these two
folders do not need to show.
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Before we create a study, let’s review the Simulation main menu (Figure 2-4)
along with 1ts Options window (Figure 2-5).

& Study..

Features | Sketch | Evaluate | DimXpert

SOLIDWORKS

"

E R ¢ € >

Y

& HOLLOW PLATE (Default<<Default>

b

[ (&) BJ &) (@

Q
o
o

] L] L L] ] L)
b . L . L
ki Sk 1 |

)
@
@

History

Sensors

Annotations

Solid Bodies(1)

Surface Bodies

Material <not specified>
Front

Top

Origin
Boss-Extrudel
Cut-Extrudel

Figure 2-4: Simulation main menu.

Material
Loads/Fixture

Contact/Gaps
Shells

Topology Study

Mesh

Run

Plot Results
List Results
Result Tools

Fatigue

Import Motion Loads...

Options...
Help

About Simulation

New Study

Simulation
Options

Similar to the Simulation Command Manager shown in Figure 2-3, only the New
Study icon is available. Notice that some commands are available both in the
Command Manager and in the Simulation menu.

Simulation studies can be executed entirely from the Simulation drop down
menu shown in Figure 2-4. In this book we will use the Simulation main menu
and/or Command Manager to create a new Study. Everything else will be done

in the Study Property Manager window.

Now click on the Simulation options shown 1n Figure 2-4 to open the

Simulation System Options window shown 1n Figure 2-5.
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Default Options - Units

.TE-ystem Dptiuns_ Default Options

Units
Load/Fixture
- Mesh
Results
—-Plot
| Color Chart
= Default Plots
T @X static Study Results
® Plotl
® piot2
® Piot3
QY Frequency/Buckling Study Results
= @$ Thermal Study Results
® piot1
= @P Drop Test Study Results
® piotl
® Plot2
® piot3
= QT Fatigue Study Results
® Piot1
® piot2
g’Optimizatinn Study Results
- @ Nonlinear Study Results
® piot1
® Piot2
5 Plot3
User information
Report

Unit system

@ SI (MKS)

._English (IPS)

) Metric (G)
Units

Length/Displacement: mm v
Temperature: Kelvin v
Angular velocity: rad/sec ¥
Pressure/Stress: N/mm*2(h ¥

OK

Set Pressure/Stress unit to MPa

‘ Cancel ‘ ‘ Help...

Figure 2-5: Simulation Options window.

The Options window has two tabs. In this example, Default Options and Units

are selected and shown.

Please spend time reviewing all of the options in both System Options and
Default Options shown 1n Figure 2-5 before proceeding with the exercise. In the
Units options, make the choices shown 1n Figure 2-5. In this book we will
mostly use the SI system of units using MPa rather than Pa as a unit of stress and

pressure. Occasionally we will switch to the IPS system.

Notice that Default Plots can be added, modified, deleted or grouped 1nto sub-
folders which are created by right-clicking on the results folders, for example,

Static Study Results folder, Thermal Study Results folder, etc.
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Creation of an FEA model starts with the definition of a study. To define a new
study, select New Study 1n either the Simulation tab in the Command Manager
(Figure 2.3) or Simulation main menu (Figure 2-4). This will open the Study
Property Manager. Notice that the New Study icon in the Simulation
Command Manager can be also used to open the Study Advisor. We won't be
using the Study Advisor in this book. Name the study tensile load 01 (Figure 2-

6).
2 . = . . .
2S SOLIDWORKS File Edit View Insert Tools Simulation Window Help X
K
Study
New Study button 1n the &
Simulation tab can be e | I .
also used to open — | & New Study 1Xpert | SOLIDWORKS Add-lns] Simulation | Analysi

the Simulation Advisor & Simulation Advisor

Study @& @

v s

Message v

Name A
Enter study name —— tensile load 01

General Simulation A

Select Static —— @ Static

|

.| Use 2D Simplification

Study Property

QY| Frequency — _
' Manager window

Design Insight A
Advanced Simulation v
Specialized Simulation g

Figure 2-6: Creating a new study.

The study definition window offers choices of the type of study; here we select
Static. Static study and Frequency study belong to the group called General
Simulation.
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Once a new study has been created, Simulation Commands can be invoked 1n

three ways:

J  From the Simulation Command Manager (Figure 2-4)

J From the Simulation main menu (Figure 2-4)

By right-clicking appropriate items in the Study Property Manager
window. In this book, we will most often use this method.

When a study 1s defined, Simulation creates a study window located below the
Feature Manager Design Tree and places several folders 1n 1t. It also adds a
study tab located next to Model and Motion Study tabs. The tab provides access
to the study (Figure 2-7).

Z;SSOUDWOF»?KS Fle Edit View Insert Tools Simulation Window Help o

Simulation & = i G 2. ¥ ¢ & di 7
Command Study Apply ixtures External Loads Connections Shell Run Results Compa
Manager . | Material | . . Manager | : Result

Features | Sketch | Evaluate | DimXpert | SOLIDWORKS Add-Ins | Simulation | Analysi

G R & & >
Y
¢ HOLLOW PLATE (Default<<Default>

v [&) History
Sensors

@
» [A) Annotations
» @

[

Solid Bodies(1)

Surface Bodies
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Figure 2-7: The Simulation window and Simulation tab.

You can switch between the SOLIDWORKS Model, Motion Studies and
Simulation Studies by selecting the appropriate tab.
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We are now ready to define the analysis model. This process generally consists
of the following steps:

a CAD geometry 1dealization and/or simplification in preparation for analysis.
This 1s usually done in SOLIDWORKS by creating an analysis specific
configuration and making your changes there

0O Matenal properties assignment
Q Restraints application
a Load application

In this case, the geometry does not need any preparation because 1t 1s already
very simple; we can start by assigning material properties.

Notice that 1f a matenal 1s defined for a SOLIDWORKS part model, the
material definition 1s automatically transterred to the Simulation model.
Assigning a material to the SOLIDWORKS model 1s actually a preferred
modeling technique, especially when working with an assembly consisting of
parts with different materials. We will do this 1n later exercises.

To apply matenal to the Simulation model, right-click the HOLLOW PLATE
folder 1n the fensile load 01 simulation study and select Apply/Edit Material
from the pop-up menu (Figure 2-8).
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@X tensile load 01 (-Default-)
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Figure 2-8: Assigning material properties.

The top window shows the first step in the process of applying material
properties to the model.

The bottom window shows modification to System Options, this needs to be done
only once.
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The action 1n Figure 2-8 opens the Material window shown in Figure 2-9.

-

—

Material
4 i) steel a | | Properties | Tables & Curves| Appearance | crossHatch | custom | Application Data | « | »
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§= AISI1015 Steel, Cold Drawn (55) || | Uit SI - N/mm*2 (MPa) v - MPa
E AISI 1020 i Category: Steel
E EE ::;Id s Name: | Alloy Steel q
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§= AISI 304 Description:
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8= AISI Type 316L stainless steel
§= AISI Type A2 Tool Steel
—» = Alloy Steel
#= Alloy Steel (SS)
8= ASTM 425 Steel e
i —
wsnmomnmwsras Gose] [ save | [config.| [ nep,]

Figure 2-9: Material window.

Select Alloy Steel to be assigned to the model; select MPa as units.

Click Apply, and then click Close.
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In the Material window, the properties are highlighted to indicate the mandatory
and optional properties. A red color description (Elastic modulus, Poisson’s
rati0) indicates a property that 1s mandatory based on the active study type and
the material model. A blue color description (Mass density, Tensile strength,
Compressive strength, Yield strength, Thermal expansion coefficient) indicates
optional properties. A black color description (Thermal conductivity, Specific
heat, Material damping ratio) indicates properties not applicable to the current
study:.

In the Material window, open the SOLIDWORKS Materials menu, followed
by the Steel menu. Select Alloy Steel. Select SI units under the Properties tab
(other units could be used as well). Notice that the HOLLOW PLATE {folder in
the tensile load 01 study now shows a check mark and the name of the selected
material to indicate that a material has been assigned. If needed, you can define
your own material by selecting Custom Defined material.

Defining a material consists of two steps:

a Matenal selection (or material definition 1f a custom material 1s used)

Q Material assignment (either to all solids in the model, selected bodies of a
multi-body part, or to selected components of an assembly)

Having assigned the material, we now move to defining the restraints. To display
the pop-up menu that lists the options available for defining restraints, right-click
the Fixtures tolder 1n the fensile load 01 study (Figure 2-10).
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Type tab  Split tab

Fixture @
v| x|
aX tensile load 01 (-Default-) |
| | ©f HOLLOW PLATE (-Alloy Steel-) Type | Split
. Right-click ®3 Connections
Fixtures and select : ] Example v
Fixed geometry to — [ Fihowen @ Fi .
opengthe Fixture 14 External Loads ESAAES it Standard (Fixed Geometry) A i
= 1Xe
Property Manager. % o _ X Fixed Geometry.. —> Qfl Fixed Geometry Geometr
s Result Options A Roller/Slid ] eometry
RS, &\ | Roller/slider
il Fixed Hinge...
‘I Fixed Hi
B Elastic Support... | B | S This wind h
@ Bearing Fixture Q N
geometric entities
{}: Foundation Bolt... where restraints are
Advanced Fixtures... J applied
> Create New Folder C
_ Advanced .
Hide All
Show All Symbol Settings v

Fixed Geometry:

Figure 2-10: Pop-up menu for the Fixtures folder and Fixture definition window
(Fixture Property Manager).

All restraints’ definitions are done in the Type tab. The Split tab is used to define

a split face where restraints are applied. The same can be done in
SOLIDWORKS by defining a Split Face.

42



Engineering Analysis with SOLIDWORKS Simulation 2018

Once the Fixtures definition window 1s open, select the Fixed Geometry
restraint type. Select the end-face entity where the restraint 1s to be applied.
Click the green check mark 1n the Fixture Property manager window to complete
the restraint definition.

Notice that in SOLIDWORKS Simulation, the term “Fixture” implies that the
model 1s firmly “fixed” to the ground. However, aside from Fixed Geometry,
which we have just used, all other types of fixtures restrain the model 1n certain
directions while allowing movements in other directions. Therefore, the term
“restraint” may better describe what happens when choices in the Fixture
window are made. In this book we will switch between the terms “fixture” and
“restraint” freely.

The existence of restraints 1s indicated by symbols shown in Figure 2-10. In the
Symbol Settings of the Fixture window, the size ot the symbol can be changed.
Notice that symbols shown in Figure 2-10 are distributed over the highlighted
face meaning the entire face has been restrained. Each symbol consists of three
orthogonal arrows symbolizing directions where translations have been
restrained. Each arrow has a disk symbolizing that rotations have also been
restrained. The symbol implies that all six degrees of freedom (three translations
and three rotations) have been restrained. However, the element type we will use
to mesh this model (second order solid tetrahedral element) has only translational
degrees of freedom. Rotational degrees of freedom can't be restrained because
they don't exist 1n this type of element. Theretore, disks symbolizing restrained
rotations are irrelevant in our model. Please see the following table for more
explanations.

Before proceeding, explore other types of restraints accessible through the
Fixture window. Restraints can be divided into two groups: Standard and
Advanced. Review animated examples available in the Fixture window and
review the following table. Some less frequently used types of restraints are not
listed here.
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Standard Fixtures

Fixed Also called built-in or rigid support. All translational and all
rotational degrees of freedom are restrained.
Only translational degrees of freedom are restrained, while
Immovable rotational degrees of freedom remain unrestrained.

(No translations)

[f solid elements are used (like in this exercise), Fixed and
Immovable restraints would have the same effect because
solid elements do not have rotational degrees of freedom.
Therefore, the Immovable restraint 1s not available 1f solid
elements are used alone.

Roller/Shder

Specifies that a planar face can move freely on its plane but
not in the direction normal to its plane. The face can shrink or
expand under loading.

Fixed Hinge

Applies only to cylindrical faces and specifies that the
cylindrical face can only rotate about its own axis. This
condition 1s 1dentical to selecting the On cylindrical face
restraint type and setting the radial and axial components to
Zero.

Advanced Fixtures

Symmetry

Applies symmetry boundary conditions to a flat face.
Translation in the direction normal to the face 1s restrained
and rotations about the axes aligned with the face are
restrained.

Cyclic symmetry

Allows analysis of a model with cyclic patterns around an
axis by modeling a representative segment. The geometry,
restraints, and loading conditions must be identical for all
other segments making up the model. Turbine, fans,
flywheels, and motor rotors can usually be analyzed using
cyclic symmetry.

Use Reference

Restrains a face, edge, or vertex only in certain directions,
while leaving the other directions free to move. You can

Geometry specify the desired directions of restraint in relation to the
selected reference plane or reference axis.
Provides restraints in selected directions, which are defined
On Flat Faces by the three directions of the flat face where restraints are
being applied.
On Cylindrical This option 1s similar to On flat face, except that the three
Faces directions of a cylindrical face define the directions
of restraints.
On Spherical Face | Similar to On Flat Faces and On Cylindrical Faces. The

three directions of a spherical face define the directions
of the applied restraints.
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When a model 1s fully supported (as 1t 1s 1n our case), we say that the model does
not have any rigid body motions (the term “rigid body modes™ 1s also used),
meaning 1t cannot move without experiencing deformation.

Notice that the presence of restraints in the model 1s manifested by both the
restraint symbols (showing on the restrained face) and by the automatically
created 1con, Fixture-1, in the Fixtures folder. The display of the restraint
symbols can be turned on and off by either:

e Right-clicking the Fixtures tolder and selecting Hide All or Show All in
the pop-up menu shown 1n Figure 2-10, or

e Right-clicking the fixture icon and selecting Hide or Show from the
pop-up menu.

Use the same method to control display of other Simulation symbols.
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Now define the load by right-clicking the External Loads folder and selecting
Force from the pop-up menu. This action opens the Force window as shown in
Figure 2-11.

[ Fixtures
(X Fixed-1

11 External Loz

—

% Mesh

'3} External Loads Advisor...

E RESUH Optlfi i Eorcem

& Torque..
‘4L Pressure...

o Gravity..
&3 Centrifugal..

: ) Bearing Load..

§ Temperature..

iI]j: Prescribed Displacement..

4V Flow Effects...
Thermal Effects...

' Remote Load/Mass...
| Q Distributed Mass...

‘ = Create New Folder

Hide All
| Show All

[@ Copy

Force/Torque @

v X ™

Type | Split

Force/Torque A
E Force

B roraue

o

‘@ Normal

(") Selected direction
B |s v

4 100000 v N

V| Reverse direction

Q) Per item

Total

| Nonuniform Distribution g

'V | Show preview

Force

This window shows
geometric entities
where loads are applied

Symbol size set to 200

2 Force Value (N):

100000

oS
Bveon

Figure 2-11: Pop-up menu for the External [.oads folder and Force window.

The Force window displays the selected face where the tensile force is applied. If
only one entity is selected, there is no distinction between Per Item and Total. In
this illustration, load symbols have been enlarged by adjusting the Symbols
Settings. Symbols of previously defined restraints have been hidden.
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In the Type tab, select Normal in order to load the model with a 100000N
tensile force uniformly distributed over the end face, as shown in Figure 2-11.
Check the Reverse direction option to apply a tensile load.

Generally, forces can be applied to faces, edges, and vertices using different
methods, which are reviewed below:

Force normal Available for flat faces only, this option applies load in
the direction normal to the selected face.

Force selected direction | This option applies a force or a moment to a face,
edge, or vertex 1n the direction defined by the selected
reference geometry.

Moments can be applied only if shell elements are used.
Shell elements have six degrees of freedom per node:
three translations and three rotations, and can take a
moment load.

Solid elements only have three degrees of freedom
(translations) per node and, therefore, cannot take a
moment load directly.

[f you need to apply moments to solid elements, they
must be represented with appropriately applied forces.

Torque This option applies torque (expressed by traction
forces) about a reference axis using the right-hand rule.

Try using the click-inside technique to rename the Fixture-1 and Force/Torque-
1 items. Notice that renaming using the click-inside technique works on all items
iIn SOLIDWORKS Simulation.

The model 1s now ready for meshing. Before creating a mesh, let’s make a few
observations about defining the geometry, material properties, loads and
restraints.

Geometry preparation 1s a well-defined step with few uncertainties. Geometry
that 1s simplified for analysis can be compared with the original CAD model.

Material properties are most often selected from the material library and do not
account for local defects, surface conditions, etc. Theretore, the definition of
material properties usually has more uncertainties than geometry preparation.

The definition of loads 1s done 1n a few menu selections but involves many
assumptions. Factors such as load magnitude and distribution are often only
approximately known and must be assumed. Therefore, significant 1dealization
errors can be made when defining loads.
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Defining restraints 1s where severe errors are most often made. For example, 1t 1s
easy enough to apply a fixed restraint without giving too much thought to the
fact that a fixed restraint means a rigid support — a mathematical abstraction. A
common error 1S over-constraining the model, which results in an overly stiff
structure that underestimates displacements and stresses. The relative level of

uncertainties 1n defining geometry, material, loads, and restraints 1s qualitatively
shown 1n Figure 2-12.

Geometry Material Loads Restraints

Figure 2-12: Qualitative comparison of uncertainty in defining geometry,
material properties, loads, and restraints.

The level of uncertainty (or the risk of error) has no relation to time required for
each step, so the message in Figure 2-12 may be counterintuitive. In fact,
preparing CAD geometry for FEA may take hours, while defining material
properties and applying restraints and loads takes only a few clicks.
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In all of the examples presented in this book, we assume that definitions of
material properties, loads, and restraints represent an acceptable 1dealization of
real conditions. However, we need to point out that 1t 1s the responsibility of the
FEA user to determine 1f all those 1dealized assumptions made during the
creation of the mathematical model are indeed acceptable.

Before meshing the model, we need to verify under the Default Options tab, 1n
the Mesh properties, that High mesh quality 1s selected (Figure 2-13). The
Options window can be opened from the SOLIDWORKS Simulation menu as

shown 1n Figure 2-4.

Detault Options

Mesh quality: High
(second order elements used)

Default Options - Mesh
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QY Frequency/Buckling Study Results
= @¥ Thermal Study Results
® Plotl
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® Piotl
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® riot2
B Optimization Study Results
= @ Nonlinear Study Results
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@ Plot3
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Report

esh quality
1 Draft
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w

Mesher Settings

__|Remesh failed parts with incompatible mesh

Curvature based

@ Standard

i_ Automatic transition

|| Automatic trials for solids

Number of trials: 3
Factor for element size for each tnal 08
Factor for tolerance for each trial 0.8

V| Automatic re-alignment for non-composite shells

, Show advanced options for contact set definitions (No

— penetration and shrink fit only)

| Render beam profiles and shell thicknesses (slower)

Do not show mesh after meshing has completed.

[ OK ] L Cancel ' [ Help...

Mesh type: Standard

Figure 2-13: Mesh settings in the Options window.

Use this window to verify that the mesh quality is set to High and the mesh type
is set to Standard. Use these settings for other exercises unless indicated

otherwise.
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The difference between High and Draft mesh quality 1s:

a Draft quality mesh uses first order elements
a High quality mesh uses second order elements

Differences between first and second order elements were discussed in chapter 1.

The difterence between Curvature based mesh and Standard mesh will be

explained 1n chapter 3. Now, right-click the Mesh folder to display the pop-up
menu (Figure 2-14).

@ tensile load 01 (-Default-)
] HOLLOW PLATE (-Alloy Steel-)
¥1 Connections

+ [ Fixtures
(¥ Fixed-1
~ 1} External Loads
Right-click 3 Force-1 (:Per item: -100000 N:)
Mesh to display __  |&3 Mesh’
mesh pop up menu =) Resul @ Mesh Advisor..

=05 Simplify Model for Meshing
Qb Create Mesh... —— Create Mesh

Mesh and Run

Failure Diagnostics...

(2 Details..
Apply Mesh Control...

@ Create Mesh Quality Plot...

B List Selected
# Probe

% Show Mesh
Hide All Control Symbols
Show All Control Symbols

[@ Copy

Figure 2-14: Mesh pop-up menu.

Select Create Mesh from the pop-up menu.

In the pop-up menu, select Create Mesh. This opens the Mesh window (Figure
2-15) which offers a choice of element size and element size tolerance.
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This exercise reinforces the impact of mesh size on results. Therefore, we will
solve the same problem using three different meshes: coarse, medium (default),
and fine. Figure 2-15 shows the respective selection of meshing parameters to
create the three meshes.
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Figure 2-15: Three choices for mesh density from left to right: coarse, medium

(default), and fine.

Show Mesh Parameters to see the element size. In all three cases use Standard
mesh. Notice the different slider positions in the three windows. Verify that

standard mesh is used.

The medium mesh density, shown in the middle window 1n Figure 2-15, 1s the
default that SOLIDWORKS Simulation proposes for meshing our model. The
clement size of 5.72 mm and the element size tolerance of 0.286 mm are
established automatically based on the geometric features of the
SOLIDWORKS model. The 5.72 mm size 1s the characteristic element size in
the mesh, as explained in Figure 2-16. The default tolerance 1s 5% of the global
element size. If the distance between two nodes 1s smaller than this value, the
nodes are merged unless otherwise specified by contact conditions; contact
conditions are not present in this model.

Mesh density has a direct impact on the accuracy of results. The smaller the
clements, the lower the discretization error, but the meshing and solving time

both take longer. In the majority of analyses with SOLIDWORKS Simulation,
the default mesh settings produce meshes that provide acceptable discretization
errors, while keeping solution times reasonably short.
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Tetrahedral element Triangular element

Figure 2-16: Characteristic element size for a tetrahedral element (left) and
triangular element (right).

The characteristic element size of a tetrahedral element is the diameter h of a
circumscribed sphere (left). This is easier to illustrate with a 2D analogy of a
circle circumscribed on a triangle (right).

Right-click the Mesh folder again and select Create... to open the Mesh
window. With the Mesh window open, set the slider all the way to the left (as
illustrated 1in Figure 2-15, left) to create a coarse mesh, and click the green
checkmark button. The mesh will be displayed as shown 1n Figure 2-17.

Figure 2-17: A coarse mesh created with second order, solid tetrahedral elements.

You can control the mesh visibility by selecting Hide Mesh or Show Mesh from
the pop-up menu shown in Figure 2-14.
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The presence of a mesh 1s reflected 1n the appearance of the solid folder and the
mesh folder in a Simulation study (Figure 2-18).

) HOLLOW PLATE &) HOLLOW PLATE
& Mesh Mesh
Before meshing After meshing

Figure 2-18: Solid folder and mesh folder in a Simulation study before and after
meshing.

After meshing, cross hatching is added to the Solid folder and cross-hatching
and a green check mark is added to the Mesh folder.

To start the solution, right-click the tensile load 01 study folder which displays a
pop-up menu (Figure 2-19). Select Run to start the solution.

cX tensile load 01 (-De*--"~ \

»

& HOLLOW PLATE @ Run
?3 Connections O Update All Components

v [ Fixtures 82 Export..

(¥ Fixed-1
~ 1} External Loads @ Trend Tracker

Mesh ’@: Load Case Manager

B Result Options o> Copy Study
& Shell Manager
@ Plot Imported Results...

Run solution

B Details...

g-| Properties...

8¢ Mass Properties...

|C Define Function Curves...

Figure 2-19: Pop-up menu for the tensile load 01 folder.

Start the solution by right-clicking the tensile load (01 folder to display a pop-up
menu. Select Run to start the solution.
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The solution can be executed with different properties, which we will investigate
In later chapters. You can monitor the solution progress while
the solution 1s running (Figure 2-20).

3¢ tensile load 01 t = im‘“'
Solving:
- 18.2%
Memory Usage:92,292K
Elapsed Time:3s
V| Always show solver status when you run analysis
[ Pause ] [ Cancel ] [ More>>

Figure 2-20: Solution Progress window.

The solver reports solution progress while the solution is running.

[f the solution fails, the failure 1s reported as shown in Figure 2-21.

Simulation S | [ simulation e

@ No restraints are defined.
You may use Soft Spring or Inertia Relief options.

l , HOLLOW PLATE-tensile load 01 : Failed

-

@ Search SOLIDWORKS Knowledge Base for more information OK

Lok

Figure 2-21: Failed solution warning windows.

Here, the solution of a model with no restraints was attempted. Once the error

message has been acknowledged (left), the solver displays the final outcome of
the run (right).

When the solution completes successfully, Simulation creates a Results folder

with result plots which are defined in Simulation Default Options as shown in
Figure 2-5.
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In a typical configuration three plots are created automatically in the Static
study; make sure that the above plots are defined in Simulation options, if not,

define them:
o Stressl showing von Mises stresses
o Displacementl showing resultant displacements
o Strainl showing equivalent strain

Once the solution completes, you can add more plots to the Results folder. You
can also create subfolders in the Results folder to group plots (Figure 2-22).

eX tensile load 01 (-Default-) S8 Advisor..
@ HOLLOW PLATE (-Alloy Steel-)
¥ Connections

Solver Messages...

v [® Fixtures } ®" Define Factor Of Safety Plot..
X Fixed-1 | ﬁ Define Stress Plot...
+ 11 External Loads @' Define Displacement Plot.. You ay define
4 Force-1 (:Per item: -100000 N:) @ Define Strain Plot. Sy
. . : | | | | additional plots
& Mesh P> Define Design Insight Plot.. /
Right-click 7] Result Options @ Define Fatigue Check Plot... _
to invoke R
: : Stresgl (-vonMises-) : : :
window on the right Y List Stress, Displacement, Strain
®' Displacementl (-Res disp-) @ List Result Force...
& Straifl (-Equivalent-) )
@j Compare Results...

Create Body from Deformed Shape...
Right-click Results Options ) Save All Plots as JPEG Files

to display Results Option "y

. t @ Save All Plots as eDrawings
window shown below | & Sav i

E Create New Folder
\V/ [ Copy

Result Options @

v X

Message A

Displacements and reactions are
always calculated. Not storing
stresses and strains, saves disk space

Verity that stresses and < _—
: : Quantities to save into file A
strains are selected in — | =~ _
Results Options window

Figure 2-22: More plots and folders can be added to the Results folder.

Right-clicking on the Results folder activates this pop-up menu from which plots
may be added. Three plots are automatically created if Results Options include
these three plots: Stress, Displacement, Strain.
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The Result Options window shown 1n Figure 2-22 has different choices
depending on the type of study. In a Static study, deselecting Stress and strain
disables calculation of stress and strain which reduces calculation time and the
size of solution data base. This may be important in analysis of very large
models.

To display stress results, double-click on the Stress1 icon in the Results folder or
right-click it and select Show from the pop-up menu. The stress plot 1s shown 1n
Figure 2-23.

Default Options - Units “
: System OptiunsF Default Options l
- Units
- Load/Fixture Unit system
Mesh @) SI (MKS)
-~ Results ) English (PS)
# Plot ) Metric (G)
- Report
Units
Length/Displacement: mm v
Temperature: Kelvin v
Angular velocity: rad/sec |
Pressure/Stress: 'N,r’mm“E(MPa} % MPa
oK Cancel | [ Help...

von Mises (N/mm*2 (MPa))
339.9
l 314.0
288.1
. 2623

236.4
210.5
184.6
158.7
132.8

107.0

81.1

55.2
29.3

— Yield strength: 620.4

Figure 2-23: Stress plot displayed using default stress plot settings.

Von Mises stress results are shown by default in the stress plot window. Notice
that results are shown in [MPa] as was set in the Default Options tab shown in
Figure 2-5 and repeated here in the top illustration. The highest stress 340 MPa
is below the material yield strength, 620 MPa. The actual numerical results may
differ slightly depending on the solver, software version, and service pack used.
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Once the stress plot 1s showing, right-click the stress plot icon to display the pop-
up menu featuring different plot display options (Figure 2-24).
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& Section Clipping..
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@& Copy
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Figure 2-24: Pop-up menu with plot display options.
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Settings

Plots can be modified using selections from the pop-up menu (top). Callouts
relate selections in the pop-up menu to the invoked windows. Color Options
selection in Chart Options is not shown. The same menus may be invoked by
right-clicking on the color legend of result plots.
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Explore all selections offered by these three windows shown 1n Figure 2-24. In
particular, explore scientific, floating and general format options in Chart
Options and color Options also in Chart Options. Notice that you may switch
between Definition, Chart Options and Settings either by using the pop-up
menu shown 1n Figure 2-24 or by using tabs at the top of these windows.

Use Edit Definition to change units 1f necessary. Chart Options offers control
over the format of numerical results, such as scientific, floating, and general, and
also ofters a difterent number of decimal places. Explore these choices. In this
book, results will be presented using different choices most suitable for the
desired plot. In many plots 1n this book Color Options will be User Defined to
replace dark blue color with grey color which shows better in print. Figure 2-24
shows the User Defined menu. Position of the color legend may be sometimes
modified for improved layout.

The default type of Fringe Options 1n the Settings window 1s Continuous
(Figure 2-24). Change this to Discrete through the Default Options window, by
selecting Plot (Figure 2-5). This way you won’t have to modity the future plots
individually. In this book we will be using Discrete Fringe Options to display
fringe plots. The plots from the current study will not change after changing the
default options.

Since the above change does not affect already existing plots, we now examine
how to modity the stress plot using the Settings window shown 1n Figure 2-25.
In Settings, select Discrete in Fringe options and Mesh in Boundary options
to produce the stress plot shown 1n Figure 2-25.
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von Mises (N/mm# 2 kMPa})
3399
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288.1

ALDD
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&g Fringe Options ’
Show Mesh

®J Edit Definition...
P Animate..

% Section Clipping...
: @ Iso Clipping...

@ Mesh Sectioning...
He Chart Options...
T[ Settings...

4 Probe
_ % List Selected

=% Deformed Result

% Compare Results...

X Delete..

Figure 2-25: The modified stress plot is shown with discrete fringes and the mesh
superimposed on the stress plot (top). Numbers use floating format with one
decimal place. The plot also shows a shortcut menu that can be used to modify
display options.

Right-click the color bar to invoke the shortcut menu shown.

The stress plot in Figure 2-25 shows node values, also called averaged stresses.
Element values (or non-averaged stresses) can be displayed by proper selection
in the Stress Plot window in Advanced Options. Node values are most often
used to present stress results. See chapter 3 and the glossary of terms 1n chapter
23 for more information on node values and element values of stress results.

Before you proceed, investigate this stress plot with other selections available 1n
the windows shown 1n Figure 2-24.

We now review the displacement and strain results. All of these plots are created
and modified in the same way. Sample results are shown 1n Figure 2-26
(displacement) and Figure 2-27 (strain).
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Figure 2-26: Displacement plot (left) and Deformation plot (right).

A Displacement plot can be turned into a Deformation plot by deselecting Show
Colors in the Displacement Plot window. The same window has the option of
showing the model with an exaggerated scale of deformation as shown above.
Both plots have shown the deformed shape; this option may also be deselected.
The blue color in the Displacement plot has been replaced with a gray color for
better appearance in this illustration. That was done in Chart Options, Color
Options, User defined.
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Figure 2-27: Strain results.

Strain results are shown here using Element values. The mesh is also shown.

The plots in Figures 2-23, 2-25, 2-26, 2-27 all show the deformed shape in an
exaggerated scale. You can change the display from deformed to undeformed or
modify the scale of deformation in the Displacement Plot, Stress Plot, and
Strain Plot windows, activated by right-clicking the plot icon, then selecting
Edit Definition.

Now, construct a Factor of Safety plot using the menu shown in Figure 2-22.
The definition of the Factor of Safety plot requires three steps. Follow steps 1
through 3 using the selection shown in Figure 2-28. Refer to chapter 1 and
review Help to learn about failure criteria and their applicability to different
materials.
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Step 3
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Figure 2-28: Three windows show the three steps in the Factor of Safety plot

definition. Select the Max von Mises Stress criterion in the first window.

To move through steps, click on the right and left arrows located at the top of the
Factor of Safety dialog.

Step 1 selects the failure criterion, Step 2 selects display units, sets the stress
limit and sets multiplication factor, and Step 3 selects what will be displayed in

the plot. Here we select areas below the factor of safety 3.
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The factor of safety plot in Figure 2-29 shows the area where the factor of safety
1s below the specified.

Figure 2-29: The red color displays the areas where the factor of safety falls

below 3. Irregular shape of these areas is caused by the coarse mesh used in this
study.

Colors may be edited in Chart Options (Figure 2-20).

We have completed the analysis with a coarse mesh and now wish to see how a
change 1n mesh density will affect the results. Therefore, we will repeat the
analysis two more times using medium and fine density meshes respectively. We

will use the settings shown in Figure 2-15. All three meshes used in this exercise
(coarse, medium, and fine) are shown in Figure 2-30.
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Figure 2-30: Coarse, medium, and fine meshes.

Three meshes used to study the effects of element size on results.
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To compare the results produced by different meshes, we need more information
than 1s available in the plots. Along with the maximum displacement and the
maximum von Mises stress, for each study we

need to know:

e The number of nodes in the mesh.

e The number of elements 1n the mesh.

e The number of degrees of freedom 1n the model.

The information on the number of nodes and number of elements can be found 1n
Mesh Details accessible from the menu 1n Figure 2-14. The mesh Details

window 1s shown 1n Figure 2-31.

Study name tensile load 01 (-Default-)
Mesh type ‘solid Mesh
Mesher Used ‘otandard mesh
Automatic Transition Off

Include Mesh Auto Loops Off

Jacobian points 4 points
Element size 111.4491 mm
Tolerance 0.572453 mm
Mesh quality ‘High

Total nodes 2768

Total elements 11472

Maximum Aspect Ratio 'b.5595
P:erc:entage of glements 99 9

with Aspect Ratio < 3 '

Percentage of elements 0

with Aspect Ratio > 10

7 of distorted elements 0

(Jacohbian)

Time to complete mesh(hh:mm:ss) :_UU:DU:DU
Computer name

N

Figure 2-31: Mesh details window.

Right-click the Mesh folder and select Details from the pop-up menu to display
the Mesh Details window. Notice that information on the number of degrees of

freedom is not available here.
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Another way to find the number of nodes and elements and also the number of
degrees of freedom 1s to use the pop-up menu shown 1n Figure 2-32. Right-click
the Results folder and select Solver Messages to display the window shown 1n
Figure 2-32.

® | Solver Message W
No. of nodes 2768
No. of elements 1472
No. of DOF 8133
Total solution time 00:00:01
OK Save

Figure 2-32: The Solver Message window lists information pertaining to the
solved study.

Click the Save button to save this solver message.

Now create and run two more studies. tensile load 02 with the default element
size (medium), and fensile load 03 with a fine element size, as shown 1n Figure
2-15 and Figure 2-30. To create a new study we could just repeat the same steps
as before but an easier way 1s to copy the original study. To copy a study, follow
the steps i Figure 2-33.
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@X tensile load 01 (-Default-)
@f HOLLOW PLATE (-Alloy Steel-)
@1 Connections
» [ Fixtures
(¥ Fixed-1
~ 11 External Loads
_{ Force-1 (:Per item: -100000 N:)
Mesh
Result Options
+ [&) Results
® Stressl (-vonMises-)
®' Displacement1 (-Res disp-)
@ Strainl (-Equivalent-)

“i41» ¥l Model

(2)
Select Copy Study

Copy Study
Rename
Delete

Create New Motion Study
Create New Simulation Study
Create New Design Study

Motion Study 1 | ¥ tensile load 01 |

Copy Study T @

v X ™

Message v

Source Study A

Q* [tansile load 01 b ]

Study name:

tensile load 02 (3)
Enter new study name

Configuration to use:

iDEfﬂult v I

Target Study o

- | @
—QT\ - ~ Select Static

df Nonlinear

Y Linear Dynamic

Gr Topology Study

(1)

Right-click study tab tensile load 01

Figure 2-33: A study can be copied into another study in three steps as shown.

Notice that all definitions in a study (material, restraints, loads, mesh) can also
be copied individually from one study to another by dragging and dropping them
into a different study tab.

A study 1s copied complete with results and plot definitions. Before remeshing
with default element size, you must acknowledge the warning message shown in

Figure 2-34.

Simulation

S|

‘_ b

e
e

l\” A Remeshing will delete the results for study: tensile load 02.

Do not show again

@ You can restore the suppressed messages from Simulation Options
> System options > Messages/Errors/Warnings.

‘ OK H Cancel

Figure 2-34: Remeshing deletes any existing results in the study.
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The summary of results produced by the three studies 1s shown 1n Figure 2-35.

Element size Number of Number of Number of MMZ result, HSX. von
Study displ. Mises stress
[mm] nodes elements DOF
Imm] | MPa]
tensile load 01 11.45 27638 1472 3133 0.117863 339.9
tensile load ()2 2.2 12222 7040 36111 0.118068 369.8
tensile load 03 2.86 84112 54969 250851 0.118074 3211

Figure 2-35: Summary of results produced by the three meshes.

Notice that these results are based on the same problem. Differences in the

results arise from the different mesh densities used in studies tensile load 01,
tensile load 02, and tensile load 03.

The actual numbers in this table may vary slightly depending on the type of

solver and release of the software used for solution.

Figure 2-36 shows the maximum resultant displacement and the maximum von
Mises stress as a function of the number of degrees of freedom. The number of
degrees of freedom 1s in turn a function of mesh density.
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mm 0.1181 -

0.1180 + Max. resultant displacement

1000 10000 100000 1000000 # DOF

MPa 380 ~

Max. von Mises stress

1000 10000 100000 1000000 # DOF

Figure 2-36: Maximum resultant displacement (top) and maximum von Mises
stress (bottom).

Both are plotted as a function of the number of degrees of freedom in the model.
The three points on the curves correspond to the three models solved. Straight
lines connect the three points only to visually enhance the graphs.

Having noticed that the maximum displacement increases with mesh retinement,
we can conclude that the model becomes “softer’” when smaller elements are
used. With mesh refinement, a larger number of elements allows for better
approximation of the real displacement and stress field. Therefore, we can say
that the artificial restraints imposed by element definition become less imposing
with mesh refinement.

Displacements are the primary unknowns in structural FEA, and stresses are
calculated based on displacement results. Therefore, stresses also increase with
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mesh refinement. If we continued with mesh refinement, we would see that both
the displacement and stress results converge to a finite value which 1s the
solution of the mathematical model. Differences between the solution of the FEA
model and the mathematical model are due to discretization errors, which
diminish with mesh refinement.

We will now repeat our analysis of the HOLLOW PLATE by using prescribed
displacements 1n place of a load. Rather than loading 1t with a 100000N force
that caused a 0.118 mm displacement of the loaded face, we will apply a
prescribed displacement of 0.118 mm to this face to see what stresses this causes.
For this exercise, we will use only one mesh with the default (medium) mesh
density.

Define a fourth study, called prescribed displ. The easiest way to do this

1s to copy one of the already completed studies, for example study fensile load
(2. The definition of material properties, the fixed restraint to the left-side end-
face and mesh are all 1dentical to the previous design study. We need to delete
the current External Loads (right-click the load icon and select Delete) and
apply 1n 1ts place a prescribed displacement.

To apply the prescribed displacement to the right-side end-face, right-click the
Fixtures folder and select Advanced Fixtures from the pop-up menu. This
opens the Fixture definition window. Select On Flat Face from the Advanced
menu and define the displacement as shown 1n Figure 2-37. Check Reverse
direction to obtain displacement 1n the tensile direction. Notice that the direction
of a prescribed displacement 1s indicated by a restraint symbol.

Prescribed displacement may also be defined from the External Loads folder by
selecting Prescribed Displacement from the pop-up menu. This opens the same
Fixture definition window. Figure 2-37 illustrates both methods ot defining
prescribed displacement.
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Figure 2-37: Two methods of defining prescribed displacement.

The prescribed displacement of 0.118 mm is applied to the same face where the
tensile load of 100000N was applied in previous studies.

Verify that the arrows (shown in black color) are pointed away from the selected

face.
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Once again, notice that the visibility of all loads and restraints symbols 1s
controlled by right-clicking the symbol and making the desired choice
(Hide/Show). All load symbols and all restraint (fixture) symbols may also be
turned on/off all at once by right-clicking the Fixtures or External loads folders
and selecting Hide all/ Show all from the pop-up menu.

Once a prescribed displacement 1s defined to the end face, it overrides any
previously applied loads to the same end face. While 1t 1s better to delete the load
in order to keep the model clean, a load has no effect if a prescribed
displacement 1s applied to the same entity in the same direction.

Figure 2-38 compares stress results for the model loaded with force to the model
loaded with prescribed displacement.

369.8
von Mises (N/mm”™ 2 (MPa))

341.0
312.3
283.5
2548
226.0
197.3
168.6
130.8 Study: tensile load ()2
111.1

823

23.6

248

73.
von Mises (N/mm~* 2 (MPa)) e

3445
315.4
286.3
257.2
228.1
199.0
169.9 Study: prescribed displ
140.8
111.7

82.6
53.6

245

Figure 2-38: Comparison of von Mises stress results.

Von Mises stress results with a load applied as a force (top) and von Mises stress
results with a load applied as a prescribed displacement (bottom).
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Results produced by applying a force load and by applying a prescribed
displacement load are very similar but not identical. The reason tor this
discrepancy 1s that in the model loaded by force, the loaded face does not remain
flat. In the prescribed displacement model, this face remains tlat, even though 1t
experiences displacement as a whole. Also, while the prescribed displacement of
0.118 mm applies to the entire face in the prescribed displacement model, 1t 1s
only seen as a maximum displacement 1n one point 1n the force load model. You
may plot the displacement along the edge of the end face in study fensile load (2
by following the steps in Figure 2-39.
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@X tensile load 02 (-Default-) =Y. =
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dalue
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URES (mm)

ﬂ_']‘l ' . + . - . + . . 4
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(2) Select the edge where you wish to
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Result window

Figure 2-39: Plotting displacement along the edge of the force loaded face in
study tensile load (2.

Right click the resultant displacement plot in the tensile load (02 study to invoke a
pop-up menu shown in the top left corner. Follow steps I through 4 to produce a
graph of displacements along the loaded edge. Repeat this exercise for a model
loaded with a prescribed displacement to verify that the displacement is constant
along the edge.
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We conclude the analysis of the HOLLOW PLATE by examining the reaction
forces using the results of study fensile load (2. In the study fensile load (2,
right-click the Results folder. From the pop-up menu, select List Result Force to
open the Result Force window. Select the face where the fixed restraint 1s
applied and click the Update button. Information on reaction forces will be
displayed as shown in Figure 2-40.
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Figure 2-40: Result Force window.

(3)
Select
Reaction force

If desired, reference
geometry can be
selected to define
directions of reaction
components

(4)
Click Update

(5)

Review reaction
forces 1n the Result
Force window and in
the model display

If Display resultant
forces 1s selected then
one resultant force 1s
displayed. Otherwise
reaction components
are displayed as shown
here.

Right-click the Results folder and follow steps 1 through 4 to analyze and display
reaction forces. Reaction forces can also be displayed in components other than

those defined by the global reference system. To do this, reference geometry such
as a plane or axis must be selected.
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A note on where Simulation results are stored: By default, all study files are
saved 1n the same folder with the SOLIDWORKS part or assembly model.
Mesh data and results of each study are stored separately in *.CWR files. For
example, the mesh and results of study tensile load 02 have been stored in the
file: HOLLOW PLATE-tensile load 02.CWR

When the study 1s opened, the CWR file 1s extracted into a number of different
files depending on the type of study. Upon exiting SOLIDWORKS Simulation
(which 1s done by means of deselecting SOLIDWORKS Simulation from the
list of add-1ns, or by closing the SOLIDWORKS model), all files are
compressed allowing for convenient backup of SOLIDWORKS Simulation
results.

The location of CWR files 1s specified in the Default Options window (Figure
2-5). For easy reference, the Default Options window 1s shown again 1n Figure
2-41.

The size of CWR file may be significantly reduced it stresses and strains are
deselected in the Results Options (Figure 2-22). We will work with simple
models; therefore, we won’t use this option.
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Default Options

[System Dptinnsi Default Dpﬁnns |

~—Units
Load/Fixture
Mesh
—-Plot
| Color Chart
:J Default Plots
= @ Static Study Results
| ® priot1
® piot2
® piot3
@Y Frequency/Buckling Study Results
& Q¥ Thermal Study Results
5 Plotl
= QP Drop Test Study Results
| ® Piot1
® Piot2
® piot3
= Qx Fatigue Study Results
® piot1
® Piot2
%% Optimization Study Results
= C? Nonlinear Study Results
® piotl
® Piot2

® piot3
-~ User information

Report

Default solver

Automatic
(") Direct sparse

@) FFEPIusS

() Intel Direct Sparse

Results folder
' SOLIDWORKS document folder
Under sub folder

ﬂ User defined

FAFEA results < B Location of result files

] Keep temporary database files

To change the results folder for an existing study, modify the
option under the properties of the study.

Trend Tracker

[_J ] Backup models for Restore to Iteration

Intermediate Results (Nonlinear Analysis Only)

7] Show intermediate results upto current teration
' (when running)

When enabled, the nonlinear simulation will terminate if you
switch to another SOLIDWORKS document or close the active
model,

OK |7 Cancel 1 ( Help... §‘

Figure 2-41: Location of solution database files.

You may use the SOLIDWORKS document folder or a user defined folder as

shown above.

Using the settings shown 1n Figure 2-41, * CWR files are located in folder
F:\FEA results. The default location 1s the SOLIDWORKS document folder.
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Models in this chapter

Model Configuration | Study Name Study Type
tensile load 01 Static

HOLLOW PLATE. sldprt Default tensile load 02 Static
tensile load 03 Static
prescribed displ Static
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3: Static analysis of an L-bracket

Topics covered

a Stress singularities

a Differences between modeling errors and discretization errors
A Using mesh controls

a Analysis in different SOLIDWORKS configurations

0

Nodal stresses, element stresses

Project description

An L-shaped bracket (part L BRACKET) 1s supported and loaded as shown 1n
Figure 3-1. We would like to find the displacements and stresses caused by a
1000N bending load. In particular, we are interested in stresses along the edge
where the 2 mm fillet 1s located. Since the radius of the fillet 1s small compared
to the overall size of the model, we decide to suppress 1t. As will be proven,
suppressing the fillet 1s a bad mistake.

Fixed restraint
to top face

R

1000N load uniformly
distributed over the
end face

Figure 3-1: Loads and supports applied to the L BRACKET model.

The geometry of the L BRACKET includes a fillet, which will be mistakenly
suppressed, leaving in its place a sharp re-entrant edge.
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The L BRACKET model has two configurations: 0/ sharp edge and 02 round
edge. The maternal (Alloy steel) 1s applied to the SOLIDWORKS model and 1s
automatically transferred to Simulation.

Procedure

Geometric entity
where load 1s applied

Geometric entity
used to define load —
direction

1000N 1n the

direction normal to

the Top reference
plane —

Reverse direction
1s checked

Make sure the model 1s 1n configuration 0/ sharp edge. Following the same steps

as those described in chapter 2, define a study called mesh [ and define a Fixed

restraint to the top face shown in Figure 3-1. Define the load using the

Force/Torque window choices shown in Figure 3-2.

Force/Torque

v X
Type ‘ Split \

Force/Torque

I_i_. Force

“)Normal

Q' Selected direction

© |

‘@) Per item
Total
Units
EI [Si -
Force
.Q‘H 1 v N
Q'r 1 v N

1000 v N

v |Reverse direction

" | Nonuniform Distribution

Symbol Settings

v L BRACKET (01 shar..

@ & History
[@) sensors

» [A) Annotations

* [@) Solid Bodies(1)
A 2 [#) Surface Bodies

§i Alloy Steel

N Front
IN Tﬂp!
N Right
e Origin
» @) Extrudel
Filletl

&

>

e

Fly-out menu

Normal to Plane (N):

1000

Figure 3-2: The force definition window specifies force in a selected direction.

The direction 1s specified as normal to the Top reference plane.

The Top reference plane is used as a reference to determine the force direction.

The reference plane can be conveniently selected from the fly out
SOLIDWORKS menu to the right of the Force/Torque window.
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Next, make sure the mesh setting 1s Standard mesh and mesh the model with
second order tetrahedral elements, accepting the default element size. The finite

element mesh 1s shown 1n Figure 3-3.
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Figure 3-3: The finite element mesh created with the default settings of the

automesher.

To show the Mesh menu, right-click the mesh folder. In this mesh, the global

element size is 4.76 mm.

The displacement and stress results obtained in the mesh [ study are shown

in Figure 3-4.
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URES [mm)
0.247
l 0.227
0.206
_ 0.186
0.165
0,144
0.124
0.103
0.0825

0.0618

0.0412
0.0206

le-030

von Mises [N/mm#2 (MPa))

79.8

73.2

66.5
59.9

53.3
46.6
40.0
33.4
26.7
20.1
13.5
6.8

0.2

— Yield strength: 620.4

Figure 3-4: Displacement results (top) and von Mises stress results (bottom)
produced using study mesh 1.

The maximum displacement is 0.247 mm and the maximum von Mises stress is
80 MPa. As explained later, these stress results are meaningless.

Custom colors are in these fringe plots. Custom colors are defined in plot Chart
Options.
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Now we will investigate how using smaller elements affects the results. In
chapter 2, we did this by refining the mesh uniformly so that the entire model
was meshed with elements of a smaller size. Here we will use a different
technique. Having noticed that the stress concentration 1s located near the sharp
re-entrant edge, we will retine the mesh locally 1n that area by applying mesh
controls. The element size everywhere else will remain the same as defined
previously: 4. 76mm.

Copy the mesh 1 study into a new study, naming 1t mesh 2. Select the edge where
mesh controls will be applied, then right-click the Mesh folder in the mesh 2
study dialog (this folder 1s currently empty) to display the pop-up menu shown 1n
Figure 3-5.

@X mesh 2 (-01 sharp edge-)
@ L BRACKET (-[SW]Alloy Steel-)
@1 Connections
[ Fixtures
- Fixed-1
~ 3} External Loads
<+ Force-1 (:Per item: -1000 N:)

=15 Simplify Model for Meshing
& Create Mesh...
Mesh and Run

Fallure Diagnostics...
& Details..

% Apply Mesh Control.. —— Mesh controls
& Create Mesh Plot...

(D List Selected

4/ Probe

E& Show Mesh
Hide All Control Symbols
Show All Control Symbols

(@ Copy

Figure 3-5: Mesh pop-up menu.

Select Apply Mesh Control..., which opens the Mesh Control window (Figure
3-6). It 1s also possible to open the Mesh Control window first and then select
the desired entity or entities (here the re-entrant edge) where mesh controls are

being applied.
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Mesh Control @
Click check mark to exit .
without creating mesh
Selected Entities A
ol [Edge<t> | O
| |Use per part size
Create Mesh
Mesh Density N
Element Size (mm): | 2.38182661
% U
Ratio: 1.5
Coarse Fine ] '
[ Reset J
Mesh Parameters A
. E] mm 4
Element size along | |
the selected entity — | &  23818266lmm  ~ <

Relative element size
in adjacent layers of
elements

Figure 3-6: Mesh Control window.

Mesh controls allow for the definition of a local element size on selected entities.
Accept the default settings of the Mesh Control window.

Click the check mark to exit without creating a mesh.
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The element size along the selected edge 1s now controlled independently of the
global element size. Mesh Control can also be applied to vertices, faces and to
entire components of assemblies. Having defined a Mesh Control, create a mesh
with the same global element size as before (4.76 mm), while making elements
along the specified edge to be 2.38 mm. The added mesh controls display as the
Control-1 icon 1n the Mesh tolder and can be edited using the pop-up menu
displayed by right-clicking the mesh control icon (Figure 3-7).

@X 4% mesh 2 (-01 sharp edge-)
G L BRACKET (-[SW]Alloy Steel-)

¥ Connections

» [ Fixtures
» 1}l External Loads
+ & A Mesh
~ [& Mesh Controls
() Contr¢” =
_ _ Hide
;-] Result Optior
Show
Show Mesh

[t desired, right-click
Suppress Control-1 and select Edit
Definition to open the
Mesh Control window and
Delete edit the mesh control

edit Definition...

Details...

Copy

Figure 3-7: Pop-up menu for the mesh control icon.

Warning signs by the study name, mesh and results indicate that results (copied
from study mesh 1) are no longer valid because mesh has been changed.
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Mesh control (bias) along

/ the sharp re-entrant edge

The mesh with applied control (also called mesh bias) 1s shown in Figure 3-8.

8: Mesh with applied controls (mesh bias).

Figure 3-

The mesh in study mesh 2 is refined along the selected edge.
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The maximum displacements and stress results obtained in study mesh2

are 2.478 mm and 74.1 MPa respectively. The number of digits shown

in a result plot 1s controlled using Chart Options (right-click on a plot and select
Chart Options).

Now repeat the same exercise three more times using progressively smaller
clements along the sharp re-entrant edge. Create three studies with an element

size along the sharp reentrant edge as shown in Figure 3-9. Use Standard mesh.

Mesh Control @
vV X
Selected Entities

@ Edge<1>

| |Use per part size

I Create Mesh I

Mesh Density

& 0

Coarse Fine

Reset

Mesh Parameters
= =
L

s 1.19mm v =
S TTNRNNANERREEEERNRERRARERRREr!

% |15 - 2

Study mesh 3
1.19mm

Figure 3-9: Mesh Control windows in studies mesh3. mesh4, and mesh), defining

Mesh Control @
v W M
Selected Entities ~
@ Edge<1>

| Use per part size

[ Create Mesh I

Mesh Density A
ty U
Coarse Fine
Reset |
Mesh Parameters A
B [om =
D -

— | 0.60mm . & —
L : | |

% 1.5 —— lElement Size ]_:I

Study mesh 4
0.60mm

Mesh Control

v X —m

Selected Entities

@ F) Edge<1>

| |Use per part size

{ Create Mesh

Mesh Density

i

Coarse

[ Reset

Mesh Parameters

9

Fine

Study mesh 5
0.30mm

the element size along the sharp re-entrant edge.

a/b ratio remains 1.5 in all the above settings.
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The summary of results of all five studies i1s shown 1n Figures 3-10 and 3-11.

Element size | Max. resultant Max. von

Study along the edge | displacement Mises stress

|mm)] [mm)] |[MPa|
mesh 1 4.76 0.2474 79.8
mesh 2 238 0.2480 95.1
mesh 3 1.19 0.2484 146.8
mesh 4 0.60 0.2485 201.1
mesh 5 0.30 0.2486 283.5

Figure 3-10: Summary of maximum displacement results and maximum von
Mises stress results.
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Max. resultant

displacement

1/h

Max. von Mises

s{ress

1/h

Figure 3-11: Max. resultant displacement (top) and max. von Mises stress

(bottom) as a function of 1/h, where h 1s the element size (Figure 2-16) along the

sharp re-entrant edge where the mesh controls were applied.

The local drop in stress magnitude for study mesh 2 is caused by shifting the
maximum stress location between studies mesh 1 and mesh 2.

Upon examining Figure 3-11, we notice that while each mesh refinement brings
about an mcrease 1n the maximum displacement, the difference between
consecutive results decreases. The increase of displacement 1n results 1s so
minute that the results need four decimal places to show the difference. The first
study, without any mesh refinement, provides accurate displacement results.
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The stress behaves very differently. Each mesh refinement brings about an
increase in the maximum stress. The difference between consecutive results
increases, proving that the maximum stress result 1s divergent.

We could continue with this exercise by refining mesh locally near the sharp re-
entrant, or globally, by reducing the global element size, as we did in chapter 2.

Given enough time and patience, we can produce results showing any stress
magnitude we want. All that 1s necessary 1s to make the element size small
enough! We should avoid a temptation to make any conclusions based on the
stress graph 1n Figure 3-11 because all of these results are meaningless.

The reason for divergent stress results 1s not that the finite element model
1s incorrect, but that the finite element model 1s based on the wrong
mathematical model.

According to the theory of elasticity, stress in a sharp re-entrant corner

1s infinite. A mathematician would say that stress in a sharp re-entrant edge 1s
singular. Stress results along sharp re-entrant edges are completely dependent on
mesh size: the smaller the element, the higher the stress. Therefore, we must
repeat this exercise after un-suppressing the fillet, which 1s done by changing
from configuration 0/ sharp edge to 02 round edge i1n the SOLIDWORKS
Configuration Manager.
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Notice that after we return from the SOLIDWORKS Configuration Manager
window to the SOLIDWORKS Simulation window, all studies pertaining to
the model 1n configuration 0/ sharp edge are not accessible. They can be

accessed only 1f the model configuration 1s changed back to 0/ sharp edge
(Figure 3-12).

Feature Manager Configuration Manager

02 round edge

configuration 1s active

Right-click study name —<=" mesh 5 (-01 sharp edge-)

to bring up
Activate SW
Configuration option

& R | & @
Configurations
v % L BRACKET Configuration(s) (02 round edge)

g - 2Tl el B o e =
r o oy = e - = y i
& ¥ = Y T il | | bl N |
AL Sl1al L) LT L DI I
—_ a -

-l-‘l.l-\_ e

— | ¢ 02round edge [ L BRACKET ]

Display States (linked)
@ Display State-1

Y-

Activate SW Configuration
¥ L BRACKET (-[SW]Alloy steer-) |

Connections

> Fixtures
Fixed-1
v External Loads
. Force-1 (:Per item: -1000 N:)
» ¥ Mesh
Result Options

* Results

Y
o gl 't

*Dimetnc
W10 Model | MotionStudy1 | % mesh1 [ ¥ mesh2 | ¥ mesh3 | ¥ mesh4 | ¥ mesh5 |

Figure 3-12: Studies become 1naccessible when the model configuration i1s

changed to a configuration other than that corresponding to the now grayed-out
studies.

Studies mesh 1, mesh 2, mesh 3, mesh 4, mesh 5 have all been created in
configuration 01 sharp edge and are now inaccessible.

The configuration of the SOLIDWORKS model can be changed to a

configuration corresponding to a given study by right-clicking the study icon and
selecting Activate SW configuration.
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To analyze the bracket with the round fillet, define a study named round edge.
Copy the Fixtures and External Loads folders from any inactive studies to the
round edge study by clicking them and dragging them to the new study tab
(Figure 3-13).

@X round edge (-02 round edge-)

> L BRACKET (-[SW]Alloy Steel-) g oo

[_J .

\

MG | Model

Motion Study 1 | ¥ mesh1 | ¥ mesh2 | ¥ mesh3 | ¥ mesh4 | ¥ mesh5 | ¥ round edge |

Figure 3-13: Copying Fixtures and External Loads from study mesh 2 to study
round edge.

Entities can be copied between studies by dragging them and dropping them into
a study tab as shown, even if the source information is from an inaccessible stud)y.

In some cases, the entire Fixtures or External Loads folders can't be copied but
you may still copy the contents of these folders individually.
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Meshing with the default element size and Standard Mesh properties produces

elements with an excessive turn angle in the area where 1t 1s particularly

important to have a correct mesh (Figure 3-14).
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Figure 3-14: A mesh created as a Standard Mesh with a default element size 1s

not acceptable because of the high turn angle.

Here, the turn angle of the element meshing the fillet is 90°. Just one element

covers the 90° angle, as shown.
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To eliminate excessive turn angles from areas where stresses are of particular
interest we use the Curvature based mesh option and enter values shown 1n

Figure 3-15.
Mesh @
v x
Mesh Density A
Coarse Fine
_ Reset |
| Mesh Parameters A
c (") standard mesh
i 'Id atUIE  — ‘@ Curvature-based mesh
ascd Mmes B
. Blended curvature-based mesh
0 o .
Maximum element A | =
: — | = | 5.00mm v
S1z€ Smm L e
A =]
Minimum element Pl S ——
size lmm o | Jp—
G o 12 b '_:"' . x‘
Mlmmum Ill].mbEI' / L / \
of elements 1n a G = ' .
circle 12 / WS e / \
Elemen_t S1Ze F— - /
growth ratio 1.6 ,
Options o

Figure 3-15: Curvature based mesh helps with meshing of curved faces.

Using the above settings, a minimum of 3 elements are created on a 90° fillet.

With the minimum number of elements in a circle (360°) set to 12, an element
turn angle is no more than 360%12=30°.

The element size growth ratio controls the transition between the refined mesh
on curved faces and the coarser mesh on flat faces.
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It 1s generally recommended that the turn angle does not exceed 30° in “sensitive”
locations where stresses must be correctly modeled.

The L-BRACKET example 1s a good place to review the different ways

of displaying stress results. Stresses can be presented either as Node Values or
Element Values. To select either node values or element values, right-click the
plot icon and select Edit Definition. This will open the Stress Plot window.
Figure 3-16 shows the node values of von Mises stress results produced in the
study 02 round edge.

von Mises (N/mm”* 2 (MPa))
120.5
% Stress plot @ 110.4

v X . 100.4

90.4

Definition | Chart Options | Settings

80.3

Display A
- ) 70.3
5 VON: von Mises Stress ]
60.3
Hnmma2 vipa) v
50.2
Advanced Options A~

40.2

Show as tensor plot

Show plot only on selected entities 30.1

Node :N de Val
— ‘@ Node Values
values . ﬂ 20.1
. Element Values
- 101
Deformed shape v
s 0.0
Pro W
perty — Yield strength: 620.4

Figure 3-16: Von Mises stresses displayed as node values.

The irregularities in the shape of discrete fringes showing nodal stress results
(left) may be used to decide if more mesh refinement is needed in the area of a
stress concentration. Here, fairly regular shapes indicate sufficient mesh
refinement.
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The maximum stress (120MPa) 1s now bounded. In the convergence process it
will converge to a finite value, close to the one shown in Figure 3-16. Again, we
must resist temptation to compare this result to the maximum stress results
produced by the studies using the sharp re-entrant edge because those results are
all meaningless.

Figure 3-17 shows the element values of von Mises stress results produced in the
study 02 round edge.

von Mises (N/mm» 2 (MPa))

[ Stress plot @ Sl

v X M 93.9

85.4

Definition | Chart Options | Settings

. 76.8

D""'f“' = 68.3
G VON: von Mises Stress ».
: 59.8
B [N/mma2 (Mpa) N
. — 51.2
Advanced Options A

42.7
Show as tensor plot

Show plot only on selected entities 34.2

(") Node Values 25.7

Element = }
—— (@) Element Values i

values .

" | Deformed shape i .

— > B oa

—P vield strength: 620.4

Figure 3-17 Von Mises stresses displayed as element values.

Element values are not averaged across different elements. A single stress value
is assigned to each element.

96



Engineering Analysis with SOLIDWORKS Simulation 2018

As was explained in chapter 1, nodal displacements are computed first, from
which strains and then stresses are calculated. Stresses are first calculated inside
the element at certain locations, called Gauss points. Next, stress results are
extrapolated to all of the elements’ nodes. If one node belongs to more than one
element (which 1s always the case unless it 1s a vertex node), then the stress
results from all the elements sharing a given node are averaged and one stress
value, called a node value, 1s reported for each node. This stress value 1s called a
nodal stress.

An alternate procedure to present stress results 1s by obtaining stresses at Gauss
points, then averaging them 1n between themselves. This means that one stress
value 1s calculated for the element. This stress value 1s called an element stress.

Nodal stresses are used more often because they offer smoothed out, continuous
stress results. However, examination of element stresses provides important
feedback on the quality of the results. If element stresses in two adjacent
elements differ too much, 1t indicates that the element size at this location 1s too
large to properly model the stress gradient. By examining the element stresses,
we can locate mesh deficiencies without running a convergence analysis.

To decide how much 1s “too much” of a difference requires some experience. As
a general guideline, we can say that 1f the element values of stress 1n adjacent
elements are apart by several colors on the default color chart (12 colors), then a
more refined mesh should be used. You are encouraged to perform a
convergence analysis using a Curvature Based mesh.

Models in this chapter

Model Configuration Study Name Study Type
h 1 Stati
01 sharp edge o e
mesh 2 Static
L BRACKET sldprt
mesh 3 Static
mesh 4 Static
mesh 5 Static
02 round edge round edge Static
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Notes:
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4: Static and frequency analyses of
a pipe support

Topics covered

Q Use of shell elements
Q Frequency analysis
Q Bearing load

Project description

We will analyze a support bracket (Figure 4-1) with the objective of finding
stresses and the first few modes of vibration. This will require running both static
and frequency analyses. Open the PIPE SUPPORT model with assigned material

properties of Galvanized Steel. Open a new Static study and name 1t 0/ static.

Fixed restraint to four
washer footprints
highlighted in blue

100N bearing load on
cylindrical face highlighted
in yellow

Figure 4-1: PIPE SUPPORT model.

Notice that the model has been designed in SOLIDWORKS as sheet metal
feature.
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Procedure

Before defining the study, consider that thin wall geometry would be difficult to
mesh with solid elements. Generally it 1s recommended that two layers of second
order tetrahedral elements be used across the thickness of a wall undergoing
bending. Therefore, a large number of solid elements would be required to mesh
this thin model.

A sheet metal model has mherently thin walls. Therefore, when a sheet metal
model 1s presented to SOLIDWORKS Simulation, 1t 1s by default designated

for meshing with shell elements. Having created Simulation study 0/ static
notice that the familiar Solid folder 1s replaced with a Shell folder (Figure 4-2).

¢ NLOO2

) HOLLOW PLATE <O PIPE SUPPORT

Solid folder used 1n exercises Surface folder used 1n this Surface folder used in NL002
in chapter 2 and 3. exercise. This surface folder exercise in chapter 14. This
symbol indicates surfaces surface folder symbol indicates
The geometry will be meshed derived from a sheet metal surfaces created from faces of
with solid elements. part. solid bodies or surfaces created
without using any solid body
The geometry will be meshed geometry.

with shell elements.
The geometry will be meshed
with shell elements.

Figure 4-2: The solid folder in the HOLLOW PLATE from chapter 2, shell
tfolder in the present study and shell folder in NLOO2 exercise in chapter 14.

The presence of either Shell folder indicates that shell elements will be used to
mesh the corresponding geometry. Any of the above icons may carry a green
check mark which indicates that material has been assigned fto it.
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If solid elements are preferred after all, the default designation Shell can be
changed to Solid as shown 1n Figure 4-3.

eX 01 static (-Default-)

3 PIPE SUPPORT (-[SWR3hranizad Staal.)!
¥ Connections O Apply/Edit Material...

i Vi Apply Favorite Material 4
14 External Loads & Shell Manager
& Mesh Edit Definition..

s | Result Options

Create Mesh...

Treat as Solid 2
Treat as Beam...

Treat as Remote Mass...

Exclude from Analysis
Make Rigid

FIX

Detalls...

Add to New Folder

Copy

Figure 4-3: Changing from Shell elements to Solid elements.

If you would prefer to mesh the sheet metal model with solid elements, right click
the Shell folder and select Treat as Solid. This exercise uses shell elements and
the above illustration is for information only.

Apply a fixed restraint to the four washer footprints, as shown 1n Figure 4-1.
Review the split lines in the SOLIDWORKS model that define split faces where
restraints are applied. Split faces are commonly used 1n preparation of CAD
models for analysis with SOLIDWORKS Simulation.
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(% PIPE SUPPORT (Default<<Default>
» [A) Annotations
[#) Surface Bodies
» B Cut list(1)
» [) Equations
53 Material <not specified>
N Front Plane
N Top Plane
N Right Plane
L, Origin
90l Sheet-Metall
» ) Base-Flangel

Local
> 39 Tab2 Z coordinate
[e] Mirror2 system
» (@ Extrudel

» & Split Linel

» @ Split Line2

» & Split Line3

» @ Split Line4 P
\ Axisl coordinate

7 system
» <> Flat-Patternl

Figure 4-4: Local coordinate system and split lines in SOLIDWORKS model.

Adding split lines is a technique frequently used in preparation of a CAD model
for analysis with FEA. In this model, split lines define faces where restraints are
applied.

Apply the Fixed restraints as shown in Figure 4-1.

The total load carried by the hanger is 100N 1n the x direction of the local
coordinate system e¢s1. We will approximate the load of a pipe onto the hanger
by applying a Bearing Load. Right-click the External Loads folder and select
Bearing Load from the pop-up menu. Select the cylindrical face where the load
1s to be applied, and then select cs1 as the reference coordinate system using the
fly-out menu (shown previously 1n figure 3-2) and apply 100N 1n the x direction
of that coordinate system (Figure 4-5).
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Bearing Load ©,

v X -

Type | Split

Selected Entities A
G Face<1>

Reference }.
coordinate — I csl

system

Bearing Load Ao

E s v

- -

| |Reverse direction

Sk - |n

| |Reverse direction
@) Sinusoidal distribution
() Parabolic distribution

Figure 4-5: Bearing L.oad definition.

A bearing load can only be applied to a cylindrical face. It is not uniformly
distributed over the face but follows a sinusoidal or a parabolic distribution.

A typical application of a Bearing Load is modeling interactions between a shaft
and housing.

The model 1s now ready for meshing (right-click the Mesh folder, and Create

Mesh). Use the default element size. The shell element mesh 1s shown 1n Figure
4-6.
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System Options - General

System Options | Default Options

System Options - General
General - Default Library What's Wrong messages
Messages/Errors/Warnings v|Show errors
- Email Notification Settings | show warnings

Load/Fixture symbol quality
") Wireframe
@) Shaded

Mesh colors

% -— Shell bottom face color
Shell bottom face color

Edit... ]

Result plots

" | Dynamic plot update(Turn off to improve performance for large models
.| List result quantities in higher precision

V| Show yield strength marker for vonMises plots

v Display local coordinate system reference triad

| Color chart background color I \

Font

‘ Plot Title... I [ Plot Subtitle... ] E Color Chart... ]

/| Run Simulation Advisor from CommandManager (You need to restart
SOLIDWORKS for the change to take effect)

] Hide excluded bodies and show study material appearances(requires
more time to load a study)

“ Load all Simulation studies when opening a model.
(requires more time to open a model)

mhutnmaticaily timed out decision solver messages after: 60 % seconds

V| Automatically update beam joints when study is activated.

OK Cancel ‘ Help...
Shell element top:
Shell element bottom: orange CAD model color (here aquamarine)

Figure 4-6: A shell element mesh. Mesh elements have been placed on a mid-
surface defined between the outer faces defining the thin wall.

Different colors distinguish between the top and bottom of the shell elements.
The bottom face color is specified in the System Options window as shown above.

The top face color is the same as the color of the SOLIDWORKS model.
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In this model the side opposite to where the load 1s applied 1s meshed with shell
element tops. The side where the load 1s applied 1s meshed with the bottoms of
shell elements. The side where the load 1s applied appears with a color specified
in Shell bottom face color in the Simulation Options window.

Review the mesh colors to ensure that the shell elements are aligned. Try
reversing the shell element orientation: select the face where you want to reverse
the orientation, right-click the Mesh folder to display a pop-up menu, and select
Flip shell elements (Figure 4-7).

@X 01 static (-Default-)
& PIPE SUPPORT (-[SW]Galvanizec
@1 Connections
(> Fixtures

~ 1l External Loads

) BearinglLoads-1 (:100 N:)

& Mesh
;| Result Opti & Advisor...

.@,E] Simplify Model for Meshing
@ Create Mesh...
Mesh and Run

Failure Diagnostics...
& Details..

@ Apply Mesh Control...
& Create Mesh Plot...

fh List Selected

# Probe
Flip Shell Elements — Flip Shell Elements
- &% Hide Mesh
Render shell thickness — Render shell thickness in 3D (slower)

Hide All Control Symbols
Show All Control Symbols

& Copy

Standard display
of shell element mesh

Shell element thickness
rendered in 3D

Figure 4-7: The pop-up menu may be used for modifying shell element

orientation and for modifying shell element mesh display.

If desired, you may reverse shell element orientation with this menu choice.
In this exercise reversing shell element orientation is not required.

You may also use this menu to display shell element mesh shown with 3D
thickness as shown in this illustration.
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Misaligned shell elements lead to the creation of erroneous plots like the one
shown 1n Figure 4-8, which shows a rectangular plate undergoing bending; this 1s
unrelated to the PIPE SUPPORT exercise, however, but 1s brought to the
reader’s attention.

Mesh with aligned shell elements Correct stress plot

Mesh with misaligned shell elements Erroneous stress plot

Figure 4-8: Aligned shell element mesh produces correct plot (top stress plot).
Misaligned shell elements produces erroneous von Mises Stress plot (bottom
stress plot) result. Review model MISALIGNMENT which comes with studies
defined.

The erroneous plot is the result of stress averaging between top-top and bottom-

bottom location, which in the case of misaligned mesh is situated on the opposite
side of the model.

Return to model PIPE SUPPORT and obtain the solution and display the
displacement results. Select the Superimpose model on the deformed shape
option. This option is available in plot settings (Figure 4-9).
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QX 01 static (-Default-)
<) PIPE SUPPORT (-[SW]Galvanized S
®3 Connections

» [ Fixtures

» L} External Loads

Mesh

3] Result Options

v Results

® Stressl (-vonMises-)

% Displaceme-***"--=:=-=4l

@ Strainl (-Ed 2V

&> Edit Definition...
e Chart Options..
ﬁ' Settings...

X Delete..

(@& Copy

Undeformed
CAD model ™

"\ Deformed shell
element model

©' Displacement plot

v o ™

Definition | Chart Options | Settings

i

Displacement ¥

eformed shape
Q@) Automatic

U0 | 26.15683365

P

N Select

~— Deformed Shape
Automatic

") True scale
() User defined
bn [ Show colors
may be deselected
| Show colors —— to turn displacement
plot into a deformation
plot
©' Displacement plot @
v X .
Definition | Chart Options | Settings \
Fringe Options A
[Discrete "J
Boundary Options A
LMndeI "';
Deformed Plot Options A Select ’
N B — Superimpose model
— Superimpose model on the
¥ formed o % on the deformed shape

lTranslucent (Single color) v
| Edit Color...
Transparency.
0.5 -

4

Figure 4-9: The undeformed model 1s superimposed on the deformed shape.

This plot shows that the shell element mesh has been placed in the mid-plane of
the solid geometry. The plot may show displacements or deformations by
selecting or deselecting Show colors option.
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Shell elements differentiate between stress results on the top and bottom of the
element. In the case of bending, one side will show tensile stress, the other
compressive stress. For correct interpretation of results we must know on which
side of the element results are presented. To 1llustrate this, we prepare two stress

plots:

P1 stress (maximum principal stress) on the tensile side ot the model. The tensile
side corresponds to the bottom of the shell elements (Figure 4-10).

P3 stress (minimum principal stress) on the compressive side of the model. The
compressive side corresponds to the top of the shell elements. Notice that P3 1s

the maximum compressive stress (Figure 4-11).
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@ Stress plot @ FLOVMITENS Maximum
v X = 505 —— Principal
o Stress
Definition | Chart Options | Settings ‘
42.1
Display i
37.9
S |P1: 1st Principal Stress |
, 33.7
£l |N/mma2 () -
S ‘Bottom i i
25.3
Advanced Options v
21.0
Deformed shape 2.4
| 16.8
Property i %
12.6
8.4
. 42
— 00

Figure 4-10: Maximum principal stress (P1) results for the bottom faces of the
shell elements - on the tensile side of the model. This is the visible side.

Information on the element side is shown in Plot details. Plot details can be
turned off in Chart Options and are not shown in this illustration.

i P3 (N/mm~2 (MPa))
[ Stress plot ®
0.0
v X -
-4.2
Definition | Chart Options | Settings
-8.4
Display A 4125
. el -
5 :PB. 3rd Principal Stress 16.7
N/mm*2 (MPa) v
i -20.9
% Top ¥
| : ; -25.1
Advanced Options g
-29.3
Deformed shape v 235
Property b E| -37.6
-41.8
~46.0 Minimum
.50 —— Principal

Stress

Figure 4-11: Minimum principal stress (P3) results for the top faces of the shell
clements - on the compressive side of the model. This 1s the back side, invisible
in this 1llustration.
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In Figure 4-10 we are looking at the bottom faces of the shell elements. Still,
stress results are displayed for the top side (which 1s “underneath” the model) of
the elements, as 1f the shells were transparent. What stress 1s visible (top or
bottom) does not depend on view direction (which side 1s visible) but only on the
selection made 1n the Stress Plot window. Stress plots showing results produced
by shell element models may be confusing because the model behaves as 1f it
was transparent; results pertaining to top side of elements can be seen from the
bottom side and vice versa.

This confusion may be avoided 1if shell thickness 1s rendered on the stress plot.

—

T'his option 1s available in Advanced Options of the stress plot. Figure 4-12
demonstrates this using the P1 stress plot as an example.

% Stress plot @ [ Stress plot @
v xX =l v X R
| Definition | Chart Options | Settings | | Definition | Chart Options | Settings
Display A ' Display Options o
‘ 5 [Pl: 1st Principal Stress T‘ | Pt ot -
Selection B [mmaz ovea v e
. | - ' Color Options ~
IS | @ [vop v ) Stress plot @ -
i ’ ‘USEr defined >4
disabled SR
Advanced Options A - .
Show as vector plot Definition | Chart Options | Settings | 0: 1 a
7 Render shell thickness in 3D
— (slower) ' Fringe Options A __|Flip
Show plot only on selected entities 1'::'"“"””“5 '} User detond
| NN (e . -
@ Node Values Boundary Options ~ |—*'—JI- - I -
Element Values IMESh v Specify color for values above
: yield limit

= =l -
UL O]

=== r
.| Deformed shape hd _I Edit Color... -

Render shell thickness selected Show mesh selected Custom colors used

P1 (N/mm* 2 (MPa)) 50.5

46.3

L 421

L=
‘

T O D D R A A AT T T T AT AT A L

. 378

.

. 33.0

N
A
o e

h,.-‘
M)
il

29.4

s
5V,
=

=
=y = = ‘Ir = ]
= Ta) T \."1&“‘ g -
Call Y s e B Y
- v, ) o ;.
L= e . . =
: s
b ~

N,
-

VA, A
STV
-

25.1

[ g e e — ey ——TY L

b
-

Mesh plot 1s extruded
making 1t look as 1f the mesh
was made of prism elements

I

209
16.7

. 129

Figure 4-12: Maximum principal stress (P1) shown with shell thickness rendered.

Rotate the stress plot to see that results are now shown differently on the inside

and the outside of the model. Custom colors are used in many illustrations in this
book.
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Figure 4-12 now shows P1 stress results with a rendered thickness ot the shell
element mesh. Notice that the elements look like prisms because the mesh shown
in this 1llustration has an appearance of a 3D mesh. In reality this 1s the result of
3D rendering on the shell element mesh.

Remember that the stress distribution through that rendered thickness shown 1n
Figure 4-12 does not show a distribution of bending stress, i1t shows the
distribution of P1 stress. To see how bending stress changes across the thickness
would require a plot of directional stresses such as SX, SY, SZ. These directional
stresses are aligned by default with the global coordinate system. To show the
distribution of bending stresses in the curved portion of the model we need to
align them with an axis that defines the local cylindrical coordinate system. After
the alignment, SX becomes radial stress, SY becomes circumferential stress and
S7Z. becomes axial stress (Figure 4-13).

Default Aligned with axis
SX Radial

- SY Circumferential
S7 Axial

Figure 4-13: Alignment of directional stresses with an axis defining a local
cylindrical system.

Directional stresses may be also aligned with a coordinate system or a reference
plane in which case stress components are defined in a local Cartesian
coordinate system.
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To show the distribution of bending stress in the curved portion of the model, use
SY stress and align the plot with Axisl as shown in Figure 4-14.

SY (N/mm*2 (MPa))

® Stress plot @
44.4
v X
36.9
Definition | Chart Options | Settings
29.5
Display A 220
. v
3 SY: Y Normal Stress 146
E N/mm#2 (MPa) >
_. 7.1
@ ‘Top o
_ .. 0.3
Advanced Options A 5o
(1] I Axis1
L -15.2
. |Show as vector plot = -
”, Render shell thickness in 3D = -{"*-ﬂ" 5] |
(slower) -30.1
;Shﬂw plot only on selected entities -37.6
‘@ Node Values _ -A5.0
) Element Values

Figure 4-14: Stress plot SY aligned with Axisl, shell thickness 1s rendered.
Circumferential stress can be seen as changing from compressive -45MPa on the
back side of the model to tensile 44.4Mpa on the front side of the model.

Notice the symbol in the lower right corner; it indicates that stresses have been
aligned with a local cylindrical coordinate system.

The distribution of bending stress across the shell element thickness may also be
shown without rendering shell element thickness, but that requires two plots as
shown 1n Figure 4-15 and Figure 4-16. These plots use vectors to show the line
and direction of stress. Remember that as opposed to von Mises stress which 1s a
scalar entity, directional stresses are vectors.
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[ Stress plot ©

v X ™

Definition | Chart Options | Settings

Display *""‘
3 :5’&': Y Normal Stress .
B [wmmr2 oviea) -
@ :Buttum =
Advanced Options e
il I[]a.x.sl

—— | V| Show as vector plot

— Render shell thickness in 3D
" (slower)

Show plot only on selected entities

@ Node Values

") Element Values

| Deformed shape v

L9 |

Vector plot options
A
Options
tfl 300 ° %
Tk so %

.| Surface only
@ Match color chart

") Single color

SY (N/mm*2 (MPa))
44.4
40.6
36,9
L 331

294

25,6
218
18.1
143

10.6

-'.J i
-
J&. 6.8

S

Figure 4-15: Stress plot SY aligned with Axisl, shown on the front side of the

model. This 1s the tensile side, so stresses are positive.

Vector display may be modified using the Vector plot option window. The vector
plot option window is called using Vector Plot Options in the pop-up menu.
Vector Plot Options becomes available in the pop-up menu when Show as vector

plot is selected in the Stress Plot definition.

® Stress plot )

v X -

Definition [ Chart Options | Settings

Display ~
5 :S'r‘: Y Normal Stress v:
H | n/mma2 owpa) v
% :Tup *ri
Advanced Options A
[ﬂ: l Axisl |

V| Show as vector plot

— Render shell thickness in 3D
~ (slower)

Show plot only on selected entities

@) Node Values

. Element Values

__ Deformed shape v

Vector plot options
v X
Options
il 300 * %
Tk so * %
| surface only
@ Match color chart
() single color
i- . Edit Color..

SY (N/mm”™ 2 (MPa))
0.7

=31

-6.9

L =10.7

-14.5

-18.3

-22.1

-26.0

-29.8

-33.0

L =374

- -41.2

. -45.0

Figure 4-16: Stress plot SY aligned with Axisl, shown on the back side of the

model. This 1s the compressive side where stresses are shown as negative.
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The structural analysis of the support bracket has been completed. We now
proceed to calculate natural frequencies for the same bracket.

This requires a frequency analysis also known as modal analysis. Create a new
study and name 1t 02 modal (Figure 4-17).

Study @
v b 4 RC
Message v
Name A
02 modal

Static

Thermal

Type
a¥
Q$
— @ Frequency
@k | Buckling
QP | Drop Test
Cﬁ' Fatigue
C@ Pressure Vessel Design
B | Design Study
Submodeling

CF Nonlinear

&V Linear Dynamic

Figure 4-17: Frequency study definition.

This type of analysis is also known as Modal analysis.

You can copy restraints and mesh definitions from the static study to the
frequency study by dropping them into the frequency study tab. No loads are
defined 1n this frequency study. We assume that loads, 1f any are present, will not
significantly affect the natural frequencies.

In the properties of the Frequency study, verity that five modes will be
calculated (Figure 4-18). In Simulation Default Options, verify that
displacement plots are automatically created in the Results folder for all
calculated modes (Figure 4-19).
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Frequency
Options | Flow/Thermal Effects | Notification | Remark.
Accept the default —
number of five frequencies _ g
@ Number of frequencies - =
| Calculate frequencies closest to: 0 Hertz
af 02 modal (-C efa g : | C (Frequency Shift)
{5 PIPE SUPPORT (- & What's wrﬂng?... = =
. Upper bound frequency: J Hertz
%1 Connections
| ® Run
» [ Fixtures
08 Fixed-1 8 Update All Components
[
1} External Loads |& Export..
% Kbesh | Incompatible bonding options
3 ™ Results @ CQP}' Stuc’y 'ﬁ' Automatic
Shell Manager =
- - 9 __ Simplified
Q Details... ) More accurate (slower)
& Properties.. T
g8 Mass Properties... V| Automatic Solver Selection
FFEPlus :

K Define Function Curves...

Use inplane effect

Rename
" lUse soft spring to stabilize model
X Delete = Prng
Results folder f\fea results B
OK 1 [ Cancel Apply | Help

Figure 4-18: Properties of a frequency study.

Five frequencies are calculated by default, meaning that five frequencies and five
corresponding shapes of vibration will be calculated. Frequency and the
corresponding shape are jointly called a mode of vibration.
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Default Options - Plot - Frequency/Buckling Study u

[ISys:em Options | Default Options

'~ Units
Load/Fixture Sk ol e Plots are created
Mesh ﬂ For all mode 5hapeg — HUtOmﬂt]CEllly fOI' 3.11

Results
| & Plot @ forfirst |5 =  mode shapes calculated modes

Color Chart
— Default Plots
@ Static Study Results ) Amplitude
M Frequency/Buckling Study Results
| & @8 Thermal Study Results
& ap Drop Test Study Results
& Qe Fatigue Study Results
#% Optimization Study Results
| % @ Nonlinear Study Results
User information
Report

Results type:

AMPRES: Resultant Amplitude ¥

L ok | ‘ Cancel | [ Help...

|o,!.' 02 modal (-Default-)
< PIPE SUPPORT (-[SW]Galvanized Steel-)
¥ Connections

~ [ Fixtures %
* Fixed-1
11 External Loads
% Mesh
v Results
% Amplitudel (-Res Amp - Mode Shape 1-)
@' Amplitude2 (-Res Amp - Mode Shape 2-) Five automati‘cally
@' Amplitude3 (-Res Amp - Mode Shape 3-) created plots in the
5" Amplitude4 (-Res Amp - Mode Shape 4-) Results tolder
® Amplitude5 (-Res Amp - Mode Shape 5-)

Figure 4-19: Using the above settings, Amplitude plots are automatically created
for all the modes of vibration specified in the Options of the Frequency study
window (Figure 4-18).
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Run the solution and verity that five amplitude plots are in the Results tolder.
Right-click any displacement plot and select Edit Definition to open the Mode
Shape/Displacement Plot panel. Try displaying the mode shape plot with and
without colors by making the approprate selection shown 1n Figure 4-20.

©' Mode Shape/Amplitude Plot @

v X -

Definition | Chart Options ] Settings

Message A
Read this The numeric values for a mode shape/amplitude plot
impﬂrtant show the relative and unitless values for amplitude of
message vibration in each mode.
Display A
: , )
5 [AMPRES: Resultant Amplitude .4
Advanced Options L
Plot Step A ¢
Yz 1 .
| Deformed shape A
Q' Automatic

U0 000382628548

True scale

User defined

Uo 1

V| Show colors

Colors may be deselected to avoid
displaying confusing information

Figure 4-20: Mode Shape/Amplitude Plot definition window.

You can switch between Mode Shape and Amplitude plot by showing or hiding
colors. However, you must remember that absolute displacements values are
meaningless. Only ratios between displacements in the same mode are valid.
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Figure 4-21 shows the first mode of vibration presented as a mode shape and as
an amplitude plot.

Model name:PIPE SUPPORT AMPRES
Study name:02 modal{-Default-)

Plot type: Frequency Amplitudel

Mode Shape : 1 Value = 172.06 Hz
Deformation scale: 0.009

C i b

3.426

3.114

2.803

- 2491

2.180

1.869

1997

1.246

0.934

- 0.623

L 0.311

— 0.000

Mode shape: 1[33)

Use these arrows to change the
mode number to be displayed

Mode shape Mode shape
No colors shown Amplitude of displacement shown

Figure 4-21 Mode shape plot and Displacement plot.

Both plots show the vibration frequency associated with this mode, here 172Hz.
Numerical results shown in the amplitude plot are meaningless; notice that no

units are shown.

Even though the displacement plot does show displacement magnitude, the
absolute displacement results are meaningless. Displacement results are purely
qualitative and can be used only for a comparison of displacements within the
same mode of vibration. Relative comparisons of displacements between
different modes 1s invalid.

One of the worst errors an FEA user can make 1s to take displacement results
from a modal analysis for their face value!
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Examine deformation plots of higher modes (Figure 4-22) to notice that higher
modes are associated with more deformation. The best way to analyze the results
of a frequency analysis 1s by examining the animated deformation plots.

Figure 4-22: Deformation plots showing the shape of deformation (mode shape)
of the first two modes. Undeformed model is superimposed on the deformed
shape.

The deformation scale and model orientation have been adjusted to better show
the deformed shape superimposed on the undeformed shape.

Adjust color and transparency of the superimposed model for the best effect.

To animate any plot, right-click an active plot icon to display an associated pop-
up menu, and then select Animate.
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To List Resonance Frequencies, right-click the Results folder and make the
selection as shown 1n Figure 4-23.

QY 02 modal (-Default-)
J PIPE SUPPORT (-[SW]Galvanized S
¥1 Connections
~ [ Fixtures
* Fixed-1
4} External Loads

% Mesh
v Results
®' Amplitud
' Amplitud @ Define Mode Shape/Amplitude Plot...
@ Amplitud  Define Frequency Response Graph..

t

o

e

Solver Messages...

u : Select
:‘i:g::z:: Lfﬂ Amplitude.. | List resonant frequencies
List Resonant Frequencies... —— to open
List Mass Participation... List Modes window
shown below

By Save All Plots as JPEG Files
i@ Save All Plots as eDrawings

IS Create New Folder

i

List Modes =B u
Study name:02 modal
Mode No. ' Frequency(Rad/sec) | Frequency(Hertz) Pernod(Seconds)
1] 10811 172.06 0.0058119
2 1812.1 2664 0.0034674
3 2951 4 469.73 0.0021289
8 82905 13195 0.00075788
5 10272 1634.8 0.0006117
Close Save Help

Figure 4-23: The summary of frequency results includes the list of all calculated
modal (resonant) frequencies.
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The List Modes window 1n Figure 4-23 presents results of the calculated
frequencies in three different ways:

e o - circular (angular) frequency [rad/s]
e f-firequency (cycles per second) |[Hz]

e T'-vibration period [s]

Circular frequency, frequency and period are related as follows:

1
w = an T = —
f
Models in this chapter
Model Configuration Study Name Study Type
01 stati Stat}
PIPE SUPPORT sldprt | Default i atic
02 modal Frequency
01 misaligned Stati
MISALIGNMENT sldprt* | Default msangne atic
02 aligned Static

* This model comes with studies defined and ready to run

121




Engineering Analysis with SOLIDWORKS Simulation 2018

Notes:
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5: Static analysis of a link

Topics covered

A Symmetry boundary conditions
a Preventing rigid body motions
A Limitations of the small displacements theory

Project description

We need to calculate displacements and stresses of the link shown 1n Figure 5-1.
The link 1s supported by tight-fitting pins in the two end holes and 1s loaded by a
loose fitting pin at the central hole with a force of 30000N. The other two holes
are not loaded. Open part file LINK. It has been assigned the material properties
of Chrome Stainless Steel.

Pin support

S Pin support

[Load 30000N

Figure 5-1: CAD model of the link.

Notice that the supporting pins and the loaded pin are not present in the model.
All chamfered edges have no structural significance and will be suppressed to
simplify meshing.
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Procedure

One way to conduct this analysis would be to model both the link and all

three pins, and then conduct an analysis of the assembly. However, we are not
interested 1n the contact stresses that will develop between the pins and the link.
Our focus 1s on displacements and stresses that will develop 1n the link.
Therefore the analysis can be simplified; instead of modeling the pins, we can
simulate their effects by properly defining restraints and loads. Notice that the
link geometry, restraints, and loads are all symmetrical. We can take advantage
of this symmetry and analyze only half of the model, replacing the other half
with symmetry boundary conditions.

To work with half of the model, switch to the 02 half model contiguration using
the Configuration Manager. This also suppresses all the small chamters in the
model. The chamfers have negligible structural eftect and would unnecessarily
complicate the mesh. Removing geometric details deemed unnecessary for
analysis 1s called defeaturing.

Finally, notice a split face in the middle hole that defines the area where the load
will be applied. The geometry in FEA-ready form 1s shown 1n Figure 5-2. Figure
5-2 also explains how the restraints should be applied.

S,

Symmetry

boundary

—— 0‘ conditions
S — 5

i

Only circumferential
displacements are allowed
on this cylindrical face.

Figure 5-2: Half of the link with restraints explained.

The applied restraints: a hole where the pin support is simulated and two faces
in the plane of symmetry where symmetry boundary conditions are required.
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The model 1s ready for the definition of restraints — the highlight of this exercise.
Move to SOLIDWORKS Simulation and define a static study.

Right-click Fixtures folder and select Fixed Hinge from the pop-up menu. This
opens the Fixture window with the Fixed Hinge button already selected (Figure
5-3). This restraint simulates hinge support. An 1dentical restraint can be
obtained using either Hinge or On Cylindrical Face (with suppressed radial and
axial directions) (Figure 5-3).

Fixture @ Fixture @
v X -m v X -
Type \ Split\ Type \ Split
Example hd Example hd
Standard (Fixed Hinge) ~ Standard v
(& | Fixed Geometry Advanced(On Cylindrical Faces) A
Q; Roller/Shder @ Symmetry
Fixed Hinge r— Fixed Hinge @ Cyclic Symmetry

@ I Face<1> @ | Use Reference Geometry f
@ On Flat Faces

On Cy]indrica] Faces On Cylindrical Faces

O On Spherical Faces

On Cylindrical Faces:

» Rachal (mm): 0

Axaal (mm); 0

B lrace<1> g
N\
. Translations A \
H |mm S Cylindrical face
Radial — restrained (selected) —— 0 v mm Restraint symbols
‘e s are shown
| Reverse direction
Circumferential — free (unselected) — g/ o v rad
Axial - restrained (selected) —— 0 v mm

. |Reverse direction

Fixed Hinge On Cylindrical Faces
Restraint definition Restraint definition

Figure 5-3: Two alternative ways of defining hinge support.

Once the Fixture definition window has been opened, you can move between

different types of restraints. You are not committed to the default selection made
in the pop-up menu choice.

1235



Engineering Analysis with SOLIDWORKS Simulation 2018

When the Fixture definition window specitfies the restraint type as Hinge or On
cylindrical face, the restraint directions are associated with the directions of the
cylindrical face (radial, circumferential, and axial), rather than with global
directions X, y, z.

To simulate a pin support that allows the link to rotate about the pin axis, radial
displacements need to be restrained and circumferential displacements allowed.
Furthermore, displacements in the axial direction need to be restrained in order
to avoid any rigid body motions of the entire link along this direction.

Using the Hinge support 1s easier but does not describe how the restraint
functions, so the On cylindrical face restraint method 1s used here instead for
clarification.

Notice that while we must restrict the rigid body motion of the link in the
direction detined by the pin axis, we can do this by restraining any point

of the model. It 1s simply convenient to remove rigid body motions by applying
the axial restraints to this cylindrical face.

To simulate the entire link, even though only half of the geometry 1s present,

we apply symmetry boundary conditions to the two faces located 1n the plane of
symmetry. Symmetry boundary conditions allow only in-plane displacements.
The easiest way to define symmetry boundary conditions is to use Symmetry as
a type of restraint. The definition of the symmetry boundary conditions 1s
1lustrated in Figure 5-4.
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@X Static 1 (-02 half model-)
™ LINK (-[SW]Chrome Stainless Steel-)
¥ Connections

» [ Fixtures -
4} External Loz & Advisor..
© Mol X Fixed Geometry..

Result Optic A Roller/Slider...

i
\ Symmetry

[l Fixed Hinge.. |
All three windows shown 1ii Elastic Support.. boundary
belﬁw are OIJGIIed ﬁom @ Bearing Fixture... ‘i / CDHdltlDﬂS
:f}: Foundation Bolt... '

Advanced Features in

this pop up menu — Advanced Fixtures...

Fixture @ Fixture @ Fixture @
v X . o XN -w v X w
Type | Sphit Type | Split ype | Split
Example v Example v xample hd
Standard v Standard v tandard hd
Advanced(Symmetry) ~ Advanced(On Flat Faces) ~ \dvanced(Use Reference Geometry) A
- Symmetry a symmetry ﬁ Symmetry
@ Cyclic Symmetry @ Cyclic Symmetry @ Cyclic Symmetry
6I Use Reference Geometry 6 Use Reference Geometry ﬂ Use Reference Geometry
@ On Flat Faces ﬂ On Flat Faces @ | On Flat Faces
E?. On Cylindrical Faces ? E On Cylindrical Faces a On Cylindrical Faces

o On Spherical Faces

@ Face<l>

Figure 5-4: Definition of symmetry boundary conditions.

\= ‘Faceﬂ:

O On Spherical Faces —‘

O On Spherical Faces

@ Face<1>

Face<2>

o |

Translations >

E] .‘mm '[ ‘ranslations A
e oo xr 2
E v mm g | o v | mm

E 0 v mm \l | 0 ¥ |mm

L Reverse direction

[ ] Reverse direction

L2 _J

Three ways of defining the same symmetry condition are shown, all produce the same

result:

(1) Symmetry restraint.

(2) On Flat Face restraint where both in-plane displacements are allowed, but
displacement in the direction normal to the face is set to zero.

(3) Use Reference Geometry where free and restrained directions are defined with
reference to selected reference geometry (here, the Right reference plane). The
reference plane can be selected from the fly-out menu which is not shown here.
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Recall from Figure 5-1 that the link 1s loaded with 30000N. Since we are
modeling half of the link, we must apply a 15000N load to a portion of the
cylindrical face, as shown 1n Figure 5-5. The size of the load application area 1s
arbitrarily created with a split line. It should be close to what we expect the
contact area to be between the loose fitting pin and the link.

When defining the load (Figure 5-5), take advantage of SOLIDWORKS’ fly-out
menu visible 1n the SOLIDWORKS Simulation window to select the reference
plane required in the Force/Torque definition window.

Force/Torque @ -
@ LINK (02 half model..
5 R E g History
| T}’DETSD—M » [A) Annotations
» [® Solid Bodies(1)
Férmﬂmq“ & [#) Surface Bodies
i Equations
. & | Torque Ei Chrome Stainless ...
© B Face<1> \ Front
| N Top)
N Right
| N Origin
B i : » @) Base-Extrude

» (@ Cut-Extrudel
GG LPatternl

» | split Linel

» (@ Cut-Extrude2

Chamfer]

Q@ Selected direction

Normal to Plane (N); {15000

| Reverse direction

Figure 5-5: 15000N force applied to the central hole.

Force is applied in the selected direction. The Top reference plane is used to
determine the load direction. Notice that the load is distributed uniformly. We
are not trying to simulate a contact stress problem.
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The final task of model preparation 1s meshing. Right-click the Mesh folder

to display the related pop-up menu, and then select Create Mesh... Verity that
the mesh preferences are set on high quality (meaning that second order elements
will be created) and mesh the geometry using the detault element size. For more
information on the created mesh, you may wish to review the Mesh Details
(Figure 5-6).

=

Study name Static 1 (-02 half model-)
Mesh type Solid Mesh
Mesher Used Standard mesh
Automatic Transition Off

Include Mesh Auto Loops Off

Jacobian points 4 points
Element size 783371 mm
Tolerance 0.391686 mm
Mesh quality ‘High

Total nodes 12866

Total elements 7717

Maximum Aspect Ratio 133491
F’gr:antage of glements 99 9

with Aspect Ratio < 3 '

Percentage of elements 0

with Aspect Ratio > 10

% of distorted elements 0

(Jacobian)

Time to complete mesh(hh:mm:ss)  00:00:01
Computer name
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Figure 5-6: The meshed model shown together with the Mesh Details window.

After solving the model, we first need to check if the pin support and symmetry
boundary conditions have been applied properly. This includes checking whether
the link can rotate around the pin and whether 1t behaves as a half of the whole
link. This 1s best done by examining the animated displacements, preferably with
the undeformed shape visible (Figure 5-7).
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URES [mm)

0.309
0.286
0.264
0.241
0.218
0.196
0.173
0.150
0.127
0.105

0.082
0.059

0.037

Figure 5-7: Comparison of the deformed and undeformed shapes.

Comparison of the deformed and undeformed shapes verifies the correctness of
the applied restraints; the link rotates around the imaginary pin while faces in
the plane of symmetry remain flat and perform only in-plane translations.

130



Engineering Analysis with SOLIDWORKS Simulation 2018

To conclude this exercise, review the stress results. Examine the different stress
components, including the maximum principal stresses, minimum principal
stresses, etc.

von Mises (N/mm* 2 (MPa))
165.9

1521

138.3

1245

110.6

96.8

83.0

69.2

55.3

41.5

27.7

L 139
s 0.0

— Yield strength: 172.3

Figure 5-8: Sample of stress results: von Mises stress.

In this plot, the location of the maximum stress is shown, as requested in the
Chart Options window.

Repeat this exercise using the full model to perform an analysis of the complete
model without using symmetry boundary conditions.

Before finishing the analysis of LINK, we should notice that the link supported
by two pins as modeled 1n this exercise corresponds to the configuration shown
in Figure 14-25, where one of the hinges 1s supported by rollers and 1s free to
move horizontally.

Since linear analysis does not account for changes in model stiffness during the
deformation process (nor does 1t account for material yielding), linear analysis 1s
unable to model stresses that would have developed if both pins were 1n a fixed
position. If both pins were fixed, a nonlinear geometry analysis would be
required to analyze the model. Refer to chapter 14 for more information on non-
linear analyses.
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Models in this chapter

Model Configuration Study Name Study Type
LINK .sldprt 01 full model
02 half model Static 1 Static
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6: Frequency analysis of a tuning
fork and a plastic part

Topics covered

Q Frequency analysis with and without supports
A Rigid body modes

A The role of supports in frequency analysis

A Symmetric and anti-symmetric modes

Project description

Structures have preferred frequencies of vibration, called resonant frequencies.

A mode of vibration 1s the shape in which a structure will vibrate at a given
natural frequency. The only tactor controlling the amplitude ot vibration

in resonance 1s damping. While any structure has an infinite number of resonant
frequencies and associated modes of vibration, only a few of the lowest modes
are important when analyzing response to dynamic loading. A frequency analysis
1s used to calculate these resonant frequencies and their associated modes of
vibration.

Open the part file called TUNING FORK. It has material properties already
assigned (Chrome Stainless Steel). The model 1s shown 1n Figure 6-1.

<) Fixed restraint
to ball surface

Figure 6-1. The TUNING FORK model.

A fixed restraint is applied to the surface of the ball. Do not apply an “On
spherical face” restraint.
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A quick 1nspection of the CAD geometry reveals a sharp re-entrant edge.
This condition renders the geometry unsuitable for stress analysis but 1s
acceptable for frequency analysis unless the omitted fillet significantly changes

the model stiffness.

Procedure

Define a Frequency study called fruning fork. Once the study has been created
right-click 1t to open a pop-up menu and select Properties (Figure 6-2).

a¥ tuning fork (-Defat " *

@ TUNING FORK | ® Bun
'ﬁ’% Connections ‘ Update All Components

» [ Fixtures EC’J Export...
¥ Fixed-1
H External Loads 02' Copy Study
o X Delete
; Results
2 Details.. /

Properties...
‘gﬁ Mass Properties...

|C Define Function Curves...

Rename
[@ Copy
B Save All Plots as JPEG Files
i@ Save All Plots as eDrawings
& Shell Manager

Frequency

—_)

Options | Flow/Thermal Effects | Remark

Options

@ Number of frequencies

Calculate frequencies closest to:
'(Frequency Shift)

Upper bound frequency:

Incompatible bonding options
| @ Automatic

Simplified

More accurate (slower)

Solver
| Automatic Solver Selection

FFEPlus v

Use inplane effect

| Use soft spring to stabilize model

Results folder fafea results

L QK | | Cancel

Hertz

Hertz

Five
frequencies

Help l

Figure 6-2: Frequency study definition (left) and study properties (right).

We request that five

frequencies be calculated.

Next, define fixed restraints to the ball surface, as shown in Figure 6-1. This
approximates the situation when the TUNING FORK 1s held with two fingers.

Finally, mesh the model with the default element size. The meshed model

1s shown 1n Figure 6-3. The automesher selects the element size to satisty the
requirements of a stress analysis. A frequency analysis 1s less demanding on the
mesh, so generally, a less refined mesh 1s acceptable. Nevertheless, since this 1s a

very simple model, we accept the mesh without making any attempt

to sitmplify 1t.
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Figure 6-3. Meshed model of the TUNING FORK.

Sharp re-entrant edges are present in the model which is acceptable for
frequency analysis if their omission does not significantly change the model’s
stiffness. Sharp reentrant edges will not cause a singularity in the solution for
modes of vibration.

After the solution 1s complete, SOLIDWORKS Simulation automatically
creates displacement plots (Figure 6-4). For reasons already explained 1n chapter
4, we 1gnore numerical values in amplitude results. Using the Mode Shape/
Amplitude window we deselect colors, turning the amplitude plot into a
deformation plot; we call this a Mode Shape plot.

QY tuning fork (-Default-)
@ TUNING FORK (-[SW]Chrome Stainless Steel-)
¥3 Connections
+ [ Fixtures
/ Fixed-1
1}l External Loads 1
Mesh
v Results
@ Amplitudel (-Res Amp - Mode Shape 1-)
®' Amplitude2 (-Res Amp - Mode Shape 2-)
@“ Amplitude3 (-Res Amp - Mode Shape 3-)
® Amplitude4 (-Res Amp - Mode Shape 4-)
®' Amplitude5 (-Res Amp - Mode Shape 5-)

Figure 6-4: Five amplitude plots are created automatically.

Plot Amplitudel shows Mode Shape 1 etc.
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The Mode Shape plot in the modal analysis shows the associated modal shape of
vibration and lists the corresponding natural frequency. The first four modes of
vibration are presented in Figure 6-5.

B
-h-

o
q-'*q,,.

-
o,
i

215.5Hz 216.4Hz

Figure 6-5: The first four modes of vibration and their associated frequencies.

The undeformed model is superimposed on the mode shape plots.

The analyzed TUNING FORK 1s the most common type of tuning fork and as
any musician will tell us, should produce a lower A sound, with a frequency of
440 Hz.

However, the lower A frequency of 440 Hz, which 1s expected to be the first
mode, 1s actually the fourth mode. Before explaining why this occurs, let’s run
the frequency analysis once more, this time without any restraints. Define a new
frequency study, called tuning fork no supports.

The easiest way to do this 1s to copy the existing TUNING FORK study and
either delete or suppress the restraint (right-click the restraint icon and make the
proper selection).

As we will soon explain, in the absence of restraints the model has six Rigid
Body Modes. Therefore, if we still want to calculate five modes of vibration,
which for consistency should now be called Elastic Modes, we must specify a
total of 11 modes in the properties of the frequency study.
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After the solution has been completed, right-click the Results folder and select
List Resonant Frequencies (Figure 6-6).

List Modes l':’ I = lﬂﬂ
Study name:tuning fork no supports
Mode No. Frequency(Rad/sec) Frequency(Herz) Period(Seconds)
1 0 0 1e+032
2 0 0 1e+032
3 0.012503 0.00719899 502.54
4 0.026238 0.004176 239.47
5 0.034255 0.0054518 183.43
b 0.046053 0.0073295 136.43
7 27672 440.41 0.0022706
g 4242 .3 675.18 0.0014811
9 10221 1626.7 0.00061473
10 10998 17504 0.00057128
L 17431 27743 0.00036045
Close Save Help

Figure 6-6: The List Modes window 1n the analysis of TUNING FORK.

Modes 1-6 are rigid body modes with frequency equal to, or very close to OHz.
Numerical error is the reason why not all rigid body modes have a frequency
exactly equal to OHz.

Mode 7 is the first elastic mode of vibration.

Notice that 1f you re-run the solution with more modes requested (here 11) but
you use the model where five modes have been previously calculated, then only
five plots will be automatically created. You’ll have to define the remaining plots
manually. Alternatively, you may delete all plots before re-running the solution;
all eleven plots will then be created automatically.
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We notice that the first six modes have the associated frequency OHz or very
close to OHz. Why? The first six modes of vibration correspond to rigid body
modes. Because the TUNING FORK 1s not supported, it has six degrees of

freedom as a rigid body: three translational and three rotational.

SOLIDWORKS Simulation detects these rigid body modes and assigns them
with a frequency of zero (OHz). Modes 3, 4, 5, and 6 do not have a frequency of
exactly zero due to numerical error.

The first elastic mode of vibration, meaning the first mode requiring the fork to
deform 1s mode 7, which has a frequency of 440.4 Hz. This 1s close to what we

were expecting to find as the fundamental mode of vibration for the TUNING
FORK.

Why did the frequency analysis with the restraint not produce the first mode with
a frequency near to 440 Hz? If we closely examine the first three modes of
vibration of the supported TUNING FORK, we notice that they all need the
support 1n order to exist. The support 1s needed to sustain these modes,

but while this support makes these first three modes possible, 1n reality

it also provides damping. After modes 1, 2, and 3 have been damped out, the
TUNING FORK vibrates the way 1t was designed to: in mode 4 (as calculated 1n
the analysis with supports) or mode 7 (as calculated in the analysis without
supports). These two modes are 1dentical.

To learn more about modes of vibration of an unsupported elastic model

(all models 1in linear FEA are considered elastic), calculate six elastic modes of
the unsupported model PLASTIC PART. Mode Shape results corresponding to
the first six elastic modes are shown in Figure 6-7. You'll need to request 12
modes 1n the study properties.

All 12 modes, six rigid body modes and six elastic modes, are listed 1n Figure 6-
3.
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Symmetric \/\ b % Anti-symmetric
Mode 3 / / . N Mode 4
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Mode 5 Mode 6
2405.3Hz A 2825.1Hz
Symmetric \ Anti-symmetric
L
1‘\1& /.f
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Figure 6-7: The first six elastic modes of vibration of the unsupported model
PLASTIC PLATE.

Based on the deformation results of PIPE SUPPORT, TUNING FORK and
PLASTIC PLATE, we can make an interesting observation about the nature of
the modes of vibration. If a model 1s symmetric and has symmetric restraints (or
no restraints at all), then 1ts modal shapes are either symmetric or anti-symmetric.
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List Modes l = | = [ﬁ
Study name: Frequency 1
Mode No. ' Frequency(Rad/sec] Frequency(Hertz) Penod(Seconds)
4 1 0 U 1e+032
b Ody 3 0 U 1 B+D32
modes 4 0 0 1e+032
5 0.0057588 0.00091654 1091.1
\ 4 = 0.0068185 0.0010852 921.5
A 7 2706.7 430.79 0.0023213
| g 5055.3 804.58 0.0012429
Elastic 9 64422 1025.3 0.00097531
modes 10 7095.4 1129.3 0.00088553
11 15113 2405.3 0.00041574
v 12 17751 2625.1 0.00035397
‘ Close | Save ] [ Help J

Figure 6-8: The List Modes window 1n the analysis of PLASTIC PART.

Modes 1-6 are rigid body modes with frequency equal or very close to OHz.
Modes 7-12 are elastic modes shown in Figure 6-7 where they are numbered

from 1 to 6.

Models in this chapter

Model Configuration Study Name Study Type

TUNING FORK sldprt | Default funing fork Frequency
tuning fork no supports Frequency

PLASTIC PART sldprt | Default Frequency 1 Frequency
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7: Thermal analysis of a pipe
connector and a heater

Topics covered

a Analogies between structural and thermal analysis
Steady state thermal analysis

Analysis of temperature distribution and heat tlux
Thermal boundary conditions

Thermal stresses

L C 0 0 O

Vector plots

Project description

So far, we have performed static analyses and frequency analyses, which

both belong to the class of structural analyses. Static analysis provides r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>