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Introduction

INTRODUCTION

T-FLEX Analysis is an environment for finite element calculations integrated with T-FLEX CAD. With the
help of T-FLEX Analysis, a T-FLEX CAD user can perform mathematical modeling of common physical
phenomena and solve important practical studies arising in everyday design practice.

All calculations rely on the finite element method (FEM). At the same time, an associative relationship is
maintained between the three-dimensional model of a part and the finite element model used in
calculations. Parametric notifications of the original solid model are automatically propagated into the
meshed finite element model.

The following calculations modules grouped into three groups according to the studies types are
available.
Static Analysis
Static Strength
Buckling
Fatigue
Express Analysis
Dynamic Analysis
Freguency
Forced Osdllation
Mode Superposition
Transitional Process
Thermal Analysis
Stationary Thermal Process
Monstationary Thermal Process

Finite element analysis studies types
Static analysis group includes four types of finite elements studies:

Static Strength allows calculating the state of stresses and strains in a structure under the impact of
constant in time forces applied to the model. It is also possible to account for stresses building up
due to thermal material expansion/contraction, or for structural deformations introduced by known
displacements. By using the Static analysis study, the user can evaluate the strength of a structure
developed by him, with respect to admissible stresses, identify the most vulnerable parts of the
structure and introduce the necessary changes, optimize the design.

Buckling is important when designing structures, whose operation implies lasting influence of loads
ranging in intensity. With the help of this module, the user can evaluate safety margin by the so-
called «critical load». Significant nonelastic strains may occur suddenly within compressed parts of a
structure, which could likely cause its rupture or serious damage.

Fatigue. Certain parts of machines, mechanisms and also structural elements during the time of their
service are subjected to the loads that change with time. Material's resistance to the effects of these
loads considerably differs from the material’'s resistance to static load or impact. For studying
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material’s strength when the time-dependent loads are applied, the Fatigue Analysis Module is used
in T-FLEX Analysis.

Express Analysis. Evaluation module for static analysis calculations.
Dynamic Analysis group offers the following type of finite element studies:

Frequency allows calculating natural (resonant) frequencies of a structure and the respective vibration
modes. Based on the calculation results, the product is assessed on the presence of resonant
frequencies in the operating frequency range. The developer can enhance reliability and performance
of a product by optimizing the design in such a way as to exclude resonance occurrences.

Forced Oscillation is carried out for prediction of response of the structure subjected to harmonically
varying external loads. External loads include kinetic and/or kinematic excitation. In addition, the
damping of the system can be taken into account.

The goal of the forced oscillation analysis is to find the dependence of the system’s response on the
frequency of the driving loads. The results of the analysis include the amplitudes of displacements,
oscillation accelerations and oscillation overload for the given driving frequency. From the results of
the analysis for a range of frequencies we can obtain dependence of the amplitudes and oscillation
accelerations on the frequency of the driving loads, which is important when estimating vibrostability
of the system in the given frequency range.

Mode Superposition allows you to simulate the behavior of a mechanical system under the loads that
are non-constant in time. The solution is provided as decomposition according to the previously
calculated natural modes of oscillations of the structure. This type of dynamic study is convenient for
the analysis on long time intervals, because it has high performance (if calculated natural modes of
oscillations already exist).

Transitional Process allows you to simulate the behavior of a mechanical system in time. Full equations
systems are calculated on each time step, which imposes high requirements on computational
resources. This method is generic and provides high calculation accuracy, allowing, in particular, to
solve studies in nonlinear formulation.

Thermal analysis group allows to solve thermal studies.

Stationary Thermal Process provides possibility of the steady (stationary) temperature field evaluation
that appears in the product under the impact of sources of heat and radiation.
Nonstationary Thermal Process calculates thermal processes that are non-stationary in time.

Both thermal analysis studies can be used independently for calculating temperature and heat fields
through the volume of a structure, as well as in combination with static analysis for evaluating
thermal deformations building up in the product.

ABOUT MATHEMATICAL BACKGROUND OF T-FLEX ANALYSIS

Engineering design often requires investigation of the most important physical and mechanical
properties of parts, assemblies, or the entire product. For example, in a design one must evaluate the
strength of parts under specified loads or maximum deformations of a product's body. For a long time,
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the only means for evaluating physical and mechanical properties of products was assessment based on
approximate analytical or semiempirical methods, listed in industry guides. The accuracy of such
methods is generally not high, with respect to real-life design objects. Consequently, significant «safety
factors» (as with respect to the strength) are incorporated, in order to lower the risks of an unviable
design.

Emergence of computers and development of computer science led to big changes in traditional
approaches to engineering calculations. From the mid-60s of the 20th century, the leading method of
numerical solving a wide variety of physical studies became finite element method (FEM). The special
features of the FEM that put it in the commanding position in the applied computational mathematics
are such inherent qualities as:

e versatility — the method is suitable for solving all kinds of different studies of mathematical physics
(mechanics of deformable solids, heat transfer, electrodynamics);

e good algorithmization — the suitability for developing software suites that cover a wide scope of
applications;

e good numerical stability of FEM algorithms.

Emergence of personal computers and their increasingly wide use for design purposes impacted the
accelerated development and availability of finite element analysis application systems that do not
require the user to be deeply proficient in FEM theory, eliminate labor-intensive operations of manual
preparation of initial data and offer excellent opportunities of processing results of mathematical
modeling.

T-FLEX Analysis belongs to modern finite element analysis systems, oriented at a wide range of users,
who, by the nature of their responsibilities, face the requirement of assessing product behavior under
conditions of various physical influences. T-FLEX Analysis is oriented at a nonspecialist in the area of
finite element analysis and does not require the user to have in-depth knowledge in the area of
mathematical modeling for effective use of the system. Nevertheless, correctness of results of a
mathematical modeling and their appropriate assessment are determined to a significant degree by the
user's proficient approach to formulating physical studies, which are to be solved with the help of T-FLEX
Analysis.

The center point of the finite element method is in replacing the original spatial structure of a complex
shape by a discretized mathematical model that appropriately represents the physical essence and
properties of the original product. The most important element in this model is the product's finite
element discretization - which implies building a set of elementary volumes of the specified shape (the
so-called finite elements, FE), combined in a united system (the so-called finite element mesh).

T-FLEX Analysis is oriented at solving physical studies in spatial formulation. The product's mathematical
approximation uses its equivalent replacement by a mesh of tetrahedral elements. A tetrahedral finite
element is convenient for automatic generation of the computational mesh, since the use of tetrahedra
permits a high-accuracy approximation of a however complicated product shape.
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Original structure and its finite element discretization

The structure that itself represents a distributed system of a complex geometrical shape is represented as
a union of finite elements. The finite elements that approximate the original structure are considered
connected to each other at the corner points - the nodes, in each of which the three translational
degrees of freedom are introduced (for mechanical studies). The external loads applied to the structure
are converted to equivalent forces applied to the nodes of finite elements. Restraints on the structure's
motion (fixings) are also transferred to finite elements that model the original object. Since the shape of
each FE is defined in advance, and its geometrical characteristics are known, as well as the material
properties, therefore a system of linear algebraic equations (SLAE) can be written out for each FE that is
used for modeling the structure, describing displacements of FE nodes under the influence of forces
applied at these nodes.

By writing out a system of equations for each finite element that is involved in approximating the original
physical system, we study those together and get a system of equations for the entire structure. The
order of this system of equations is equal to the product of the number of movable nodes in the
structure and the number of degrees of freedom introduced in one node. In T-FLEX Analysis, this usually
amounts to tens or hundreds thousand algebraic equations.

By building the system of equations for the entire structure and solving it, we get the values of the
sought physical measure (for example, displacements) in the nodes of a finite element mesh, as well as
additional physical measures, for example, stresses. Those values will be approximate (with respect to the
theoretically possible «exact» solution of the respective differential equation of mathematical physics),
however with the miscalculation error being possibly very small — fractions of a percent on test studies
having «exact» analytical solution. The error of the solution obtained as the result of a finite element
approximation is usually decreasing smoothly with the increased degree of elaboration on the modeled
system discretization. In other words, the greater is the number of FE involved in a discretization (or the
smaller are the relative dimensions of a FE), the more accurate is the resulting solution. Naturally, a more
dense subdivision of FE demands more computational power.
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Results of finite element modeling (displacements and stresses)

The described algorithm of finite element modeling is applicable for solving various studies, which a
modern engineer may encounter — heat transfer, electrodynamics, etc. Due to advantages accounted for
above, FEM became the leading method of computer modeling of physical studies and, in fact, associates
with a whole branch of the modern IT industry, known by the acronym CAE (Computer Aided
Engineering).

SYSTEM REQUIREMENTS

Mathematical modeling of physical phenomena belongs to the class of the resource-intensive studies
that require serious computational resources. That is why, for efficient use of the finite element modeling
system it is recommended to use the most powerful computers accessible to the user. Moreover,
increase in the dimensionality of the solved study can be achieved by using 64-bit operating systems.

T-FLEX Analysis is available in two versions depending on the edition of the Windows operating system:

1) T-FLEX Analysis for Windows 32-bit. The distinctive feature of the 32-bit operating systems is
the existence of «physical» bound on the maximum volume of addressed information (about
2 GB), which limits capabilities needed for analysis of systems with large number of finite
elements.

2) T-FLEX Analysis for Windows 64-bit. This system works on the processors that support 64-bit
instructions. Operating systems with digit capacity 64-bit allow the user to address
significantly larger volumes of information and solve the studies of higher dimensionality.

Computer parameters for work with T-FLEX Analysis

Minimal

Processor Pentium IV or similar
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Hard drive space (for storing| 500 Mb

calculation results)

RAM 2 GB

Operating system Windows Vista
Recommended

Processor Core i7 or similar

RAM 8 GB (and larger)

Operating system

Windows 7 x64, 8 x64

Graphics card

NVIDIA or AMD high-performance graphics card with 1gb RAM or
larger supporting OpenGL 4.2 or higher

\ It is not recommended to use integrated graphics cards. ’

T-FLEX ANALYSIS SYSTEM INSTAL.ATION

In order to use the T-FLEX Analysis application, you need to have installed the T-FLEX CAD geometrical
modeling system. Therefore, before installing T-FLEX Analysis system, first install T-FLEX CAD.

T-FLEX Analysis system is distributed with a protection from non-licensed use. To work with the system,
you need a hardware key or software protection key.

STRUCTURAL ORGANIZATION OF T-FLEX ANALYSIS APPLICATION

T-FLEX Analysis is organized in a modular structure, which T-FLEX Analysis Workflow

enables the user with a flexible approach to setting up an

T-FLEX CAD 3D

engineer's work seat. The standard system installation package 3D Modeling

includes the following modules:

e preprocessor — the module that prepares a finite Finite-Element Preprocessor

element model;

e specialized solver - the user can choose one or more
out of the available solvers, depending on the posed

tasks.

Meshing, Restraints, Loads, Materials

Finite-Element Solver
Study Calculation

e postprocessor — the module for visualizing and STATIC FREQUENCY BUCKLING
ANALYSIS ANALYSIS ANALYSIS

evaluating results.

THERMAL FORCED FATIGUE
ANALYSIS OSCILLATION ANALYSIS

Finite-Element Postprocessor

Viewing Analysis Results

10
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STEPS OF STRUCTURAL ANALYSIS

Any type of analysis is performed in several stages. Listed are
the steps required for conducting an analysis. Following are the
steps required for running calculations:

1)
2)

3)
4)
)

6)
7

Build three-dimensional model of the part;

Create «Study». A study is created for one or more
connected solid bodies («glued» connection);

Define more the material;
Generate finite element mesh;

Apply boundary conditions reflecting the essence of
the physical phenomenon being analyzed;

Run calculations;
Analyze results.

The listed steps of analysis are valid for most types of studies
realized in «T-FLEX Analysis» system.

The difference in the respective modeling steps for different types of studies is usually in the types of
applied boundary conditions, which depend on the calculation type. For example, in static analysis and in
buckling, the role of the boundary conditions is played by the forces and restraints on the product, in
frequency analysis — usually restraints only, and in thermal analysis — temperature and heat impact.

QUICK START

Let's review a general algorithm of using T-FLEX Analysis system, based
on the example of static strength analysis. Suppose, we are required to
perform analysis of the strain state of the "Body" structure, whose one
face is subjected to a distributed load, and the supporting bottom

surface is fully fixed.

Steps of Fenite Element Analysis

Create 3D Model

Define Material

|

Generate Finite-Element Mesh

Apply Boundary Conditions

Run Calculations

Analyze Results

[
=
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Step 1. Preparing Spatial Solid Model of a Part

For analysis, you need to have a three-dimensional solid model of the
part. The user can create the module in the T-FLEX CAD three-
dimensional modeling environment. This can be a «working» model,
containing projections and complete working drawings, which could be
part of an assembly or a subject to calculating numerical sequences for
CAM processing.

By using the T-FLEX CAD command File > Import, one can load into D
the system a model for analysis, that was created in another spatial Original structure
modeling system.

For calculation purposes, it is helpful to create in advance a special optimized version of the model (an
optimized copy maintaining a parametric relationship with the original). For example, one can delete
small features from the original model, which are not significant in the calculation (such as small
unimportant holes). In this case, the calculations will run faster, and the finite element mesh can be
created easier. To correctly apply loads, it is sometimes necessary to create special "spot" faces at some
locations on large faces.

Step 2. Creating «Study»

Once a three-dimensional model of the part is built in T-FLEX CAD or imported into the system, you can
proceed to preparing the finite element model.

Any type of calculations in T-FLEX Analysis begins with creating a «Study» using the New Study
command on the Analysis tab on the Ribbon. All commands for analysis are located on the tab.

3D Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View
== - v @ E v, -+
- L AT [ -
B atP s b 4 @M e e o7 E
Settings = MNew Studies Mesh Material| Study | Studies Full Force Temperature Event Sensor Graph Solve Clear | Export Create
Study ~ Elements |Window| | Restraint™ . - Template Study Study Report
Study Conditions Calculation Output

When creating a study, the user defines its type (Static Strength, Buckling, Fatigue, Express Analysis,
Frequency, Forced Oscillation, Mode Superposition, Transitional Process, Stationary Thermal Process,
Nonstationary Thermal Process). Additionally, if more than one solid body is present in the scene, then
you need to specify, for which body in the scene you are creating the study.

12
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Let's create a study of the type Static analysis for our model part.

Stress-strain analysis

—_— ~ _ . . c ] - O
@=-0O-@-=E G- e - - [g = T-FLEX Parametric CAD x64 - CA\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca... @ T-FLEXDOCs =
3D Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View - @ T ﬁ' P&
= A @ é" E a [S— W X 2% O Measure
7 4 & @ &
% o o CI. —
Settings || Mew |Studies Mesh Material| Study | Studies Full Force Temperature Event Sensor Graph Solve Clear | Export Create | Model Intersection
Study ™ Els |Window| | Restraint™ . o Template Study | Study Report | Check  Check Variables
@ FEA Study b Conditions Calculation Output Additional
= E i
Properti & DynomicsStud [y o @ " tutor 5 startgrb x|
B— =
a IMN; New Study g s 4 B @@I&]
2] New Study Pz
o X
‘ Static Strength v|
Description:
=)

Study Elements:

Endi 0 =

P et 2T L L PDIH],

Thickness: 3

Create Mesh

=
5

INYeroe

| varisbles) 1 Diagnostics ml=]

3MN: New Study

Creating finite element analysis study

By default, the Analysis > Mesh command is started automatically when creating a new study. Thus,
upon the successful study creation, a dialog appears providing controls for finite element mesh
generation; upon the successful completion of the latter, we obtain a meshed model, made of tetrahedra
approximating the solid model of the part.

13
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@=-0-0-=H-&-4®-2 - [g 5 T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca.. @ T-FLexpocs ~ = & Bl
3D Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View ~ ® T ﬁ' PE

QI " Eij ‘@' ® é:/ : 7% é ﬂ B.JE 2 [ vﬁ XEI g~ = @ @ [2 Measure

12 Dimension

Settings = New Studies| Mesh |Material | St Force Temperature Event Sensor Graph Solve Clear | Export Creste | Model Intersection R
Study ~ * = = Template Study Study Report | Check  Check Variables
Study Conditions Calculation Output Additional

Mesh Parameters ~ Mesh b

£ | 3MM: Create FEAMesh |p | f2 ¥ EE T e U*I@I@[@"

e
Element: |Tetrahedmr1 (10-nodes) v | x
Body I
"
Mesh Size: @)\'
|Relanve v | | 0.05 }iﬂ (==
:
Refinement Radius: 5 z| o
Propagation {0-1): 1 =Y G\{‘
Curvature (0-0.5): 0.15 = Vg
Minimum Curvature:
|Relanve v | | 0.01 }iﬂ ‘%
[+#] Optimize Surface Mesh it
Smoothing (0-5): 3 EI
Surface Mesh . @
Proximity (0-4): 0 = “
[_]Fix Self-Intersections
Surface Mesh Metrics Criteria: @
|Sy1'nmelna(1—0} v | | 0.7 Eﬂ 4
[+] Optimize Volume Mesh ;,‘
Volume Mesh Metrics Criteria: 0
| Angle(145-179) v 125 B /]
[[1Bo not Modify Surface Mesh @
[ corner Angle: v E
0H -

3AMM: Create FEA Mesh

The Analysis > Show Studies Window command opens the study window, which displays the studies
presented in the current document and their elements in a tree view.

The just created study becomes active. The newly created study elements and the issued Analysis
commands will pertain to the active study.
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- _ R ~ - - - 0O
@=E"D-0-=E- &&= - [g 7 T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca... @ T-FLEX DOCs -
3D Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View s@-8-PO
== A @ @ E = v X —D [l Measure
a5 1 & @ = =
% It o CRA P
Settings ~ MNew Studies Mesh Material| Study | Studies Full Force Temperature Event Sensor Graph Solve  Clear Export Create | Model Intersection
Study Elements Winw Restraint~ = Template Study | Study Report | Check  Check Variables
Study Conditions Calculation OQutput Additional
Studies 1 x A Studies Window
ECEX - o= @ 3MWY: Show Study Window N A EEEEERE]
Marne

4 study_1 [Strength]

b Mesh_1 L

I £ Study Elements [1]

Y proen edt 21t 2L 8D H),

=]

IMW: Show Study Window

If there are many different studies in the document, then only one of them can be active. Switching an
active study is done via the context menu accessed by 2 understudy name. The «Activate» command is
provided for inactive studies.

s Study_1 [Strength]
bt Mesh_1
b £ Study Elements [1]
b ¥ Study_2 [Strength]

B ocohe
o Salve
3 Edit
Activate Study I}
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Step 3. Assigning Material

To perform any calculations with the solid model of a part, you need to define the material, from which it
is made.

T-FLEX Analysis provides two ways of defining a material for performing analysis. By default, calculations
use the material properties «from study Operation/body». Material assignment for a three-dimensional
model is done in the operation's properties window. To check or modify the material in this case, called
the operation's properties window from the context menu by 3 on the three-dimensional body, resulting
from the operation, or on the operation name in the studies window.

@=0-0-=E-&-&-a -8 = T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca.. @ T-fLexpocs - = 5
30 Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View = ® i ﬁ‘ ":I @
S Bt P el = @ @
L 12 Dimension
Settings  Mew Studies Mesh Material| Study | Studies Full Force Temperature Event Sensor  Graph Solve Clear Export Create | Model Intersection
Study = Elements Window| Restraint~ . = Template Study | Study Report | Check  Check . Variables
Study Conditions Calculation Output Additional
Studies a4 x £ " tutor_5_start.grb x v
CEXS -0 == e A EREREEE]
Mame
4 Yy Study_1 [Strenathl
o,
b Mesh 1 @ 5.0 81 @ s E[l.%\v.‘
4 [ Study Elermemnms 1]
I
" @ Delete body @)\
Parameters... L\\)
o Mesasure. EW
gi Transform =
Detail 3
Visibility 3
Bolean_14 3

Create Driving Dimensions
Move to Folder >
Goto elements

Open in new window

Hide element

View 3

VST IeR © aa .k

= Selected: Bolean_14

The operation's properties dialog lets you select a material from the standard T-FLEX CAD material
library. If necessary, the user can add to the standard T-FLEX CAD materials database one's own materials
and modify properties of any materials in this library.
For detailed information on handling materials in T-FLEX CAD, refer to T-FLEX CAD
documentation, the book «Three-Dimensional Modeling», «Materials» Chapter.
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@="D-@-=[E & & - [g - T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca.. @ T-FLEXDOCs =~

3D Model

Draw

Assembly

Title Block

Bill of Materials Parameters Measure

Settings ~ MNew Studies Mesh Material| Study
Study
Study

Studies 1 x| | & tuto
ECEX P =it
Marne
4 study_1 [Strength]

I s Mesh_1

4 = Study Elements [1]

=]

_ Full Force Temperature Event Senmser Graph

Boolean Parameters

Common | Operand List | Additional Options | Transformation

o
Analysis | Edit  Tools  View BORE -3 =N=|
X [l Measure
" e = @
1] Dimension
Solve Clear Export Create | Model Intersection
' Study Report | Check  Check Var\able;
OQutput Additional

20 O 28

—peration

Operation Name: | Bolean_14|
Suppress: | | |0 =
—Body

Body Mame: Body_0
Level: 0

Layer: Default
Quality: [Coarse]

I:‘ Transparency:

[wireframe

Hide: 1 |o =
—Material

Source: Body

Basic Material:  |Steel
Expression:

I:‘ Coating:

Expression:

[] 5et as default

Ty oen b edt 21t oL 8D H),

Access to the Analysis material database from the current study is provided by the command Material on
the Ribbon or by the context menu of the studies tree, displayed in the studies window.
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@=0-0-=E-&-&-a -8 = T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca.. @ T-fLexpocs - = 5
30 Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View = ® i ﬁ‘ ":I @
= A ® év é @ E W X oy @ @ 3 Measure
= (L v —
G B s @ & ol @ E m'e e E s
Settings  Mew Studies Mesh Material| Study | Studies Full Force Temperature Event Sensor  Graph Solve Clear Export Create | Model Intersection
Study = Elements Window| Restraint~ . = Template Study | Study Report | Check  Check Variables
Study Conditions Calculation Output Additional
Studies Material 5 _start.grb x v
‘ da e g e 3MJ: Edit Study Material V | v? x? [D]J—"[J—)l@ [@l@l@l@l@lﬂgl &) Ei|
Mame |
4 Yy Study_1 [Strength]
b <faMesh_1

4 [ Study Elements [1]

e, AR H

VST IeR © aa .k

3M: Edit Study Material

Let's assign the material «Steel/AISI 1020» from the T-FLEX Analysis materials database for the model
under consideration.

18



Introduction

Material Properties

FEA Materials

Study Operation  Material Type  Mater... Material description
Body_0 f [Bole... Other AISI... Structural Steel

(") From Study Cperation/Body (@ Defined by study | AISI 1020 v
[Dsteel
Density: 0.0079 +H |tk
Tensile Strength: 420 = @ _—
- (=8 Steel
i : 420 +H iR :
Compressive Strength: [y EI Stainless Steel
Yield Stress: 350 = @ =3 structural Steel
Specific Heat: 0.42 2 | (i AIst 1008
--fil)l AISI 1015
Fatigue Law: not defined W AISI 1020
=
. . . AISI 1022
Material Structure: Isatropic . AISI 1050
i) AISI 1080
- ; 200000 2] [ =
Elastic Modulus: b ) AIST 1118
Poisson's Ratio: 0.29 = @ AISI 1144
i) AISI 4130
: a 2 ||k L=
Shear Modulus faih ) Alst 4150
Thermal Expansion: 1.5e-005 o [ [ -{ill AISI 4620
o
Thermal Conductivity: 0.047 = @ AISI 5150
) AISI 6150
Units --fifJl AISI 8650
System: |Custom v | Force: Mey -FT Aluminum Alloys 1000
= -3 ASTM
Length: | Millimeter ¥ | Temperature: |Cel o-F DI
Mass: Gram v —
OK Cancel

Step 4.1 Applying Boundary Conditions. Defining Restraints

In order to successfully solve a physical study in a finite element formulation, in addition to creating a
finite element mesh it is also necessary to correctly define the so-called «boundary conditions». In statics,
their role is played by restraints and external loads applied to the system.

The commands are provided in T-FLEX Analysis for defining restraints: Full Restraint, Partial Restraint,
Contact and Additional Stiffness.

The Full Restraint command is used with the model's vertices, faces and edges. It asserts that a given
element of the three-dimensional body is fully fixed, that is, it maintains its original position and does not
change location under the impact of loads applied to the system.

By using the command Full Restraint that located on the Ribbon in the Conditions group, specify a fixed
face of the model by selecting 2.
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When defining boundary conditions, the finite element mesh gets automatically hidden in order to let
you apply boundary conditions to elements of the three-dimensional solid model (faces, edges, vertices).

Upon successful completion of the restraints creation command, the corresponding elements are
displayed in the studies tree of the studies window, signifying presence of the respective boundary
conditions. Restraints on the face are also displayed by special three-dimensional elements (decorations)

@=-D0-0-=E-&-&-2 - [E = T-FLEX Parametric CAD x64 - C:\Program Files (x86)\T-FLEX Tutorial 15\tutorials_ca... @ T-FLEXDOCs -

30 Model Draw Assembly
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3MC: Create Full Restraint

in the model window of T-FLEX CAD.
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Step 4.2 Applying Boundary Conditions. Defining Loads

A set of special commands are provided in T-FLEX Analysis for defining loads, accessible from the Force
drop-down list of the Conditions group on the Ribbon.

Using the Analysis > Load > Force command, select a face of the «Body», to which the load is applied. In
the command's properties dialog, specify the force value in the «Value» field (550 Newtons). The
specified force will be distributed evenly over the selected face. Originally, the force direction is assumed
to be normal to the selected flat face. If desired, one can specify the direction vector of the force.
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3MF: Create Force

Upon completion of the loads creation command, the introduced loads are shown by special marks on
the three-dimensional model of the part, applied to the appropriate model elements.
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Upon a successful completion of the loads creation command, there are all four elements in the studies
tree, required for running the calculations:

mesh;
material;
restraints;
loads.

Step 5. Running Calculations

After creating a finite element mesh and applying boundary conditions, you can launch the command
Analysis > Solve and start the process of generating systems of linear algebraic equations (SLAE) and
their solving.
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Parameters Measure Analysis Edit Tools View

4 J (2 [

Temperature Event Sensor Graph
. -

Conditions

V. mal

d @ =

Solve |Clear | Export Create
Stud, Study Report

Calculation Output

The «Solve» command can also be accessed from the
context menu of the respective study in the studies
tree displayed in the studies window.

The modes of generating the SLAE and methods of
their solution are selected automatically by the
processor of the T-FLEX Analysis. The user can
manually modify calculation options in the study's
properties dialog, which opens automatically before
the beginning of calculations.

While solving SLAE, a dialogue is provided, that
displays solution steps. The process of solving SLAE
might take significant time for studies using meshes
of a large number of tetrahedra. Once solving
completes, the respective informational message is
output.

Study_1 [Strength]

General | Solve | Nonlinear | Thermoeffects | Results | Info

Solving Method
(®) Automatic assignment
() Direct
() Tterative
Relative accuracy:

Maximum iteration:

Contact definition Accuracy, %%
[ stabilize System

Finite-Element Method
Element Type: |Quadratic Tetra

0.0001
5000

Recommended for stress numerical calculation

Settings

Settings

AR AR

Cancel
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Step 6. Analyzing Calculation Results

Calculation results are displayed in the studies tree. Access to results is provided from the context menu
for the study selected in the studies tree, by the Open or Open in new window command, as well as
by ' 5. Results are visualized in a separate 3D window of T-FLEX CAD. Several windows with the results
from the same or different studies can be opened simultaneously. The user has an access to all zooming
and panning commands working on the meshed model with the applied calculation results, just like
those used with three-dimensional models in T-FLEX CAD. Additionally, there is a set of specialized
commands and options, providing various tools for processing calculation results. Let us briefly mention
the most important ones.

25



T-FLEX Analysis User Manual

= o — 5 ; £ - 0O
@=0O-0-=>-&-&-2 - [g<T-FLEX Parametric CAD x64 - \\lib\mail\Chepurnoy\7.Mp1Mepbl A0KyMeHTaUMa\AH... @ T-FLEX DOCs ~
30 Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Toals View Analysis results = @ o ﬁ‘ ﬂ:' =]

LE E HEE %Y e Pels ) &8 &

Boundary |Sensors| Contours of All model |Coloring |Deformed | Anirmation  Extrernums Delete Record Create

Options _Coloring Result Deformed Load Time Mesh
Parameters Parameters State Scale Process conditions all bodies  bodies | Scale State animation Report
Parameters Windows Visualize Labels Output
Studies & x @ Beepenue Eng.grb: Study 1 x| &~ Beeaenwe Eng.grb x =
\ & 4 -0 =-||| study 1 [Strength] @,
Displacement, magnitude, m
N 1 s s
o || Displacement scale: 2353.63 O
4 g Study_1 [Strength] y
T i 2.83E-006 @‘
[ Restraints [1] —
3 Loads [1] 2.47BE-006 ) }
b [ Study Elements [1] ﬁ
4 7 Results [4] L 2.122E-D06

B Displacement, magnitude @

& Equivalent Strain L 1.769E-006

5] Equivalent Stress
Factor of safety by ...
[ Factor of safety by equiva I1.415E—UUE
r 1.061E-006

r 7.075E-007

343TE-007

il

A

Meshed model display management. The functionality is accessed by double-clicking in the solution
viewer window or by the context menu command Properties. The user can specify various modes of
displaying calculation results — over the mesh, without mesh, with or without displaying contour of the
original part and other bodies present in the assembly, displaying deformed state, animating the image,

etc.

. O e 50,5
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Animation parameter allows recreating the studied model behavior under a smoothly varying loading,
with simultaneous display of stress or displacement fields corresponding to the varying load.
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Scale setup. This functionality is accessed by
double-clicking on the scale in the results viewer
or by the Coloring properties... command in the
context menu of the calculation results viewing
window. The user has a range of opportunities for
setting up display of numerical values. One can use
several predefined scale types, and, additionally, a
unique capability of setting up a flexible scale with
an arbitrary color palette. Also, there is a possibility
to specify the minimum and maximum values of
the scale, select the display of the logarithmic
scale.

Dynamic result sampling. T-FLEX Analysis
Postprocessor offers a convenient capability for
sampling the result directly under the mouse
pointer. The user needs to simply point the mouse
at the location of interest on the meshed model,
and the exact result value will be displayed at that
spot. Sampling also works in the mode of
displaying the deformed model state. To sample
inner portions of the model, you can use a T-FLEX
CAD tool called «Clip plane».

Coloring Properties

Range
Scale:

® Linear Logarithmic
Maxirmurm:
(®) automatically 2.829%e-006 m
Dvalue: 2.82992-006
Minimum:
(®) automatically 0 m
() value: 0
Absolute value
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Gradient [Ireverse Load
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[pisplay Zero Mark
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[ show minimum always

[ pefault
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2123E-0061 Lo
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7.075E-007 1 g

3.837E-007

Apply

Creating report — results of a solved study can be saved as a separate electronic document. The dialog
for generating a report of the active study is accessible via the Ribbon or from the Report... context

menu item of the study selected in the studies tree.
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PREPARING FINITE ELEMENT MODEL (PREPROCESSOR)

The main purpose of the T-FLEX Analysis Preprocessor is preparing initial data for the physical study to
be analyzed in the form of a finite element model, which would adequately reflect on the geometrical
and physical properties of the part being modeled. This finite element model is then processed by the T-
FLEX Analysis Processor, which results in a solution to the posed study. Preparing a finite element model
does not require specific knowledge of the finite element analysis from a user. It is conducted on the
basis of a geometrical model interactively, using the Preprocessor commands, whose function is
described in this chapter. Use of the Preprocessor results in a finite element model of the part,
containing:

e finite element mesh;
e materials data;
e initial and boundary conditions, corresponding to the physical study being modeled.

The order of building a finite element model in T-FLEX Analysis is arbitrary in most cases, meaning that
the user can first build the finite element mesh, and then apply boundary conditions, or, on the contrary,
first specify loads and restraints, and only afterwards generate a mesh of finite elements. Nevertheless, an
unavoidable condition for a proper finite element model is the presence of all its required components —
a mesh of finite elements (tetrahedral or rectangular), material properties and external impacts on the
system.

The mesh and boundary conditions are visually displayed in the T-FLEX CAD model window directly (as
the mesh) or by using special notations (boundary conditions). With this visual representation, the user
can assess correctness of the data specified.

TYPES OF FINITE-ELEMENT MODELS

Depending on geometric features of the analyzed structure, in the T-FLEX Analysis it is possible to
construct any of three kinds of finite-element models:

e tetrahedral finite element model;

e |aminar finite element model;

e hybrid finite element model.
Let us consider the cases of using each type of the finite element meshes in detail.
Tetrahedral finite-element model. In this case, to approximate geometry of the modeled part, its
representation by finite elements of tetrahedral shape is used. Tetrahedral finite element mesh well
approximates the arbitrarily complex shape of parts and provides satisfactory results of modeling
physical studies for objects of arbitrary shape, whose characteristic sizes along three space dimensions

(length, width, height) are comparable with each other. Most parts and joints of the standard mechanical
and instrumental engineering equipment fall into this category.

29



T-FLEX Analysis User Manual

3,

e,

s :E:%A

N R

AR Y e s

& v D)

¥ ‘mﬁv&g,ymyy Vivay,

SRR LR

AN
A
Ay

AT
N

N

S

Typical mechanical engineering objects and their tetrahedral finite element models

Laminar finite element model. Substantial class of structures used in people’s life has a special
geometric shape when one of the dimensions (thickness) is considerably smaller than two other
dimensions — width and length. Such structures are usually called thin-walled. For example, in mechanical
engineering these structures can serve as the shells of various machines, spiral of turbines; in
instrumental engineering — flexible elastic elements: accordion boots, membranes, including crimp, plate
springs; in civil engineering — coatings, floors, ramps, sheds and aprons, in shipbuilding — hulls of ships; in
aircraft industry — fuselage and wings of aircrafts; in industry — various tanks: cisterns, reservoirs, etc.
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Examples of thin-walled structures and their laminar finite element models

For finite element analysis of thin-walled structures, instead of tetrahedral elements, it is possible to use
laminar (shell) finite elements that allow the user to obtain a satisfactory solution with smaller
computational effort than when using three-dimensional finite elements.

Hybrid finite-element model includes finite elements of both types simultaneously — parts of the
structure corresponding to volumetric bodies, with comparable sizes along three space dimensions, are
approximated with tetrahedral elements. Thin-walled parts of the structure are approximated with
laminar finite elements.
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Examples of structures and their hybrid finite element models

PURPOSE AND ROLE OF MESHES

The main purpose of a finite element mesh is to adequately approximate geometry of the body being
modeled, accounting for all features of the part geometry significant to the solution. The T-FLEX Analysis
Preprocessor uses an effective automatic generator of finite element meshes, which lets the user control
various modes of mesh generation in order to obtain meshes of the desired quality on different models.
In T-FLEX Analysis, volumetric tetrahedral and triangular surface finite elements are used in finite element
meshes, which, in theory, allow approximation with any required accuracy. Nevertheless, there are several
preliminary recommendations regarding adequacy of calculation models using finite elements.

Firstly, quality of a solution may depend on the shape of the involved finite elements. Best results of
finite element modeling are achieved, if the elements (tetrahedrons and triangles) forming the meshed
model are close to equilateral ones. This is especially important for tetrahedral elements. Vise versa, if a
meshed model contains elements, whose element-generating edges vary in their size greatly, then the
modeling results could be of an insufficient accuracy. In such cases, it is desirable to minimize the
number of such improper elements by means of the options provided in the finite element mesh
generator.
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Thus, a user needs to control «quality» of the constructed finite element model based on a visual
inspection or with the help of «Grid settings», aiming at possibly more uniform shape distribution of the
elements involved in the mesh.

More adequate mesh obtained after using mesh parameters settings

Secondly, besides the shapes of the finite elements, the solution quality is directly affected by the degree
of discretization of the original geometrical model, that is «density» of the finite element mesh. The user
can control this mesh generator’s parameter by specifying a relative or absolute mean size of the finite
elements approximating the body geometry, or by varying parameters that affect mesh generation on
curvilinear models. Usually, a finer division yields better results in terms of accuracy. Nevertheless,
remember that approximating a model by a large number of small finite elements inevitably leads to a
high-order system of algebraic equations, which could adversely affect the speed of calculations. Quality
of a finite element model can be assessed by subsequently solving several studies with ever-increasing
degree of discretization. If the solution (such as maximum displacements and stresses) no longer shows
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significant difference on a denser mesh, then, to a great certainty, one can regard it as an optimal
discretization level, so that a higher rate of discretization is unjustified.

Relative size of 0.2 Relative size of 0.05

In many cases, consider the estimated minimum level of a body’s division as that delivering two to three
layers of finite elements in the direction of applying loads and anticipated displacements.

Additionally, the mesh generator provides means for creating user-imposed mesh «refinement» in the
areas of the model with sharp variations in the curvature, where one would expect high gradients of the
sought values (stresses, for example).

Thus, one should pay much attention to the meshed model being generated for a finite element model,
watching that the finite element mesh corresponded to the model geometry and had a satisfactory
quality from the viewpoint of insuring a reliable and trustworthy solution to the physical study being
modeled.

TYPES AND ROLE OF INITIAL AND BOUNDARY CONDITIONS

Initial conditions are used in studies that use time dependencies and vary according to the type of
calculated physical study in the following way:

The following initial conditions are used for the “Mode superposition” and “Transitional process” study
types:
Specified in text menu or ribbon:
- Initial speed,
- Initial acceleration.
Specified in the study properties:
- Initial displacements from static analysis,
- initial displacements from any dynamic analysis step.
The following initial conditions are used for “Nonstationary thermal processes studies”:
- Setin text menu or ribbon:
e Initial temperature.
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- Set in study properties:

Initial temperature from results of stationary thermal analysis or any step of the
nonstational thermal analysis.

Boundary conditions differ, depending on the type of the physical study being modeled, as follows.

In the case of the Static Strength, Buckling study types, the following represent boundary conditions:

«Full Restraint» restraint;
«Partial Restraint» restraint;
«Contact» restraint;
«Force» load;

«Pressure» load;
«Centrifugal Force» load;
«Acceleration» load;
«Bearing Force» load;
«Torque» load;

«Additional Mass» load;
«Temperature» thermal load.

In the case of the Forced Oscillation study types, the following represent boundary conditions:

«Full Restraint» restraint;
«Partial Restraint» restraint;
«Contact» restraint;
Additional Stiffness
«Force» load;
«Rotation» load:;
«Pressure» load;
«Acceleration» load;
«Bearing» load;
«Torque» load;
«Oscillator» load.

In the case of the Thermal Analysis study type, the following represent boundary conditions:

«Temperature» thermal load;
«Initial temperature» thermal load;
«Heat Flux» thermal load;
«Convection» thermal load;
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e «Heat Power» thermal load;
e «Radiation» thermal load;
e «Thermal contact» constraint.

The essence of a physical study is determined by the type of initial and boundary conditions applied to
the system. To obtain a correct and trustworthy solution, the user needs to imagine well the physical side
of the phenomenon being analyzed, in order to specify initial and boundary conditions corresponding to
real conditions affecting the product in its life cycle. The result of solving a study will be fully determined
by the composition and parameters of conditions, specified by the user. A solution could be obtained
that does not reflect on the essence of the physical phenomenon being analyzed, if the user fails to
interpret correctly the meaning of a mechanical or thermal load or restraint. Note that the process of
designating conditions cannot be totally automated, therefore the user is charged with the responsibility
of correctly applying loads and restraints on the system, from the prospective of the physically solvable
study.

MANAGING «STUDIES», STUDIES MANAGEMENT COMMANDS

Study is a special system object uniting data and elements required for running a specific calculation of a
model. A study contains necessary settings of calculation parameters, as well as information on the
used objects (solid bodies and/or shells), on the basis of which the finite element model is built, loads,
restraints and finite element mesh. After completing calculations, the study also contains solution results.
The type of a calculation to run is specified for a study: static, frequency, thermal, buckling analysis.

A special «Studies» tool window is provided for handling
studies (the same functions are provided in the “3D Model”
window). The studies window displays in a tree layout @ = at - P
complete information about prepared studies within a given | Name

document, and about all elements included in each study. |i . ¥gStudy Oftetrahedral) [Strength]

Studies L x

The window provides a quick access to elements of each b e Mesh_1 o
study. Each type of study, as well as every study element, is 4 [ Restraints [3]
marked with a specific icon. Some study elements (loads, b =M Partial Restraint_1
restraints, results) are joined into groups. b “4 Partial Restraint_2
b & Full Restraint_1
4 Loads [1]

[ ‘H“ Centrifugal Load_1
[ Study Elermnents [1]
4 Results [3]
[2) Displacement, magnitude
[5] Stress SigmaX
[5) Stress Sigma'
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Several studies can be created in one document for running different calculations. The study currently

being worked on is called active. The active study’s icon has a red check in the studies window. To make
another study active, use the context menu command «Activate».

Working in the studies window is done using the context menu that provides all necessary commands.
The contents of a context menu depend on what study element was right-clicked 3.

Studies R x
&2 G o =
Mame

- 19 Study_Oftetrahedral) [Strength]

[ Study_1{triangular) [Strength]

A special command is provided for managing the list of studies:

Icon Ribbon
Analysis — Study — Studies
Keyboard Textual Menu
<3ML> Analysis > Studies
The dialog window of this command displays the list of | & Studies
all studies existing in the current document. The -
buttons for calling main commands are to the right of ﬁsm'jy—':'[t?tahe'jra” Edit
the list ﬁsmdy_l[tnangular]l B

To quickly create similar studies of the same type and
for the same model (for example, to compare solution :
results on different meshes or with different material), -
one can use the study copying functionality. Export

By default the option «Copy mesh» is turned on, that is,
the study is copied with all elements contained in it,
except the results. If this option is turned off, the finite
element mesh will not be copied, ie, for the Copy
considered studies the mesh will be common.

| Exit

To create a new study, use the command:
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Icon Ribbon

Analysis — Analysis = New Study — FEA Study
Keyboard Textual Menu
<3MN> Analysis > New Study > FEA Study

After calling the command, you can select the type for the
study being created in the properties window.

At this stage, all you can do is specifying the type of the new
study. Once a study is created, its type can be changed only
under the condition of clearing the study data (including the
loss of the calculation results). A study is created based on
one or several solid-creating operations. If the scene contains
a single body, it is selected automatically. If there are more
than one suitable objects in the scene, then the user shall
select desired ones.

Selection of objects can be carried out with the help of the
option:

Type:

Static Strength

v

Buckling
Fatigue
Express Analysis
Dynamic Analysis
Freguency
Forced Osdillation
Mode Superposition
Transitional Process
Thermal Analysis
Stationary Thermal Process
Monstationary Thermal Process

Static Analysis
Static Strength

<E> Click to select Element (Body, Face)

<S> Select All Element

The user can cancel selection of all objects with the help of the option:

<R> Cancel selection

When analyzing thin-walled structures, the user can determine which fragments of the model have to be
discretized with laminar (triangular) finite elements and which fragments — with tetrahedral finite
elements. That is why, for «Elements of Study», which will take part in calculation, it is required to select
the faces and/or bodies. For each selected face, specify the «Thickness».
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Properties R X | | @]3D Detaill.grb x
v i X v |%
p=
[2] New Study P2
. X
ype:
Static Strength [¥] @
Description: 2

Stress-strain analysis

Study Elements:

Body 1 =
Face 8 : Extrusion 3 (surface

Thickness: | 2 =

The system allows using several selected elements of the study in analysis, including elements of
different types — bodies and faces (in this case the result is the so-called «hybrid model», consisting of
shells and solid bodies). Given that, all elements of the study are treated as a single whole (similar to a
glue joint), and one mesh is calculated for them. That is why, every element of the study necessarily has
to be contiguous with at least one of the remaining elements taking part in analysis, and these elements
cannot penetrate into each other.

For each element, the material properties can be specified.

A created study gets a certain set of settings, new properties and solving methods — depending on the
chosen type. Other study settings can be edited after its creation in the properties dialog. A study's
properties dialog box may automatically appear before running calculations or when calling the
respective command from the context menu, called by right-clicking £ the study in the studies window,
as well as from the studies list management window.

General Properties of Studies

A number of similar properties exists in all types of studies, defined on the [General] and [Results] tabs in
the parameters dialog.
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Study_0 - Linear Static

General |solve | Monlinear | Thermoelasticity | Results | Info
General Save solving results in file
Name: | Study_0 Result List
Type: | Linear Static|
Use study properties dialeg to change name

Study_0 - Linear Static

General | Solve | Nonlinear | Thermoelasticity | Results | Info

Use this command to set up items, displayed in the studies tree

andfor type Displacement, magnitude

Equivalent Strain

Equivalent Stress
Comment: q

Factor of safety by equivalent stress

Setup

Display this dialog box before salving

On the tab [General] the user can specify the study’'s name, modify its type (Static Analysis, Frequency
Analysis, Stability Analysis, Thermal Analysis) and enter the comments. Comments are used for recording
necessary explanations, and are output at the time of generating a report.

We recommend turning on the «Display this dialog box before
solving» flag. This allows specifying study properties and adjusting
calculation algorithms before the execution.

On the [Results] tab the option of saving the study’s calculation
results in a separate external file can be enabled. By default,
calculation results are saved in the main T-FLEX document file (with
extension .grb). When the external storage of results is enabled, the
file with the name «Document name_Study's name» and extension
.tfa is created in the folder of original document.

This option can be useful when solving studies with large volumes of
results, and also can speed up the saving of a document (this
depends on operating system).

This list can be set up in the dialog accessible by clicking the
[Options] button. The user can set checkmarks against any item if
one is planning to investigate the corresponding result in the future.
The marked items will be output in the studies window. The desired
results could further be loaded into the calculation results view
window.

The user can customize the results list either before or after calculations are completed. The total
calculation run time does not depend on the number of output results. The system will calculate all

Results

=[] Al Results
- Loads

----- Total Load OX

----- Total Load OY

----- [ Total Load 0Z

----- [ Total Load, magnitude

----- O Applied Temperatures

----- [ Prescribed Displacement 03X

----- [ Prescribed Displacement OY

----- [ Prescribed Displacement 0Z

----- [0 Prescribed Displacement, magnitude

[ Displacement

----- O Displacement OX

----- Displacement OY

----- O Displacement OF

----- Displacement, magnitude
----- O Contact Gap

----- [0 Contact Force

--[# Reaction Force

] Reaction Force OX
Reaction Force O
----- [ Reaction Force 0Z

[] Default Cancel

Dialog for setting up the list of
Results displayable in the studies

tree

results anyway, but will display in the studies window only those selected by the user.
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On the [Info] tab we can see different information about the current Study_0 - Linear Static
study after its solution: the start and end time and date oOf || ceealsove [Nosinear | Mermodestcity [Resus | info
. . . . dy information

calculation, the solver version number, number of finite elements, e ceess cacdoton
dimensionality of the study, runtime and other calculation F—— . -
parameters. This data is stored inside the study and allow the user to Cobokotion start ST
easily find out when exactly and with what method the saved study Ayl e _ poll
has been solved. e e e Tt

Use system stabilization Mo

Number of study elements 46229

MNumber of study nodes 70901

MNumber of arguments 208776

Usage of loads updating Mo

Time of solution search (sec) 10

Maximum of memory using (MB) 208

Disk memory using Mo

Solving method iterated hd

Cancel

DEFINING MATERIAL

Material — is an element of the T-FLEX CAD. It contains the list of characteristics of a real material which
the user deals with in real life.

Characteristics of material can be conditionally divided into two groups. Characteristics of the first type
are the ones affecting the display of three-dimensional objects in a 3D window. Characteristics of the
second type — are various physical parameters of material such as density, elasticity modulus, strength
limit in tension, etc. The characteristics of the second type are necessary for carrying out calculations.

A part’s response to loading depends on what material it is made of. The program needs to know elastic
properties of the material, from which the part consists. The program supports isotropic and anisotropic
materials, which can be orthotropic and transversely isotropic. Moreover you can set dependencies of
material properties from temperatures.

Isotropic materials are such that physical properties of the material (modulus of elasticity, Poisson’s
coefficient, coefficients of heat conduction and linear thermal expansion) are considered invariant with
respect to orientation of the body in the space, i.e, identical in all directions. Overwhelming majority of
structural materials used in mechanical engineering and instrumental engineering are usually considered
isotropic.

By default, material properties used for a study's calculations inherit from the subject operation’s
parameters. Specifying an operation’s material is described in the three-dimensional modeling
guidebook. Additionally, there is an alternative approach to specifying a study’'s material properties.
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Specifying an individual study’s material is done by the command:

Icon Ribbon

Analysis — Study — Material
Keyboard Textual Menu
<3MJ> Analysis > Material

After calling the command, the dialog window appears.

Material Properties

FEA Materials
Study Operation  Material Type  Mater... Material description
Body_1/ [Extr... fromStudy... 5Steel

(®) From Study Operation/Body () Defined by study

Density:

Tensile Strength:

Compressive Strength:

Yield Stress:
Specific Heat:

Fatigue Law:

Material Structure:

Elastic Modulus:
Poisson's Ratio:
Shear Modulus:
Thermal Expansion:
Thermal Conductivity:
Units
System: | Custom
Length: Millimeter

Mass: Gram

0.0078 = |fRe| of(mm?)
393.826 +||ke Nf(mm3)
399,826 e Njmma)
220,594 B NAmm3)
0.44 S| |fe Jfgedeg
not defined Create
Isotropic
210000 e Njmma)
0.28 oo [ A
0 H B Njmmy
1.3e-005 S| 1/degree
0.043 | W/{mmedeg)
¥ | Force: Mewton L
v | Temperature; | Celsius degree W
W
oK

Cancel
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By default, the switch is set in the «From Study Operation/Body» |select Material v
position. This means that material properties are inherited from the 3D —

model material. If the switch is moved to the «Other» position, then the B steel

input fields for the study’'s material properties become accessible. One

can use the [Select Material] pull down list, which contains a set of . {§5) Metals

predefined materials. After selecting a material, its properties are read {3, Non-metals

and appear in the main dialog.

Located in the lower part of the dialog window are the fields for selecting
units for main physical measures.

CONSIDER DEPENDENCE OF MATERIAL PROPERTIES FROM
TEMPERATURE
You can specify dependency from temperature for any material property using graphs.

To set dependence of material property from temperature you need to add graph using the l@l button
to the right from the parameter. After that, the graph editor is opened. Here you can set the dependence.
More information about that can be found in “Using graphs to set dependences from time or
temperature” section.

You need to activate option Consider dependence of physical properties from temperature on the
Thermoeffects tab in the properties of the current study to consider temperature dependences.
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Material Properties

View | Testurs | Hatch | Physical Properties | POV-Ray

Density: 0.0078 = @ gf{mm?)
Tensile Strength: 400 o @ N{(mm?)
Compressive Strength: 400 S[fRe Njmm
Yield Stress: 220 e Nfmm3)
Spedfic Heat: 0.44 + | Jjgedeg
Fatigue Law; not defined W Create
Material Structure: Isotropic ]
Elastic Modulus: 210000 H e Mimm
Select Graph e
— dRa N ¥
(®) Create new graph: £ Nfmm?)
e 1/d
Mame: | Graph 0 I 1fdegree
ez @ W(mmedeg)
(®) smooth Curve
) Polyline Newton h
Use existing graph: Celsius degree i
oK Cancel

Specifying properties of anisotropic materials

Anisotropic materials differ from isotropic materials in that their physical properties (elastic, Poisson’s
ratios, thermal conductivity, etc.) have different values depending on orientation of the physical body in
space. Among the entire variety of anisotropic structural materials, the so-called orthotropic and
transversely isotropic materials have the most significant practical value. T-FLEX Analysis provides the
capability of working with both these types of anisotropic materials.

Orthotropic materials

Orthotropic material — is a type of anisotropic material for which there are three mutually orthogonal
planes of elastic symmetry, with respect to which the material’s characteristics remain invariant. Such
materials include wood, paper, veneer (if we ignore inhomogeneous spatial distribution of fibers, i.e., the
dimensions of the sample are sufficiently large), composite materials of regular structure (for example,
laminate fiberglass plastic, fabric fiberglass plastic).

For orthotropic materials, the generalized Hook's law can be written as:
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1 v 14
— 21 31
SE %, O O
1 2 3
v 1 1%
g, =—2to, +—o0,-2%0,,
El E?_ E3
v 14 1
£, =—"0,—20,+—0,,
El E2 E3
1 1 1
yxy = Xy ! yyz z.yz’ Ve = Ty
GlZ GZ3 GlS

From 12 coefficients of this equation (elastic constants) only 9 are independent, since due to the
symmetry of right-hand side of the system of equations of the generalized Hook's law the following
relationships hold:

E\vy = EVip, EVyy = Evy Eviy = Evy
N CH . . .
The shear moduli ~" are independent of other elastic constants. However, several materials satisfy

additional connections between the shear modulus and elastic modulus:

ElEZ
G12 = E (1
(1+2v,)+E,

To define an orthotropic material, it is required in the «Material properties» dialog, which can be opened
with the «More...» button, to specify the structure of the material: «Orthotropic». After that, the group of
parameters for specifying properties of an orthotropic material will appear.

Material Structure; |Orﬁ'|uh'upir_ - |
X LB FE
Elastic Modulus: 200000 <= 200000 - 200000 | Mf(mm3)
Poisson's Ratio: 0.25 2| 0,25 = 0,25 =
Thermal Expansion: 1.5e-005 (5| 1.5e-005 = 1.5e-005 = |1/dedree
Thermal Conductivity: 0.047 = 0,047 = 0.047 +| W/{mmedeg)
A Yz xZ
Shear Modulus: 0 =0 = o =1 Nf(mm32)

In this dialog, the following parameters are specified:
Elastic Modulus: El . E: . E__«,

Poisson's Ratio: 1. Vss. 1y

Shear Modulus:  Gyq, Gy, Gys
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Coefficients of linear thermal expansion along the axes of the coordinate system: X P A3

Coefficients of heat conduction along the axes of the coordinate system: CUCHRC

The coordinate system specified for each body defines direction of axes of symmetry. The structure of
the material: «Orthotropic» must be specified in the material’s properties. The same orthotropic material
can be specified for several bodies, and for each material the directions of axes of symmetry can be
specified by a separate coordinate system. By default, the global coordinate system is used.

The principal directions of elasticity (normals to the planes of symmetry) will be directed along the axes
of the coordinate system specified for the body. To specify the coordinate system, it is required, in the
context menu of the given body in the tree of the study, select the «Material coordinate system» option,
and

=3 Studies : 1
=Y Study_0
é!. Mesh_(
I Restraints : 3
I3 Loads : 2
=) Study Elements : 1

i = @w Delete body
% Parameters...

Measure...

% | Enlarge
Visibility 2
Extrusion_0 »

?5 Save Detail
Create Driving Dimensions
Material Coordinate System
Bookrmark [
Find...
Sortings...
Colors...
Use active View Filter
Appearance...

Move to Folder 3

— L

after that, indicate LCS. The selected LCS will be included into the list as the base coordinate system and
along the direction of its axes will be selected the axes of symmetry of orthotropic or transversely
isotropic bodies.
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_

v] (O] (%]

# Basic Parameters

Base LCS: |LCS_6 |
Direction of Z Axis:

g B |t it | *[i] 3¢ A ¢

Direction of ¥ Axis:

[ 1
Moreover, if the anisotropic body is deformed or generated by extrusion, it is also possible to specify the
law of the change of the direction of the Z-axis (for orthotropic or transversely isotropic bodies) and, in

addition, of the Y-axis (for orthotropic body).

lv] 2] [(X]

# Basic Parameters

Base LCS: | |

Direction of 7 Axis:
3D Path_1

Direction of ¥ Axis:

g B | ] e A &

[~ swap Z and ¥ Directions

To specify the law of the change of the direction of the Z-axis, it is possible to select the 3D path (without
specifying the base LCS) or several paths running together — in the latter case, the direction of the axis of
symmetry at each point of the body will be determined according to the direction of the tangent in the
nearest point of one of the paths.
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v] (B (%]

* Basic Parameters

Base LCS: | |
Direction of 7 Axis:

Direction of ¥ Axis:
Face_10

g Bl it | XTI A S

[]Swap Z and ¥ Directions

To specify the law of the change of the direction of the Y-axis, it is necessary to select one or several
curvilinear or plane surfaces (without specifying the base LCS). The direction of the Y-axis at each point of
the body will be determined according to the direction of the normal in the nearest point of the surfaces.

lv] (6] (%]

% Basic Parameters

Base LCS: | |
Direction of Z Axis:

Direction of ¥ Axis:
Face_10

gl | T IXA S

Swap Z and ¥ Directions

The «Swap Z and Y directions» switch serves for using instantaneous XY-axes, located in the plane
tangent to the selected surface, as a plane of symmetry of a transversely isotropic body (see below). In
this case, parameters E, v, G will be related to the XY-plane, and parameters E’, v', G' — to all of the planes
containing the Z-axis.

By calling the same command for a body in the tree of the study, it is possible to infer which LCS is
related to the given orthotropic body.
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Transversely-isotropic materials

Transversely — isotropic material — is a type of anisotropic material each point of which has parallel
planes of elastic symmetry, in which the material’s characteristics remain invariant regardless of
orientation. The axes of rotational symmetry are located orthogonally to the planes of symmetry.
Examples of such materials are multi-layer pipes in which across the layers (along the radius) the
properties of the material are different from those along the tangent and generating line.

For transversely-isotropic materials, the generalized Hook's law can be written as:
!

= Lo, v, ) Lo,

!

1%
£ :E(—VO'X +0y)——az,

y Er
b-Clo v e o,
1 1 1

yxy =6Txy7 7yz =Eryz' 7 xa =Erxz

Transversely-isotropic material is characterized by the following elastic constants: elastic modulus E,
E

Poisson’s ratio v, and shear modulus G, acting on the planes of symmetry, and, moreover, 2(1+V). In
all planes orthogonal to the planes of symmetry act the elastic modulus E’, Poisson’s ratio V', and shear
modulus G, and for several materials the following relation can be satisfied:

. EE
E(L+2v)+E’
Material Structure; |Transuersely' Isotropic - |
¥, ¥ i
Elastic Modulus: 210000 5 210000 F5 Nf{mm3)
Poisson's Ratio: 0.28 =| 0.28 =
Thermal Expansion: 0.000013 - 0.000013 [+ 1/degres
Thermal Conductivity: 0.043 = 0.043 = | W f(mmedeg)
¥Z, Y.
Shear Modulus: i = M/{mm )

To specify a transversely-isotropic material, it is required, in the «Material’s properties» dialog opened
with the «More...» button, to specify the structure of the material: «Transversely-isotropic». After that, a
group of parameters for specifying the properties of the material will appear. In this dialog the following
parameters are specified:
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Elastic moduli in the direction of the plane of symmetry and orthogonally to it: E, E';

'
VL,V
o,

G, G

Poisson’s ratios in the direction of the plane of symmetry and orthogonally to i

Shear moduli in the direction of the plane of symmetry and orthogonally to it:
A, A

a, o

Coefficients of thermal expansion and thermal conductivity

The system of coordinates in which these parameters act is specified in a similar way to orthotropic body
(see above).

When specifying properties of any anisotropic material, the typical order of actions is the following:
1. Create a new material with the Tools > Materials command of the menu.

2. In the «Material properties» dialog opened with the «More...» button, specify the structure
of the material: «Orthotropic» or «Transversely-isotropic». Input elastic constants, thermal
constants.

3. Assign the anisotropic material to bodies.

After creation of the study, for each anisotropic body assign the coordinate system by using
the command of the context menu of each body. If necessary, specify the law of the change
of the direction of the Z-axis and the law of the change of the direction of the Y-axis along
the normal to the surface.

5. Return to specification of the boundary conditions of the study.

CONSTRUCTING MESH

For mesh manipulations, use the command:

Icon Ribbon

Analysis — Study —» Mesh
Keyboard Textual Menu
<3MM> Analysis > Mesh

The mesh creation command can be automatically called after completing creation of the new study. The
command launches the mesh management procedure for the active study. Depending on the existence
of a mesh in the active study, the system will either create a new or edit the existing mesh. A mesh is
created based on the operation selected at creation of the current active study. Only one mesh can be
created for one study.

When creating a mesh, one can select model elements to obtain local zones of refined mesh. This is done
with the purpose of getting more accurate calculation results at the critical spots of the model.

The user can select the elements for improving mesh with the help of the following automenu options:
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<L> Select Elements to refine Mesh
It is possible to select 3D nodes, vertices, edges and faces:

<A> Select Faces, Edges, Vertices

<P> Select 3D Node

<V> Select Vertex

<E> Select Edge

<F> Select Face

Within the reach of the Refinement radius (see below) around the selected element, the size of mesh
elements will be equal to the size specified in the mesh parameters for the selected refinement element.

Element selected for
mesh refinement

A

TN

27

o
1=

<
o

7
)

Iy

< ]

i

Refinement area
limited by the radius

At the mesh calculation time, the system displays a tool window that tracks the progress of the
generation process. The window has a [Cancel] button that allows terminating the mesh calculation
process.

Mesh Generation

Events:

Mesh Indexing S
Mesh contains:

1393 nodes

6177 elements

0 Platen Elements

Mesh Generation Completed

[ ]close window when no errors

Ok
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As the parametric model changes, the mesh may require an update. The system can automatically
update the mesh, if the respective setting is made in the mesh parameters. Start the mesh update
command manually from the context menu by right-clicking 2 the mesh in the studies window.

Mesh Parameters

Settings for the mesh being generated can be made either in the properties window or in the identical
parameters dialog.

Mesh Parameters

Mesh Parameters | View | Information

Mame:
Baze element type: Tetrahedron {10-nodes) W
| Mesh sie:
Relative w || 0.2 =
Radius of local 5 2
refinement:
Global Size Propagation Factor (0-1): 1 =
Global Curvature Size {(0-0.5): 0.15 =
Minimum Curvature Size: Relative w | | 0,01 =
Optimize Surface Mesh
surface Mesh Smoothing (0-5): 3 =
Surface Mesh Proximity (0-4): a 2
[ ]Fix Self-Interzections

Surface Mesh Metrics Criteria: | symmetry(1-0) w| | 0.7

4k

Optimize Velume Mesh

4k

Volume Mesh Metrics Criteria: | Angle{145-179) w| | 145
[ ] Do not Modify Surface Mesh while Optimizing Volume Mesh

[ ]smallest Corner Angle: 15 =
Largest Corner Angle: 165.000000
Maximum Mumber of Elements: 1000000 -5

[ ]Delay Mash Generation
[] Set as defauit Cancel

There are two versions of finite elements used in the T-FLEX Analysis — straight-edged and curvilinear.
The straight-edged finite element has nodes only at vertices, while the curvilinear element has
intermediate nodes at the middle points of the edges (see the picture). Thus, tetrahedrons contain 4 or
10 nodes, and triangles — 3 or 6 nodes.
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AN N

3-node straight-edged triangular finite element 6-node curvilinear triangular finite element
4-node straight-edged tetrahedral finite element 10-node curvilinear tetrahedral finite element

The use of curvilinear finite elements allows the user to more accurately approximate a complex
geometry and obtain higher accuracy of the solution with the smaller number of elements.

Thus, for more accurate description of the complex geometry of the boundaries, it is necessary to use
either a large number of the elements with the straight sides (edges), i.e., straight-edged finite elements,
at the boundary, or use curvilinear finite elements.

It is worth noting that with the same step of discretization, creating the mesh with curvilinear elements
requires more time than generation of the mesh with straight-edged elements, especially for the models
with large number of radii and fillets. In certain cases, the mesh with curvilinear elements cannot be
generated at all, or its generation may take an unacceptably long time.

At the same time, difference between the results obtained on the meshes curvilinear and straight-edged
finite elements (as, for example, extreme displacements and stresses) vanishes to zero, when using a
sufficiently fine discretization.
Consequently, if constructing a mesh with curvilinear finite elements fails on a particular model of
a complex geometrical shape or generating such a mesh takes too long time, then we recommend
building a mesh of straight-edged finite elements with a sufficiently small discretization step, and
use the latter for calculations instead.
The diagram below shows examples of dividing a model into finite elements of each type. The size of
mesh elements is somewhat exaggerated for better visual effect, as compared to what is required for
calculations.

J J

Original model Mesh of straight-edged elements Mesh of curvilinear elements
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Setting up mesh updating parameters is done by selecting a choice in the drop-down list. Two choices
are provided — on request (“ask”) and automatically (at model regeneration).

Mesh size. The finite element edge size in the mesh being generated can be specified as relative or
absolute. In the first case, the size of edge is defined as a fraction of the model-outlining box’s longest
side. For the absolute size, a finite element edge is defined in the model units. The specified size is
adjusted by the system to eventually get all mesh elements with edges of approximately the same size
nearing the value set in the parameters. The model elements selected for mesh refinement allow setting
only the absolute size.

Global size propagation factor. Controls the speed of mesh variation from reduced-size mesh cells to
large cells of the general size. If the factor equals 1 (default), then the mesh size nearly doubles with each
following element up until its size reaches the large mesh size. With the reduction of the factor value, the
transition of sizes occurs in a lesser number of steps (large leaps in the element size). If the factor is equal
0, then a cell’s size jumps to coarse without transition. Normally, the values near one are used most in

practice.
Refinement zone
Vertex selected
for mesh refinement

Propagation factor = 1 Propagation factor = 0.5 Propagation factor =

Refinement radius. This parameter can be set only for model elements selected for local mesh
refinement. Refinement radius determines the size of the zone around the element, within which the
mesh is constructed with enhanced individually specified properties — usually, finer meshing. The distance
is counted from the element selected for refinement. The absolute mesh size for each auxiliary element is
specified separately. In practice, this capability can be used for achieving more accurate calculation
results by the processor within approximately same calculation time, using more coarse overall mesh for
the entire model, while a more elaborated mesh at critical points.

Curvature ratio. This parameter enables automatic processing of curved

surfaces and sets a limit on the minimum size of a mesh element during
such processing. The limitation is defined by the bending factor, that is

d
h |
evaluated as the ratio of the depth d to the chord length h (see the /! Mesh edge | \

diagram). The limitation can be specified in the range 0 + 0.5.

Model edge

Minimum curvature. Works together with «Curvature ratio». This sets the ultimate minimum size of a
curve segment, to which it can be divided. This parameter is introduced for limiting the number of mesh
elements — this is because automatic subdivision of surfaces could go on indefinitely on some models,
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such as a cone, in order to meet the specified bending amount condition. This parameter permits any
values greater than zero. Minimum curvature value may be set in relative or absolute units, which are
defined in the same way as when specifying Mesh size parameter.

Curve processing disabled Curve processing enabled

Optimization options provide control over the process of generating an improved-quality mesh. When
the generator creates the mesh, it first calculates a preliminary mesh. After that, the program can apply
certain manipulations to the obtained preliminary mesh in order to improve its quality. Those
manipulations are divided into two stages: optimization, which changes connectivity between mesh
vertices, and Smoothing, which replaces mesh vertices. Smoothing is driven by a number in the range 0
+ 5. A greater number yields greater smoothing. A high degree of smoothing will temper transitions in
the mesh size. One can distinguish the surface and the volume mesh optimization processes. In most
cases, when those are unnecessary, you can disable these options. This will speed up the mesh
generation process.

Surface mesh proximity is equal to the value in 0 + 4 range. The value specifies the desired number of
elements that lay within the thin walls. The real number of elements may differ from the specified
because the specified value is average. The parameter does not apply to the hybrid meshes in which thin
walls are specified using a surface mesh.

Surface mesh proximity is disabled Surface mesh proximity is enabled

Fix Self-Intersections. Enables checking of the mesh for self-intersections after generation. If they are
found the system tries to fix them automatically. Mesh self-intersections appear when coarse sizes are set
for the model with highly curved geometry.
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Surface/Volume mesh metrics criteria. The maximum angle of triangle for the surface mesh elements is
set or the maximum dihedral angle of tetrahedron for the volume mesh is set. The value lies in range
145°<0<180°. The value by default is 145°.

Do not modify surface mesh while optimizing volume mesh. Allows optimizing the volume mesh so as
not to affect the surface mesh obtained at the first stage of the generation. Otherwise, the mesh on the
surface can be changed in the optimization. This capability is useful in the cases when the user wants to
maintain the mesh structure of the part's surface, that was obtained as a result of adjusting grid settings,
yet still pursues optimization of the volume mesh.

Smallest corner angle defines the admissible range of angle values between a mesh element's
(tetrahedron's) edges. The greatest triangle's angle is calculated automatically (180°-a_min). At the same
time, note that angles outside this range could still be present due to other factors.

Maximum number of elements. This parameter sets a limitation on the total number of mesh elements.
This functionality is provided to prevent accidental creation of a too large number of mesh nodes, which
might significantly slow down both generation of the mesh itself and the following solving. If the number
of elements exceeds the specified limit while generating the mesh, then the system outputs the
appropriate message and terminates mesh generation. In such a case, to obtain a mesh with the
specified number of elements, use more relaxed settings.

Delay mesh generation. The flag allows saving the user-defined parameters of mesh generation in the
study without the creation of the mesh in the current moment.

On the «View» tab, one can specify the type of mesh rendering. The

. . . Mesh P et View | Informati
surface mesh helps assess most of the main properties of the obtained S L

mesh. In this way, the mesh portions in the interior of the model's hf;fl-'smace
volume are not shown, helping speedy system operation when rotating Volume

the 3D scene.

The volume mesh rendering shows the entire mesh, including its portions within the interior of the
model's volume. In this mode, the system may experience a slowdown when rotating the 3D scene. In
such a case, it would be best to use the wireframe mode for the 3D scene.
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On the «Information» tab you can get
information about certain properties of the
obtained mesh: the total number of vertices, the Mesh Parameters
number of finite elements, etc. All those
parameters help assisting the quality of the

Mesh Parameters | View | Information

resulting mesh generation. Some of the  Mumbsrof Vetices 1

. L. . Volumetric Blements
parameters require additional explanation: Number of Tetrahedhons. .
Maximum edge length relations is the Maximum Edge Length Relations: | 8.5669
characteristic referring to the mesh element that Minimum Angle between Edges: | 125713
has the overall greatest ratio of its longest and Maximum Angle between Edges: | 156.4177
shortest edges. Minimum Radius Relations: 0.2252
Maximum/minimum angle between edges. Minimum Tetrahedron Vokme:  |77.4973
Reports the actually resulting maximum and Shell Elemerts
minimum angles between edges of mesh Humber of Shell Blements:
elements. 5 et o

Maximum radius relations. Reports the smallest
ratio of the radii of the inscribed and
circumscribed spheres of a tetrahedron.

DEFINING INITIAL CONDITIONS

Initial conditions are used for modeling of processes that change in time. You can use the initial
conditions to set values of nonstationary processes at time zero.

Mechanical Initial Conditions

Mechanical initial conditions are used in dynamic analysis studies (Mode superposition study, dynamic
nonstationary processes study).

Initial velocity

Use the following command to specify Initial Velocity boundary condition:

Icon Ribbon

Analysis — Conditions — Initial Velocity
Keyboard Textual Menu
<3MV> Analysis > Load > Initial Velocity

You need to select model elements to apply loads after the command call. Use automenu options for this

purpose:
<B> Select Body
<M> Select All Solids
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You can select several bodies or all bodies to specify their initial velocity.

Starting Velocity Parameters 0 x

o @ X
General Parameters

Value:

1 =
Units: mys W
Visual Scale: | 1 =

Direction
Element:

LESE

X 1 o
¥ 0 =
z 0 =

[ ]Reverse direction

Value. Here you can insert the value of velocity.

Units. You can set the following units for initial velocity: m/s, cm/s, in/s.
Direction of Load.

Use the following option to set the direction of initial velocity using 3D model object:

<D> Select direction

To cancel direction selection use option:

- <U> Cancel direction selection

You can set Reverse direction flag to change direction on the opposite.

The drop-down list of filters allows to specify elements that can be selected for direction defining.
[;T‘ ¥ Select Al

=7 ||| ¥ | Tangentto curve at 30 Node

L) v | Mormal to curve at 30 Node

To set the direction of initial velocity using LCS use option:
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<C> | Select LCS

<K> Cancel LCS selection

In this case, the direction is defined as radius vector. The —piraction

radius vector is specified by values of guide cosines inthe X, Y  Element:

u o

and Z fields. The reverse direction is specified by the sign LCS: LS 1
before the value.

- 1 =
¥ 0 =
Z 0 =

Reverse direction

The sequence of actions for initial velocity specifying:

Activate Initial velocity command .
Select body or several bodies.

Specify initial velocity value.

Specify units.

Specify direction.

o vk wWnN =

Apply command.
Initial Acceleration
Use the following command to specify initial acceleration:

Icon Ribbon

Analysis — Conditions — Initial Acceleration
Keyboard Textual Menu
<3MZ> Analysis > Load > Acceleration

You need to select model elements to apply loads after the command call. Use automenu options for this
purpose:

E <B> Select Body

EI <M> Select All Solids
You can select several bodies or all bodies to specify their initial velocity.
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Acceleration Parameters 1 X
¥ i )4

[#] General Parameters
-
Value:

1 =
Lnits: mfs2 W
Visual Scale: | 1 =

Direction
Element:
LCS:
X 1 =
¥ a =
z i} =
[ |Reverse direction

Gravity

Value. Here you can insert the value of velocity.
Units. You can set the following units for initial acceleration: m/s® cm/s® in/s°.
Direction of Load.

Use the following option to set the direction of initial acceleration using 3D model object:

<D> Select direction
To cancel direction selection use option:

1t <U> Cancel direction selection

You can set Reverse direction flag to change direction on the opposite.
The drop-down list of filters of filters allows to specify elements that can be selected for direction

defining.
1Y, selectal
F
=
27| |« | Tangentto curve at 30 Node

L, ¥ | Mormal to curve at 30 Node

To set the direction of initial acceleration using LCS use option:
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l!l <C>

Select LCS

<K>

Cancel LCS selection

In this case, the direction is defined as radius vector. The
radius vector is specified by values of guide cosines in the X, Y
and Z fields. The reverse direction is specified by the sign "-"

before the value.

Sequence of actions for initial acceleration specifying:

Specify units.
Specify direction.

o vk W=

Apply command.

Activate Initial acceleration command.
Select body or several bodies.
Specify initial acceleration value.

Thermal Initial Conditions

The thermal initial conditions type is used upon modeling thermal analysis study.

Direction

Element: L;;_________________________J

LECS: LCS 1
X 1
L 0
Fi 0

Reverse direction

L] AN LI L

The initial temperature condition is used for defining of the temperature in the nonstationary thermal

study. The thermal load defines the temperature of the selected model elements at time zero.

The “default” value will be applied to the nodes of finite elements mesh. The nodes do not belong to the
selected model elements. The value is specified in the Study dialog window on the Parameters tab.
Study dialog window can be called from the context menu of the thermal study.
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Study_3 [Thermal nonstationary]

General | Parameters | Splve | Results | Info

Process time: IE +| second v
0.1 +| second
[ ] study on thermedynamic equilibrium
1 - | second
0.01
Initial temperature
0 Use preset temperature
Default value:
293 = | Kelvin v
To specify the initial condition use command:
Icon Ribbon
3 Analysis — Conditions — Temperature
Keyboard Textual Menu
<3TT> Analysis > Thermal Load > Temperature

Initial temperature can be applied to the body, face, edge or vertex of the model.
Use the following option of the automenu to select model elements:

<E> Select element for loading

<B> Select Body
<M> | Select All Solids

The selected elements are added to the list.

In the Temperature parameters properties window you need to set the following parameters:
e Value,
e UnitsC K, F.
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| 2| Temperature Parameters

(@) Initizl Temperature
() Temperature
Vertex_1:Box_1 -

Edge_2 : Box_1
Face 3:Box 1

4k

Value: 1
Units: oC W

Visual Scale: | 1 =

The initial temperature is shown in the 3D scene in the same way as the common temperature load.
The sequence of actions for initial temperature specifying:

1. Activate Temperature command.

2. Set Initial temperature flag.

3. Select body, face, edge, vertex or several elements.

4. Specify initial temperature value and units.

5.  Apply the command.

DEFINING RESTRAINTS

The location for specifying a restraint can be a face, edge or vertex of the subject body. The system
supports three types of restraints: full restraint, partial restraint and contact. A restraint is added to the
active study and can be related only to elements of the body that is used in the active study. To avoid a
failure when solving, you need to create enough restraints for the model, for example, one Full restraint.

Full Restraint

This type of boundary conditions locks all degrees of freedom for the selected object. A full restraint can
be applied to a face, edge or vertex of the model.

To specify a full restraint, use the command:

Icon Ribbon

Y Analysis — Conditions — Full Restraint — Full Restraint
Keyboard Textual Menu
<3MC> Analysis > Restraint > Full Restraint

To specify a restraint, you need to select a model element. Faces, edges and vertices are available for
selection. Upon selecting an element, the symbolic notation of the full restraint appears in the 3D
window.
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Symbolic notation

of restraint f

Face selected
for restraint

Partial Restraint

When defining a partial restraint, the user is offered to manually specify restraints on different degrees of
freedom. When using only partial restraints, you need to ensure the sufficient number of restraints for
fixing the model.

To specify a partial restraint, use the command:

Mukrorpamma JlenTa
Analysis — Conditions — Full Restraint — Partial Restraint
KnaBuatypa TekcToBOE MEHHO
<3ML> Analysis > Restraint > Partial Restraint

To specify locations of a partial restraint, select an edge, face or vertex. Next, you need to define
restraints by degrees of freedom. The user can work in one of the three types of coordinate systems —
Cartesian, cylindrical or spherical. A local coordinate system is used for binding the coordinate system in
question to the model. It is worth noting that in the case when the user did not define the local
coordinate system, the partial constraints will be defined with respect to the global coordinate system.

Each coordinate system allows restraining displacements in three degrees of freedom. An activated box
item of the respective degree of freedom in the selected coordinate system means that displacements
are fully constrained in this direction (if the value is equal 0), or that a known displacement is specified (if
the value in the respective text field is not zero). A cleared flag means no restraint is applied in this
degree of freedom. By default, all displacements in all three directions are blocked. If necessary, the user
can lift up existing restraints or add new ones.
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Partial Restraint Parameters

Common | Restraint Parameters

X meters

0 =
f meters

0 =

Coordinate System:

¥ Z meters

COrthogonal W 0 A
Lcs: ... | [IRotation x radians

Units: -
Linear: meters W Rotation radians

Angular: radianz =
Rotation Z radians

visual Scale: | 1 = =

[] 5et as defautt Cancel

Parameters «Rotation about X», «Rotation about Y», «Rotation about Z» are required to specify rotations
with respect to the axes of the coordinate system (local or global) to solve studies of plate (or shell)
deformation. Given that, triangular elements must be used for discretization of the computational
domain.

If the value of the rotation is equal to O, it means that, along this direction the rotation is fully restrained.
If the rotation value is not zero, then the known rotation is specified. The absence of flag (option is
turned off) means that restraint of the rotation with respect to the given axis is not defined. By default,
restraints of rotations with respect to the axes of the selected coordinate system are absent.

A cylindrical coordinate system  Restraintby Axes: o
allows constraining displacements  [¥|Radil meters ]
in: 0 . } |
e Radial By Cirde radians By Rotation Axis
4 By Cirle o =  Circle
e By Rotation Axis By Rotation Axis meters
o = “_______Radial
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A spherical coordinate system | Restraintby Axes: T o
allows constraining dimensions in: | [¥|Radial meters ;
Radial i} = Longitude
[ ] -
e Longitude [v] Longitude radians
e Latitude 0 =
Latitude radians
0 =

Shown on the picture is an example of a partial restraint on a surface in a cylindrical coordinate system.
In this case, partial restraints are defined in the "circumferential” direction, whereas there are no restraints
in the radial direction and along the rotation axis, meaning that the revolution about the own axis is
excluded for the shown body. The symbolic notation for those restraints is special marks oriented in the
respective directions.

Coordinate System:

Cylindrical W

LCS:

Restraint by Axes:

[ ]radial meters

By Cirde radians
0 o

[ |By Rotation Axis meters

The "Partial Restraint” command also provides
another useful functionality. The user can specify
known displacements for the structure, such as a
known in advance strain in the structure. For this,
specify the value of fixed displacement of a model 15
element along some of the coordinate axes in the = 2 TR
"Partial Restraint" command's properties window. h -
Static analysis will be performed with this
condition.

Full Restraint

Note that a static solution is possible in this case without applying additional (force) loads. In this way,
one can evaluate the stress developing in a strained structure when the quantitative values of the strain
(displacements) are known.

A typical order of steps for defining partial restraints is as follows:

Initiate the "Partial Restraint" command

1

2. Select element to fix.

3. Select LCS.

4. Mark the necessary limits for displacements by the axes and define their values.
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5. Complete the command.

Contact

Contact restraints are needed in studies of contacting bodies. To define a contact, use the command:

Icon Ribbon
JE Analysis — Conditions — Full Restraint — Contact
Keyboard Textual Menu
<3MI> Analysis > Restraint > Contact
To define a contact, you need to select the Contact Parameters

contacting faces of two bodies.

Common | Contact Parameters

Next, select one of four contact types: Faces of First Solid: Faces of Second
e Full Contact; Face_1:Box_3 Face_2: Box_2
¢ No Contact;
e Touch;
e Hard Wall. contact Type: , _
Rigid constraint v | Visual Scale: | 1 =

The contact type Rigid Contact is used in the Friction Factor:
case when it is necessary to bond the 0 :
contacting surfaces of the bodies. The bodies
are considered as bonded in this case, so that
relocations of a face in one body

result in relocations of the other body faces without any restrictions. If the bodies are made of materials
with different physical characteristics, then the finite element model correctly accounts for the different
material properties of different faces of contacting bodies.

[ ] Set as defaut Cancel

If the contact area is not subjected to any restraints, then use the No Contact type. In this case, the
contacting surfaces can freely move with respect to each other. Therefore, when using this contact, one
should be on guard against mutual penetration of contacting faces when a load is applied.

The Touch contact differs from No Contact in that it bans mutual penetration of the contacting faces.
This contact type allows modeling such physical phenomena as sliding of one body along another one,
occurrence of gaps at the part connection locations due to deformation, etc. We would like to also note
that using the Touch contact implies existence of a physical contact between body faces in the initial
state of the structure being analyzed.

Rigid Wall is used to model a contact of a body with a rigid surface, whose deformation can be
neglected for the modeling purposes. In this case, all that is necessary is to define the faces of the first
body that contact the Rigid Wall.
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The dependency of a model behavior on various contact
types can be illustrated with the following example. Two
beams are kept together using a contact restraint, with
one end fixed, and a distributed force acting normal on
the top and side surfaces of the first beam.

If the Rigid Contact type is used, then the combined
beam is deformed as a single solid.

In the case when the Touch contact is used, one can see
that the top beam makes the lower one deformed and at
the same time slides along it.

When using No Contact, one can observe penetration of
the top beam into the lower one, which shall be avoided
when designing assembly models.

The Rigid wall contact type allows to set body faces that
specify the surfaces in space which the body can't
penetrate (virtual absolutely rigid wall).

It is possible to set default contacts.

Initial Model

Contact: no contact

Contact: rigid wall

Icon Ribbon
5E Analysis — Conditions — Full Restraint — Default Contact
Parameters
Keyboard Textual Menu
<3MK> Analysis > Restraints > Default Contact Parameters

This command defines the contact type to use by default. This serves to define global contact parameters
for all bodies in contact. For example, if a combined structure is being calculated, that consists of several
rigidly connected parts, then defining the default contact as «Rigid Contact» helps avoid manual
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definition of the contact type for all surfaces in contact. Default contact parameters can be redefined with
the help of the «Contact» command.

A typical order of steps for defining the contact restraints is as follows:

vk W=

Elastic foundation

Initiate the «Contact» command .
Select contacting faces of the first body.
Select contacting faces of the second body.
Define the contact type.

Complete the command.

This type of restraints allows us to define elastic interaction on the boundary of a body. Elastic
foundation is used when modeling the contact of a body with an external elastic medium, which is
deformed together with the body. For example, the frame of a machine tool is deformed together with
the foundation that is based on elastic damping elements (dampers). Also, a dam supported by the

bedrock, a railway etc. can serve as an example of a body connected with the elastic medium.

Mathematically elastic foundation can be envisioned as a set of weightless springs of identical stiffness
attached to the boundary of the body.

To define an elastic foundation, we use the command:

Icon

Ribbon

Analysis — Conditions — Full Restraint — Additional
Stiffness

Keyboard

Textual Menu

<3M3S>

Analysis > Restraint > Additional Stiffness

After the command is invoked it is required to select elements of the model
for application of the load. With the help of the automenu select an element

of the model:

<E>

Select element for fixing

Faces, edges and vertices are available for selection. After the element has

been selected, the element’s symbolic representation appears in 3D window.

To select the local coordinate system in which the stiffness coefficients will be
defined, use the following options:

<C>

Select LCS
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<K>

Cancel LCS selection

If LCS is not set, the global coordinate system is used by default.

You can select the following parameters in the properties window:

e Coordinate system: orthogonal, cylindrical, spherical.

e Stiffness: type sum or distributed.
e Values (1 N/m by default).
e Units: N/m, Ibf/in, kgf/cm.

The stiffness type «resultant» is used when the total stiffness of the interacting elastic medium is known
and this value is uniformly distributed over the resultant area of faces/resultant length of edges/resultant
number of vertices (by one or each direction).

The stiffness type «distributed» is used when the specific stiffness of the foundation per unit area is
known (by one or each direction).

Common | Pestraint Parameters

Face 1:Extrusion 1 Stiffness Type:

Units

Linear: Mfm W

Visual Scale: | 1

[] Set as default

Sum

Coordinate System:
Orthogonal

LCS: |

Values

X
1
Y
1
Z
1

There is the following actions sequence when you set restraint of the additional stiffness type:

ik =

Finish input.

Select edges, ribs, vertices.

s
Initialize «Additional stiffness» ¥ command.

Select coordinate system and specify its type.
Specify stiffness coefficients values by axes and units.
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DEFINING LOADS

Mechanical Loads

This type of loads is used when modeling the studies of linear and nonlinear static analysis of structures’
strength (Static Analysis), when calculating the magnitude of critical buckling loads and, corresponding to
them, shapes of structures (Buckling Analysis), and also — for modeling studies of cyclic loading which
take into account fatigue phenomena.

Force

Force is a type of loading used to specify a concentrated load, and also for specifying a total magnitude
of distributed load.

To specify the load Force, use the command:

Icon Ribbon

Analysis — Conditions — Force — Force
Keyboard Textual Menu
<3MF> Analysis > Load > Force

After calling the command, select the model elements for applying the load. Use the following menu
option:

<E> Select Element for loading

Select faces, edges or vertices of the model being analyzed. The selected objects are added to the list.

Also, since with the help of Force, the user can specify the total magnitude of linear (surface) load, it is
also necessary to define the way this load is distributed along the edge length (over the face area). In the
window properties, it is required to specify the load type:

e uniform;

e non-uniform.

Force as a Total Magnitude of Uniformly Distributed Load

When defining the Force as a total magnitude of uniformly distributed load, it is required to specify the
numeric value, units and direction of its action.

71



T-FLEX Analysis User Manual

Force Parameters

Commen | Load Parameters

Face_1:Box_1
Distribution:
Uniform
Uniform Load
Value: 1 =
Units: N W
Visual Scale: 1 5
Direction
Mormal X =
Element: Eie ¥ =
LCs: | 7. .

|:| Rewverse Direction

[ 5et as default Cancel

Numeric value. The numeric value is defined as a total equivalent magnitude of uniformly distributed
along the edge length (over the face area) load.

When the Force is uniformly distributed, the load per unit length of the edge (per unit area of the face) is
equal to the ratio of the specified load magnitude to the edge length (face area).

It is worth noting that if the load magnitude is specified simultaneously for several elements (it is allowed
to select the elements of a single type only: vertices, edges or faces), its total value will be distributed
between them in the following way:

e The load magnitude equal to the ratio of the specified load to the total area of the faces will be
acting on a unit area of each face;

e The magnitude equal to the ratio of the specified load to the total length of edges will be acting on a
unit length of each edge;

e Each vertex will be subjected to the part of the force equal to 7/n, where n- is the number of vertices.
You may set dependence of force to time only for nonstationary studies.

More information can be found in “Using graphs to define properties that are changing according
to the temperature and time”.
Units. For the load Force the following units can be used: N, Ibf, kgf.
Load direction. As a direction of the Force, the user can select the normal to the loaded face, the element

of a 3D model or a certain radius-vector, specified in the selected by the user local coordinate system (if
the local coordinate system is not specified, the global coordinate system will be used by default).

To work with the local coordinate system, use the following options:

<C> | Select LCS
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<K>

Unselect LCS

For specifying the load direction with the help of a 3D model, use the following automenu option:

<D>

Select direction

To cancel selection of direction,

use the option:

=i <U>

Cancel direction selection

For a quick change of Force direction to reverse, the user can turn on the flag Reverse Direction.

Force as a Total Magnitude of Non-uniformly Distributed Load

When defining the Force as a total magnitude of non-uniformly distributed load, in addition to the
numeric value, units and direction of its action, it is required to specify a qualitative distribution law,
according to which the load will be distributed over the face area.

Force Parameters
Common | Load Parameters
Face_2: Box_2
Distribution:
Monuniform
Distribution
Total Force: = Interpolation: Linear ]
Value: 2| = Units: N w
Columns: 2 =
Rows: 2 = 1000 4
Export... 5 _
Import...
Visual Scale:
1 =
Direction
MNormal ¥ S
Element: ¥ =
LCs: 7. .
|:| Reverse Direction
[ 5et as default Cancel

Value. We will define the numeric value of the force as a total magnitude of load non-uniformly

distributed over the face area.

Units. For the Force, the following units can be used: N, Ibf, kgf.

Distribution Law. On the rectangle, circumscribing the face selected as the domain of application of non-
uniform load, a uniform grid of nodes is generated. The density of grid is determined by the number of
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rows and columns in the distribution table. The value of the function at a corresponding node of the grid
is specified in the cells of the table.

@ 5 5 5 a)
T e
@ o o o o
Distribution
Total Force: 1 = Interpolation: | Spline W B o B E E
Value: 10 s Units: N v
Columns: 5 = ~ o o] o 5] [a] 7
Rows: 7 9 g8 7
-
Export... 3 § ' s
H] 7 & 5 i O a] o o
Import... 7 & 5 4
Visual Scale: 1 1 1 1 ]
1 = < > o o o o o
= B o o o

5

Example of specifying distribution law for non-uniform load

Interpolation. Since the values of the distribution function are known only at the grid points (i.e,
specified by the table), it is necessary to extend definition of this function to an arbitrary point on the
face. In the T-FLEX Analysis there are two ways of defining the function from the known values: linear
interpolation (linear dependence is constructed between the values at the grid points) and spline
construction.

Figures show examples of non-uniform load distributions obtained with the help of linear interpolation
and spline construction.
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Distribution
Total Force: 1 =) Interpolation:
Value 1 =) Units: D
Columns: |4 |5
o [+ 13 NS °
' | : :
1] 0 1 0
Import... 1 0 0 1
Visual Scale:
1 = < ’
Example of non-uniform load distribution function obtained by spline construction
Distribution
Total Force: 1 =) Interpolation:
Value i El Units: DI
Columns: |4 |3
o [+ 5 S °
° 1 : :
1] 1] 1 0
Import. 1 [i] 1] 1
Visual Scale:
1 = < >

Example of non-uniform load distribution function obtained by using linear interpolation

Walae
LR
D 23EaES
Des2rTr
0T4EET
DBSEEEZ
0553485
0470348
Qa7
0:man33
0191025
00R79ITS
00048 100
DOBEIETS
BRI
[ITesI2

Value
09375

0875
08125
0.7
0EaT3
0E25
05625
05
0.43T5
0315
0315
033
01875
0125
00625

Direction of Load. For a direction of the Force, the user can select the normal to the loaded face, the
element of a 3D model or a radius-vector, specified in the selected by the user local coordinate system (if

the local coordinate system is not specified, the global coordinate system will be used by default).

To work with the local coordinate system, use the following options:

<C> | Select LCS
<K> Unselect LCS
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For specifying direction of the force with the help of an object of a 3D model, use the following
automenu option:

<D> Select direction

To cancel selection of direction, use the option:

Zt <U> Cancel direction selection

For a quick change of Force direction to reverse, the user can turn on the flag «Reverse direction».

Bending Moments

In the dialog «Force parameters», in addition to parameters defining the load type, numeric value, units,
load direction, etc,, there is a group of parameters called <Moment».

Common | Load Parameters

Vertex_1 : Extrusion_1 (surface)

Distribution:
Uniform

Uniform Load

Value: 1 o
Units: N W
visual Scale: | 1 =

Direction
Mormal X1

Element: ¥ooln
LCS: 70

Ak K e

[Ireverse Direction

Torque
Torque X Mem |:| Torque Y MNm

- s
Q - -

[JTorque 2 MNm Units:

o M'm v

With the help of parameters of this group, the user can specify bending moments with respect to the
axes of the coordinate system (local or global) for solving studies of plate (or shell) deformation. It is
important to note that computational domain was discretized with the triangular finite elements.

For the Moment the user can utilize the following units: N-m, Ibf-in, kgf-cm.

In the 3D scene the load «Force» is shown with arrows. The arrows show the direction of the load.

In many cases, the distributed load has to be applied only to a certain part of the edge or face,
corresponding to the domain of action of the external load, and not to the entire face or edge of
the model.

To apply the load to the part of the face, first the geometry of the desired shape must be created
on the face, and then the command «Operation > Faces > Imprint Elements» should be used.
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at edge

at face

at vertex

Specifying load «Force»

Typical sequence of steps for specifying the load «Force»:

© No v~ wN =

Pressure

Initiate command «Force» ¥
Select face, edge, vertex, node or a sequence of elements.
Specify the load magnitude.

Specify the units.

T

Select the load type: uniform or non-uniform

For a non-uniform load, specify the qualitative distribution law
Specify the direction of load action

Complete the command.

Pressure represents a loading type used for specifying a distributed load.

For specifying the load Pressure, use the command:

Icon

Ribbon

Analysis — Conditions — Force — Pressure

Keyboard

Textual Menu

<3MC>

Analysis > Load > Pressure

After invoking this command, it is required to select the model's elements for application of load. With

the help of automenu option:

<E>

Select Element for loarding

select the face or the edge of the analyzed model. Selected elements will be added to the list.
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Since with the help of option Pressure it is possible to define only distributed load, it is required to define
the type of this distribution along the edge length or over the face area. In the properties window,
specify the load type:

e uniform;
e non-uniform;
e hydrostatic.

Pressure as a Uniformly Distributed Load

When defining the Pressure as a uniformly distributed Pressure Parameters
load, it is necessary to specify the numeric value, Common | Lod Parametors
units, and direction of its action. Face_4: Box_1
Value. The value is defined as a magnitude of load Distribution:
acting on a unit area of face or unit length of an edge. P niform
. . riform Loa

You can specify dependence of pressure from time velue: , s
only for nonstationary studies. More information can Urits: Njm= v
be found in “Using graphs to specify properties, Visual Scales | 1 :
varying depending on time or temperature ” orection
Units. For a load Pressure, applied to a face, the “°”t“"" %

. K ) ement: ¥z =
following units can be used: N/m? 1bf/in®, kgf/cm?. Lcs: . .
For a load Pressure, applied to an edge, the following [JReverse Direction
units can be used: N/m, Ibf/in, kgf/cm. [ Set as defat Cancel

Direction. As a direction of Pressure, the user can select the normal to the loaded face, the element of a
3D model or a certain radius-vector, specified in the selected by the user local coordinate system (if the
local coordinate system is not specified, the global coordinate system will be used by default). By default,
in the local coordinate system, the direction of load is set along the X-axis.

To work with the local coordinate system, use the options:

<C> | Select LCS
<K> Unselect LCS

To specify the direction of the load Pressure with the help of a 3D model, use the automenu option:

<D> Select direction

To cancel selection of direction, use the option:

=t <U> Cancel direction selection

For a quick change of load direction to an opposite one, the user can activate the flag «Reverse
direction».
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Pressure as a Non-Uniformly Distributed Load
When defining the Pressure as a non-uniform load, it is necessary to specify the units, direction and
distribution law according to which a given load will be defined at each point of a face.

Pressure Parameters

Common | Load Parameters

Face_4:Box_1
Distribution:
Nonuniform
Distribution
Total Force: = Interpolation: Spline 7]
Value: 5 = Units: Nfm2 v
Columns: 2 =
o (2 0 |
Export... : 2
Import...
Visual Scale:
1 >
Direction
[] Normal K =
Element: \E =
LCS: 7 =

|:| Reverse Direction
[] Set as default Cancel

Distribution law. On the rectangle, circumscribing the face selected as the domain of application of a
non-uniform load, a uniform grid of nodes is generated. The density of grid is determined by the number
of rows and columns in the distribution table. The value of the function at a corresponding node of the
grid is specified in the cells of the table.

Interpolation. Since the values of the distribution function are known only at the grid points (i.e,
specified by the table), it is necessary to extend definition of this function to any point on the face. In the
T-FLEX Analysis there are two ways of defining the function from the known values: bilinear interpolation
(linear dependence is constructed between the values at the grid points) and spline construction.

Units. For load Pressure, applied to a face, the following units are used: N/m? Ibf/in®, kgf/in®.

Load direction. As a direction of Pressure, the user can select the normal to the loaded face, the element
of a 3D model or a certain radius-vector, specified in the selected by the user local coordinate system (if
the local coordinate system is not specified, the global coordinate system will be used by default). By
default, in the local coordinate system, the direction of load is set along the X-axis.

To work with the local coordinate system, use options:

<C> | Select LCS
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<K> Unselect LCS

To specify the direction of the load Pressure with the help of a 3D model, use the automenu option:

<D> Select direction

To cancel selection of direction, use the option:

=t <U> Cancel direction selection

For a quick change of load direction to an opposite one, the user can activate the flag «Reverse
direction».

Hydrostatic Pressure

Hydrostatic pressure (or pressure of liquid) is a special case of a non-uniformly distributed load Pressure.
An example of such load is the liquid pressure exerted on walls of a vessel which changes with height as

p=p- h, where h —is the height of a liquid column of density p.
7 ¥

h

When defining Pressure as a hydrostatic load, it is necessary to specify the liquid density, units, and
define the direction of load.

Pressure Parameters

Common | Load Parameters

Face_4: Box_1
Distribution:
Hydrostatic
Uniform Load
Density: 1000 =
Units: Kafm? v
Visual scale: 1 >
Direction
Normal W =
Element: 2 =
LCS: 7 -
|:| Reverse Direction
[] Set as defaut Cancel
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Direction of Load Change. The load Hydrostatic Pressure acts along the normal to the loaded face. It is

required to specify direction of load change, that is, the direction along which the load is increased.

To specify direction of the load change, it is required to select the local coordinate system. The direction
of load change (increase) will be determined by the direction opposite to the direction of the Z-axis of

the selected coordinate system:

X

i

The zero value of the load corresponding to an upper level of liquid coincides in space with the
coordinate Z=0 of local coordinate system determining direction of the load change.

To work with the local coordinate system use the options:

<C> | Select LCS
<K> Unselect LCS

In a 3D scene, the load Pressure is shown in the following way:

Specifying load «Pressure»

Typical sequence of steps for defining the load Pressure:

© oo NV A WDN =

Initiate command «Pressure»

Select face, edge or a sequence of elements.

Select load type: uniform, non-uniform or hydrostatic.

For uniformly distributed load, specify a numeric value.

For non-uniformly distributed load, specify the distribution law.

For hydrostatic pressure specify density of liquid and select LCS of upper liquid level.

Specify units.

Specify direction.

Complete the command.
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Centrifugal Force

Rotation represents a loading type used for simulating a centrifugal force, which arises upon uniform, or
uniformly accelerated, rotation of an object.

For specifying the load Rotation, use the command:

Icon Ribbon

Analysis — Conditions — Force — Rotation
Keyboard Textual Menu
<3MR> Analysis > Load > Rotation

After invoking this command, select one or several solid bodies for applying the load. With the help of
automenu option:

<B> Select Body
<M> Select All Solids

select bodies of an analyzed model. They will be added to the list.

Rotation always takes place about a certain axis, thus, it must be specified. As an axis of rotation, you can
use an element of a 3D model (edge, axis of a cylindrical face, etc.), or a specially constructed line (for
example, a 3D path constructed by two 3D nodes), or one of the axes of the local coordinate system.
Direction of an axis of rotation defines the direction of load (according to a right-hand screw rule).

For selecting a rotation axis, use the automenu option:

<A> Select axis of rotation

To cancel selection of axis of rotation, use the option:

&t <C> Cancel axis selection

In the load'’s properties window, it is necessary to specify the magnitude of angular velocity and angular
acceleration.

For angular velocity, the following units can be used: P BT
radian per second [rad/sec], degrees per second
[deg/sec], the number of revolutions per second [HZ], anguar Velodty: [ 3 R
the number of revolutions per minute [rpm]. Units: radjs v

Common | Load Parameters

For angular acceleration, the following units can be Anguiar Acceleration: [0
used: radian per second® [rad/sec’], degrees per Ais: Units: rads?
second” [deg/sec’], the number of revolutions per visual Scale: 1
2 .
second” [Hz/sec], the number of revolutions per
. 2 [ /2 ]’ P [] et as defautt Cancel
minute” [rpm°].

A | || 4]r
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In the 3D scene the load Rotation is shown in the following way:

A typical sequence of steps for specifying the load «Rotation»:

Initiate command «Rotation»

Specifying rotation

{7}

Specify axis of rotation.

Direction of rotation

Specify the magnitude and units for angular velocity and angular acceleration in the
command'’s properties window.

4. Complete the command.

Acceleration

Acceleration creates a uniform impact on any body with a mass. This impact is uniformly distributed over
the entire volume of the selected body. Use of this type of loading allows, for example, simulating the

load of the own weight under the force of gravity.

To specify the load Acceleration, use the command:

Icon

Ribbon

Analysis — Conditions — Force — Acceleration

Keyboard

Textual Menu

<3MA>

Analysis > Load > Acceleration

After invoking this command, it is necessary to select the body (or several bodies) for applying the load.
With the help of automenu option:

<B>

Select Body

<M>

Select All Solids

select the bodies of an analyzed model. They will be added to the list.
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In the properties window specify: Acceleration Parameters
e Value of load (you can specify dependence of Common | Laad Parameters
acceleration from time for nonstationary studies. Direction
More information in "Using graphs to specify Bement: |-
properties, varying depending on time or ::5 %
temperature” section); Value: ; 0

. . 1 .
e Units: m/sec? cm/sec?, in/sec’ z 0

el | | ||4]e

. . Units: myfs2 [[Jreverse direction
e Direction of load. visual Scale: |1
Direction of load. As a direction of acceleration, the Gravity
user can select the element of a 3D model or a ] e a5 defaut Cancel

certain radius-vector, specified in the selected by the

user local coordinate system (if the local coordinate

system is not specified, the global coordinate system

will be used by default).

By default, in the local coordinate system the direction of load is set along the X-axis.

To work with the local coordinate system, use the options:

<C> | Select LCS

<K> Unselect LCS

For specifying direction of load Acceleration with the help of an object of a 3D model, use the following
automenu option:

<D> Select direction

To cancel direction selection, use the option:

=1 <U> Cancel direction selection

For a change of load direction to an opposite one, the user can activate the flag «Reverse direction».

For a quick specification of the gravity force, in the properties window there is a button [Gravity force],
which sets the value of acceleration equal to ~9.81 m/c” and sets the direction of load along the Z-axis of
the global coordinate system equal to -1.

In the 3D scene, the load «Acceleration» is shown in the following way:

L

Specifying load «Acceleration»
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A typical sequence of steps to specify the load Acceleration:

.. . v
Initiate command «Acceleration» .

Specify the load magnitude.

1
2
3. Specify the direction of load
4

Complete the command.

Bearing Force

Bearing Force simulates the load occurring under a direct impact of such parts as an axle, a bearing or a
shaft. A cylindrical face is used as the location for applying the load. The applied force is distributed
according to the sinusoidal law (see the diagram).

Selected cylindrical face

Distribution maximum

Load application direction

Load distribution by the

To specify Bearing load, use the command:

sinusoidal law

Icon Ribbon

Analysis — Conditions — Force — Bearing Load
Keyboard Textual Menu
<3MB> Analysis > Load > Bearing Force

After invoking this command, it is required to select elements (cylindrical faces) of the model for applying
the load. With the help of automenu option:

<F>

Select cylindrical face
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select a cylindrical face of an analyzed model. The selected
element will be added to the list.

In the properties window specify: Bearing Force Parameters
e Magnitude of load; Common| Load Parameters
e Units: N; kgf, Ibf; -
e Direction of load. orecton: [ ]

[“Ireverse direction
Value:
1

Load direction. As a direction of Bearing load, the user can

select the element of a 3D model or coordinate axes of the Units: N ®
coordinate system. Visual Scale: | 1 =
You can specify dependence of load from time for [ Set s cfait Cancel

nonstationary studies. More information in “Using graphs to

specify properties, varying depending on time or

temperature” section.

For specifying the direction of Bearing load with the help of an object of a 3D model, use the automenu
option:

<D> Select direction

To cancel selection of direction, use the option:

- <U> Cancel direction selection

To change a direction of load to an opposite one, the user can activate the flag «Reverse direction».
In the 3D scene «Bearing load» is shown in the following way:

Specifying «Bearing force»

A typical sequence of step for specifying Bearing load:

@
Initialize the command «Bearing force» i

1
2. Select a cylindrical face or a set of faces.
3. Specify the magnitude of load.

4. Specify the load direction
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5. Complete the command.

Torque

Torque is the impact of a force moment of the specified magnitude distributed over the selected face.

Location of load
application (face)

N IN~_Axis of moment

To specify Torque, use the command:

Icon Ribbon

Analysis — Conditions — Force — Torque
Keyboard Textual Menu
<3MQ> Analysis > Load > Torque

You can use faces as the location of the load application. To select faces, use the automenu option:

<F> Select Face

Selected faces are entered in the list.

In the properties window specify:
e The magnitude of load;
e Units: N-m, kgf-cm, Ibf-in; Torque Parameters

Common | Load Parameters
o ' ' ' . Toraues
The direction of the torque axis (or axis of rotation) defines 1

the direction of load (according to a right hand rule). As a Units: | bfin
direction of axis of rotation, the user can select an element
of a 3D model (edge, axis of a cylindrical face, etc.), or a
specially constructed line (for example, a 3D path,
constructed by two 3D nodes), or one of the axes of the
local coordinate system.

e The axis of torque.

e || 4

Axis: Visual Scale: | 1
|Face_6 : Cylinder_2

[] Set as default Cancel

You can specify dependence of load from time for nonstationary studies. More information in “Using
graphs to specify properties, varying depending on time or temperature” section.

To select the axis of rotation, use the automenu option:

<A> Select axis of rotation
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To cancel selection of axis rotation, use the option:

£t <C> Cancel axis selection

In the 3D scene the load «Torque» is shown in the following way:

Specifying load «Torque»
A typical sequence of steps for specifying the load «Torque»:

Initialize the command «Torque» .

1.

2. Select loaded faces of body

3. Specify magnitude of load

4. Specify the axis of moment

5. Complete the command.
Oscillator

Oscillator (kinematic loading) constitutes a type of loading used in dynamic analysis studies: Forced
Oscillation, Mode Superposition, Transitional Processes to specify the so-called kinematic excitation of
vibrations. In the Forced Oscillation study, an oscillator is used for specifying harmonic oscillatory motion
of structure element experiencing vibration. In the other two studies, it is possible to specify a
displacement of the structure or its elements according to the arbitrary time graph. More information in
“Using graphs to specify properties, varying depending on time or temperature” section.

To specify the loading “oscillator” use the command:

Icon Ribbon

({a) Analysis — Conditions — Force — Oscillator
Keyboard Textual Menu
<3M30> Analysis > Load > Oscillator

After this command is invoked, it is necessary to select the elements of the model for specifying the
loadings. With the help of the option of the automenu:

<E> Select element for kinematic loading

select elements of the analyzed model. The selected element will be added to the list.
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With the help of the option of the automenu:

<B> Select body

<M> Select all bodies

select the bodies of the analyzed model. They will be added to the list.

In the properties window specify:

e Type of the values of the loading along the
axes;

e Magnitude and direction of the loading;

e Units for different types of loadings: m, m/s,

m/s>;

e Phase shift, units: degrees, radians.

Values along the axes, type. Before specifying the
values of the kinematic loading, it is required to select
the type of the parameter that determines the
amplitude of vibrations. Quantitatively, the amplitude
of the motion of an element of the structure can be
specified in several equivalent ways via the amplitudes

of: displacements Um, mm, cm, m, in, ft;

velocity Un =Un "t ‘mm/s, cm/s, m/s, in/s, ft/s;

. U =U_-w?
acceleration — ™ L

U,/g=U_ -w?

overloading /9 , times;

Qscillator Parameters @
Load Parameters
[Face 18 : Symmetry 1 Values
Type
|Accelerah'on -
Sx
1 =
VY
Coordinate System: 1 $
| Orthogonal - | Z
Lcs: [Los_t |
Units
Linear: mm/s2 - Visual Scale: 1 =
Phase Shift
Phase Shift Value: 0 o
Units: radians - |
Set as default [ OK ] | Ommena

, mm/s?, cm/s?, m/s?, in/s?, ft/s%

where ws — frequency of forced vibrations, rad/s; g — gravitational acceleration, m/s.

As can be seen, all variables, except the amplitude of displacement, are secondary and are uniquely
expressed in terms of the amplitude of vibration and frequency of the forced vibration.

The frequency of vibration is specified in the analysis settings dialog called "Forced harmonic vibrations"

right before the execution of analysis.

Magnitude and direction of action of kinematic loading. As a direction of loading, it is possible to select
the radius-vector defined in the local coordinate system selected by the user (if the local coordinate
system is not specified, the global coordinate system will be used by default). Fill in the check boxes
opposite those axes along which the magnitude of the corresponding component of the load will be

specified.
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To work with the local coordinate system, use the following options:

<C> Select coordinate system
<K> Cancel selection of coordinate system

The values of the components of the loading, decomposed along the coordinate axes, are entered into
the fields corresponding to the axes marked with a check. By default, the values for the amplitude of
displacements are specified in mm.

When, in the study, there are several harmonic excitations (kinetic or kinematic) the Phase shift
parameter is used to specify lagging or advancing phase shift of one loading with respect to another
one.

In 3D scene the «Oscillator» load is displayed in the following way:

*31s

Displaying «Oscillator» loading

Typical order of actions when specifying the oscillator loading:

£
iy

|_l\ﬂ,l_|
RN

1. Initialize the «Oscillator» command %77

Select faces, edges, vertices and/or bodies; select the coordinate system.

3. Specify values and units for the vibrational amplitudes of components of displacements,
velocity or acceleration in the command'’s properties window.
Specify phase shift and its units.

5. Complete the command.

Additional mass

Additional mass constitutes a type of loading used for specifying additional inertia load produced by the
part of the structure not included explicitly into the study. In studies of static analysis and stability
analysis this type of loading is used only in combination with the «Acceleration» load. This type of
loading is used in studies of static analysis, stability analysis, natural frequency analysis and analysis of
forced vibrations.
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v

Initial full-size model

e
i

Replacement of the disk with the "Additional mass"

Icon Ribbon

Analysis — Conditions — Force — Additional mass
Keyboard Textual Menu
<3M3M> Analysis > Loading > Additional mass

After calling this command, it is necessary to select the elements of the model for applying the load. With
the help of the option of the automenu:

<E> Select element for loading

select faces, edges or vertices of the analyzed model. Selected elements will be added to the list.
Select bodies of the analyzed model. They will be added to the list.
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Additional Mass

Common | Load Paremeters | Acceleration Parameters

Value:
1 =
Unit: Kg W
Visual Scale: | 1 =

[] Set as default Cancel

On the Load Parameters tab specify:

e Magnitude of loading in kg; it is possible to use variables which contain the result of
measurement of the mass of some body or operation. You can specify dependence of mass
from time for nonstationary studies. More information in “Using graphs to specify
properties, varying depending on time or temperature” section.

e Units of measurement: kg, pounds;

Additional Mass

Comman | Load Parameters | Acceleration Parameters

o

Value: 2.8 =
Units: mys? W
Direction
Element:
LCS:
K 1 -
¥ 0 =
Fi 0 =

[ |Reverse direction

Grawvity

[] 5et as default Cancel
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On the Acceleration Parameters tab specify:

e Acceleration value;

e Units: m/s? in/s?, cm/s.
It is to be noted that the replacement of the body with an additional mass applied to the same
faces which were touched by the replaced body, simplifies the finite element model, but at the
same time does not allow us to take into account the spatial distribution of mass. This fact must
be considered especially in frequency analysis studies, in which the spatial distribution of mass
plays a key role in forming the spectrum of natural frequencies of the structure. Therefore, such
a replacement is usually admissible only for calculation of the first (lowest) natural frequency.

Typical order of actions upon specification of the «Additional mass» load:

Initialize the «Additional mass» command @
Select faces, edges, vertices,

Specify values and units of measurement,
Specify values and units of acceleration,

ik o=

Complete the command.

THERMAL LOADS

This type of loading is used in the heat transfer studies.

Heat transfer is the process of transferring the heat from one region with higher temperature to the
region with lower temperature.

Temperature

Temperature characterizes a thermal state of a body and determines how warm it is.

The load «Temperature» is used for defining invariant in time constant temperature of elements of the
model in steady state and transient thermal analysis, and also for defining temperature difference in the
static analysis of structure's strength when solving the thermo-elastic studies.

The «Initial temperature» option is used for defining initial temperature in transient thermal analysis. This
initial condition defines the temperatures of selected elements of the model at time equal to zero.
In the nodes of finite element mesh which do not belong to the selected elements of the model,

the initial temperature will be assigned the «default» value. The default value is defined in the
dialog window «Study’s parameters» on the tab «Parameters».
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For specifying the load, use the command:

Icon Ribbon

Analysis — Conditions — Temperature — Temperature
Keyboard Textual Menu
<3TT> Analysis > Thermal Load > Temperature

Temperature can be applied to a model body, a face, edge or vertex. For selecting elements of the

model, use the automenu option:

<E> Select Element for loading

<B> Select Body

<M> Select All Solids

Selected elements are added to the list.

In the properties window of the load
«Temperature», it is required to specify the
following parameters:

The magnitude of the load (You can specify
dependence of temperature from time for
Nonstationary Thermal Process study. More
information in "Using graphs to specify
properties, varying depending on time or
temperature” section);

e Units:K C, F.

Temperature Parameters

Commaon | Load Parameters

Initial Temperature

(@) Temperature

Units: o

Visual Scale: | 1

[] Set as defaul Cancel

In the 3D scene the Temperature is shown in the following way:

Specifying thermal load «Temperature»

Specifying initial temperature in transient thermal
analysis

A typical sequence of steps for specifying the thermal load is:
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Initialize the command «Temperature» d
Activate option «Temperature» or «Initial temperature».
Select body, face, edge, vertex or a set of elements
Specify the value of temperature and units.

vk wn o=

Complete the command.

Heat Flux

Load Heat flow allows the user to specify the amount of heat transferred across the unit surface area per
unit of time, that is, define a specific heat flow.
For specifying the load, use the command:

Icon Ribbon

Analysis — Conditions — Temperature — Heat Flow
Keyboard Textual Menu
<3TF> Analysis > Thermal Load > Heat Flow

Heat flow can be applied to faces of the model. For selecting faces, use the automenu option:

<F> Select Face

Selected elements are added to the list.
In the properties window of the load «Heat flow» it is

Heat Flux Parameters

Common | Load Parameters

. . . alue: = |k
required to specify the following parameters: T Zl-m- \:H - 'f
e The heat flow magnitude; visual Scale: | 1 .
e Units: W/m?, W/cm?, BTU/s*in°.
Negative value of the heat flow signifies that through
J g 9 [] 5et as defautt Cancel

the specified face the body looses the energy.

You can specify dependence of heat flow from time for Nonstationary Thermal Process study. More
information in “Using graphs to specify properties, varying depending on time or temperature” section
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In the 3D scene Heat flow is shown in the following way:

Specifying thermal load «Heat flow»

A typical sequence of steps for specifying «Heat flow»:

|
Initialize the command «Heat flow» [}

1.

2. Select a face;

3. Specify the magnitude of load;

4. Specify units;

5. Complete the command.
Heat Power

Load Heat power allows the user to define:
¢ volume power of thermal energy sources;

e amount of heat transferred through an arbitrary surface per unit of time, called a power of heat flow
(heat power).

For specifying the load, use the command:

Icon Ribbon

Analysis — Conditions — Temperature — Heat Power
Keyboard Textual Menu
<3TP> Analysis > Thermal Load > Heat Power

Heat power can be applied to a body, face, edge or a vertex of a model. For selecting elements of model
use the automenu option:

<E> Select Element for loarding

<B> Select Body
<M> | Select All Solids
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Heat Power Parameters
Selected elements are added to the list.

Common | Load Parameters

In the properties window specify: Units: =

:
@,
]
L
i
%
i
ar
v | € l:?

Visual Scale: | 1

e Magnitude of load;
e Units: W, BTU/sec.

The negative value of this thermal load signifies that a [ Set as defauit Cancel
body looses the energy.

You can specify dependence of heat power from time for Nonstationary Thermal Process study. More
information in “Using graphs to specify properties, varying depending on time or temperature” section

In the 3D scene Heat power is shown in the following way:

Specifying thermal load «Heat power»
A typical sequence of steps for specifying the load «Heat power»:

Initialize the command «Heat power»

1.

2. Select body, face, edge, or a vertex.

3. Specify the magnitude of load;

4. Specify the units

5. Complete the command.
Convection

Convective heat transfer is a process of transferring the heat between the surface of a solid body and
external environment (gas, liquid).

Load Convection allows the user to specify the amount of heat emitted by the unit surface per unit of
time when the temperature difference between the surface and external environment is one degree, that
is, specify the heat transfer coefficient.
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For specifying load Convection use the command:

Icon Ribbon

a" Analysis — Conditions — Temperature — Convection
Keyboard Textual Menu
<3TC> Analysis > Thermal Load > Convection

Load Convection is defined for faces of the model. For selecting faces use the automenu option:

<F> Select Face

Selected elements are added to the list.

In the properties window of the load Convection it is Convection Parameters
necessary to specify the following parameters: Common | Load Parameters
. . lue: 1 Al
e heat transfer coefficient; vabe =
Units: Wi fm2eeC v
Hp 2% 2% *3 2Kk
e Units: W/m~*C, W/cm“*C, BTU/sec*in“*F; renperatre: [0 B[
e Temperature of external environment (liquid or gas); Urits: i v
. . . Visual Scale: 1 =
e Units: Kelvin [K], degrees of Celsius [C], degrees of
Fahrenheit [F]. (] Set as defaut Cancel

You can specify dependence of convection from time for Nonstationary Thermal Process study. More
information in "Using graphs to specify properties, varying depending on time or temperature” section.

In the 3D scene the load «Convection» is shown in the following way:

Specifying thermal load «Convection»

A typical sequence for specifying the load Convective heat transfer:
T4 h

Initialize the command «Convection»

1
2. Select a face.

3. Specify the heat transfer coefficient and temperature of the environment.
4

Complete the command.
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Radiation

Heated bodies emit the thermal radiant energy into the environment. Thermal radiation hitting a certain
body is partially reflected, partially absorbed, and partially passes through the body. Boundary condition
“Radiation” allows to determine the properties of bodies in terms of its ability to emit and absorb radiant
energy — radiation factor.

The radiation factor equal to “1” corresponds to completely black body, i.e. the body that emits the
maximum possible amount of radiant energy according to the Stefan-Boltzmann law and absorbs all
incident radiant energy.

The radiation factor equal to “0” corresponds to an ideal mirror, which does not emit when heated to any
temperature and reflects all incident radiant energy, i.e. excluded from the calculation.

Intermediate values of the radiation factor are equal to the ratio of the radiating ability of the body to
the emissivity of a blackbody, i.e. show how the body emits less energy than a black body would radiate
at the same temperature. Known or initial temperatures and sources of heat energy are specified in
addition to the emissivity/absorption for the correct formulation of the study on heat transfer by
radiation. They are applied to the bodies participating in the task.

Important! Only bodies for which "Radiation" boundary condition was applied participate in
convection calculation. Bodies for which radiation factors were not applied are ignored

For specifying Radiation use command:

Icon Ribbon

Analysis — Conditions — Temperature — Radiation
Keyboard Textual Menu
<3TR> Analysis > Thermal Load > Radiation

Load Radiation is defined for faces of the model. For selecting faces use the automenu option:

<E> Select Element for loading
Selected elements are added to the list. Radiation Parameters
In the properties window of the load Radiation it Common | Load Parameters
is required to specify the following parameters: Radiation:
.. .. . .. =L
e Radiation type: radiation into space, radiation 22 2 L
Ti ture:
between faces; Rl _
0 Gl
e Emissivity; Type: = v
. Radiation to Space W
e Temperature of environment; visual Scale: | 1 3
e Units: Kelvin [K], degrees of Celsius [C], [IReverse drection
degrees of Fahrenheit [F]. [] Set as defaul Caneel

99



T-FLEX Analysis User Manual

You can specify dependence of radiation factor from time for Nonstationary Thermal Process study.
More information in “Using graphs to specify properties, varying depending on time or temperature”
section

The load «Radiation» is shown in the 3D scene in the following way:

Specifying thermal load «Radiation»

It is recommendeql to use Nonstationary Study_2 [Thermal nonstationary]
thermal study with active “Study on
thermodynamic equilibrium” option for General | Parameters | solve | Results | Info
calculation using “Radiation” load in the —
“Radiation between faces” mode. The : =} | second
option can be found on the Parameters 0.1 5] second
tab in the study properties. [v] 5tudy on thermodynamic equilibrium
Initial ime step: 1 2 second w
Relative accuracy: 0.01

A typical sequence for specifying the load Radiation:

Initialize the command «Radiation» E
Specify radiation type.

Specify emissivity.

Specify temperature of environment and units.
Specify radiation viewfactor of a face.

o vk W=

Complete the command.

Thermal contact (Thermal resistance)

Contact between physical bodies practically never can be considered ideal. Because of the roughness of
contact surfaces, microscopic gaps are created at the interface between two bodies which can be filled
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with air or another surrounding environment. This surrounding environment has heat conduction
coefficients different from those of the solid bodies in contact. As a result, at the interface between the
bodies in contact, the continuous temperature field suffers a jump which is usually caused by worsened
conditions for conduction of the thermal energy at the interface between the bodies in contact.

} Thickness
Temperature
-
0
This physical phenomenon is called thermal resistance.
To specify the thermal resistance, use the command:
Icon Ribbon
75 Analysis — Conditions — Temperature — Thermal contact
Keyboard Textual Menu
<3T3C> Analysis > Thermal Load > Thermal contact

After the command is invoked, the following options of the automenu become available:

<C> Select contact surfaces
@, <1> Selection of faces 1
&, <X> Cancel selection of all faces

With the left mouse button, indicate the faces taking part in the thermal contact. It is possible to indicate
several sets of faces if they have similar parameters of the thermal contact.

After that, it is required to select the type of the thermal resistance: total or distributed.

e Total thermal resistance has the units of measurement degrees/W. Its magnitude
characterizes the total loss of thermal power across the entire surface of contact (the
surface can be compound).
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e Distributed resistance characterizes the loss of thermal flow per unit area of the surface of
contact. The units of measurement are degrees*m?®/W.

Approximate values of coefficients of heat conduction are shown in the following table:

Contact surfaces Thermal resistance (m2 -°K/ W)
Iron/aluminum 2,22:107

Copper/Copper 110" - 4107
Aluminum/aluminum 4,54-10%-8,33-10°

Stainless steel/ 510%-2,7-10"

stainless steel

Stainless steel/ 5103 -19,09-10*

stainless steel

(dispersed gaps)

Ceramics/ceramics 2:10°-3,33-10*

Typical order of actions when specifying contact constraints is the following:

1. Initialize the «Thermal contact» command .
2. Select contact surfaces of the first body.
3. Select contact surfaces of the second body.
4. Specify type of contact.
5. Complete the command.

USING GRAPHS TO SPECIFY PROPERTIES, VARYING DEPENDING ON
TIME OR TEMPERATURE

Boundary conditions or material properties that depend on time or temperature can be used in the
dynamic and nonstationary thermal studies.

For example, it can be:
e Gradual increase of force with time;

e Dependence of the convection factor on the surface temperature of bodies from which the
convection occurs;

e Dependence of the linear expansion factor of the material from the temperature.

Dependence of material properties from temperature can be also specified in static, buckling, etc.
studies.

Graphs in boundary conditions or material properties are used for specifying the parameters.
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Specify Dependence of Value from Time

Dependence of value from time is used in dynamic analysis studies (Mode Superposition, Transitional
processes) and Nonstationary thermal processes. You can specify the dependence for the following

boundary conditions:”
v Force
Pressure
Acceleration
Bearing Load
Torque
Additional Mass
Oscillator
Temperature
Convection
Heat Flow
Heat Power

AN N N N N U N NN

Radiation

You need to press l@l button right to the value in the properties
window.

Dialog for the graphic creation is opened after that. You need
to specify a name for the graph, select type smooth
curve/polyline and press [OK].

You need to specify point after that. Creation, edition, saving
and loading of graphs is no different from standard T-FLEX
CAD graphs.

You can paste the points from clipboard (delimiter of
argument/function is Tab) or Excel table. The created graph is
stored in the current document and is available in PL: Edit
Graph Functions command. You can also download T-FLEX
CAD graph of .tflaw format and use it for the parameter.

(2] Value

Value:
1

Units: M

Visual Scale: | 1

Select Graph

\I Create new graph:

Mame: | Graph 0

Type

4k
< ||[#

(@) Smooth Curve

(" Palyline

|Ise existing graph:

Cancel

4k
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N Graph 'Graph 0" - Editing - o
v X e -
Fod  [RretRaN YA IR =5 5]

.

e RN o A il -

- NE s M
gz
Ciln 1 0 0
- 2 583 410
ZD_:
ol sk
_IIII|IIIIIIII|IIIIIIII|IIII:IIII|IIIII.I_II
ES |IZI |2IIIIII |4IZIIZI |E.E|n |8IIIIII
ts

Smooth Curve, Nodes: 2

After the graph is added, the parameter value changes to the graph name and the list appears. You can
select units of the argument (s, min, h) in the list. Units correspond the units that are set for the
parameter for which the graph is used.

Value

Value:

Graph0 =l -

Units: N {% Edit graph: "Graph 0"
Visual Scale: | 1 L= Clear graph: "Graph 0"
[&] Direction @ Select Graph

. e . .
Pressing of button calls list that allows to edit, clear current graph or select a new graph. When the
graph is deleted, it is unbound from the parameter but stored in the document. You need to use PL: Edit
Graph Functions command to delete it from the document.

Specify Dependence of Value from Temperature

Dependences of values from temperature can be specified in stationary and nonstationary processes.
It is allowed for the following thermal boundary conditions:

v Temperature,

v" Convection,

v Heat Flow,
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v" Heat Power,
v" Radiation.
Dependence from temperature can be also applied for any of the material properties.

To specify dependence of parameter from temperature you need to press button right to the value in the
properties window. In the drop-down list, you should select “Temperature dependence”.

Value: 1 = e
Units: W jm?2 Time dependence
Visual Scale: | 1 Temperature dependence

Dialog for the graphic creation is opened after that. You need to specify a name for the graph, select
type smooth curve/polyline and press [OK].

Select Graph

(@) Create new graph:
Mame: | Graph0
Type
(@) smooth Curve
() Palyline

Use existing graph:

You need to specify point after that. Creation, edition, saving and loading of graphs is no different from
standard T-FLEX CAD graphs.

You can paste the points from clipboard (delimiter of argument/function is Tab) or Excel table. The
created graph is stored in the current document and is available in PL: Edit Graph Functions command.
You can also download T-FLEX CAD graph of .tflaw format and use it for the parameter.
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A Graph ‘Graph 0 - Editing - o
v X e -
Fod  [RNecRal N YR =5 5]

e RN o A il -

E < K Wim?
= 1 1 5
0 2 2 B
[ -
_E =
=
-~ Ll —
w
1n>
_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
&4 |05 1 1.5 2 2.5 3
T, K

Smooth Curve, Nodes: 2

After the graph is added, the parameter value changes to the graph name and the list appears. You can
select units of the argument (K, F, C) in the list. Units correspond the units that are set for the parameter
for which the graph is used.

Value: Graph 0 = K W
LUnits: Wim?2 & Edit graph: "Graph 0"
Visual Scale: | 1 -I_‘.’ Clear graph: "Graph 0"

fhe  Select Graph

. s . .
Pressing of button calls list that allows to edit, clear current graph or select a new graph. When the
graph is deleted, it is unbound from the parameter but stored in the document. You need to use PL: Edit
Graph Functions command to delete it from the document.

LOADS COMPENDIUM TABLE

Load type Application Related objects Input parameters
location
Concentrated Vertex Objects selected for defining | Unit system, force amount
force direction, local coordinate
system.
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Uniformly Face, edge Objects selected for defining | Unit system, force amount
distributed direction, local coordinate
Force system, normal to selected
face
Non-uniformly | Face Objects selected for defining | Unit  system, force amount,

distributed direction, local coordinate | distribution law
force system, normal to selected
face
Bending Vertex, face, Local coordinate system Unit  system, magnitude of
moments edge bending moments
Uniform Face, edge Objects selected for defining | Unit system, pressure amount
pressure direction, local coordinate
system; normal to selected
face
Non-uniform Face Objects selected for defining | Unit system; pressure distribution
pressure direction, local coordinate | law
system; normal to selected
face
Hydrostatic Face Local coordinate system Fluid density; unit system
pressure
Centrifugal Body Objects selected for defining | Angular velocity and angular
Force axis, local coordinate system | acceleration values, unit system
Acceleration Body Objects selected for defining | Unit system, acceleration amount
direction, local coordinate
system.
Bearing force Cylindrical face | Objects selected for defining | Unit system, force amount
direction, local coordinate
system
Torque Face Objects selected for defining | Unit system, moment amount
axis, local coordinate system
Additional Mass | Vertex, Edge, | Objects selected for defining | Unit system, mass value
Face axis of  gravity; local
coordinate system
Oscillator Vertex, Edge, | Local coordinate system Unit  system,  displacement,
Face velocity or acceleration
Temperature Body, face, | - Magnitude of load, units

edge, vertex
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Heat Flux Face - Magnitude of load, units
Heat Power Body, face, | - Unit system, Heat Power
edge, vertex
Convection Face - Heat transfer coefficient,
temperature of environment,
units
Radiation Face Radiation type, emissivity,

temperature of environment,
units, radiation viewfactor of a
face

EDITING LOADS AND RESTRAINTS

To modify specified loads and restraints, use the «Edit» command, available in the context menu on right
clicking & a study element in the studies window or in the “3D Model” window.

Studies X
& = a) r ==

Mame
4 %Study_ﬂ{linear] [Thermal stationars]
b s Mesh_1 o (] e

F Loads [3]

P — CrEEtE :

f ,5'31 Heat Flux_1 _
Edit
B A Temperature 1 - : %

Further user actions of modifying loads or restraints are little different from the process of their creation.
In the properties window, you can modify numerical parameters, while the appropriate automenu
options (see above) let you cancel selection and then specify new defining model elements.

Upon finishing entering changes, confirm your actions by clicking .

CUSTOMIZATION AND UTILITY COMMANDS

The user can define global settings of the T-FLEX Analysis system by the Analysis > Settings command.

30 Model Craw Assembly Title Block
".. B s"® s b

Settln Mew Studies Mesh Material | Study | Studies
Study = Elements |Window

Study
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The following parameters are defined on the Setup T-FLEX Analysis
[Processor] tab:

Temporary directory — sets the path to the folder
storing intermediate working data when solving
systems of equations. By default, working files are

Processor | Postprocessor | Docurnent

Temprorary directory: Available: 583432 Mb
Ci\Wsers\Temp

stored in the folder defined by the Windows system System Resource
H " " " " Sol th d priority:
variable “TEMP" (or “TMP") If necessary, the user can lver thread priority Normal v
redefine this path. (L] Limit memory usage:
1 i Limits the maximum amount of RAM that can be allocated by

SyStem Resource group defines  the fO“OWIng solver, Disk space will be used when limit is exceeded.
pa rameters: If the limit is not specified, 90%% of available RAM is used
Solver thread priority — allows the user to define the 2048 -
system priority of the modules responsible for solving Number of degrees of freedom, excess

. . . of which leads to automatic selection of 100000
systems of equations. The Windows operating system the iterative solver
will distribute system resources in accordance to the Criteria of elements quality check
specified priority, giving preference to a higher priority. Aspect ratio of finite elements:
For example, if planning on prolonged solving of a large Nonoptimal 50 or higher

H . H H Incorrect tetrahedrons ]
study using hard drive memory, the user can specify in (clements ignored) 10000 or higher
advance a priority below Normal, which would allow the I(nfmcémangb;) 1000 or higher
. . . ElEments Ignare:
user to simultaneously work in other Windows
applications without much restriction. [+] Display Study Properties dialog box before solving
[ close solver window on completion

Limit memory usage- allows the user to specify the size of RAM, upon exceeding which the system
would start using hard drive memory for solving equations that usually takes considerably more time.
Number of degrees of freedom, excess of which leads to automatic selection of the iterative solver. A
number of degrees of freedom for choice of an iterative method for solving systems of algebraic
equations. The value is set to 100 000 by default.

You can set the aspect ratio of finite elements (tetrahedrons and triangles) in which the system will
consider them as "not optimal" or "incorrect” in the Criteria of elements quality check group. Incorrect
elements are forced removed from the grid as they lead to singularities of equations system (inability to
solve them). Usually, it is either almost flat or degenerate to the point tetrahedrons, or degenerate into a
line triangular finite elements. The user can change these settings if necessary.

Display study properties dialog box before solving — when enabled, this control turns on the automatic
launching of the study properties dialog box at initializing the Analysis > Solve command for all studies
(the default setting).
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Close solver window on completion - this control enables the mode of automatic hiding the information
window displaying the process of solving systems of equations in all studies. By default, this mode is not

set.

On the [Postprocessor] tab, the user can define
global settings for viewing the results, which would
affect all studies.

Main font — sets the default font for the textual
information output in the visualizer window of the
Postprocessor (study name, result type, etc.).

Setup T-FLEX Analysis

Processor | Postprocessor | Document

Visualizer Window

Main font: | Arial, 11
Scale font: | arial, 9

[+ value tooltip
Scale font — sets the font of displaying numerical Delay: 20  second
values on the color scale. Label Parameters | Customize
«Value tooltip» control enables the mode, in which a View Boundary Conditions | Custormize
tooltip pops up with the interpolated result value smplfications
corresponding to the location on the model in the [ Show Quadratic Elements as Linear
Postprocessor window, aimed at by the mouse if number of Elements is more than:
pointer. Strain State Window
«Delay» control allows specifying a time interval, [show window automatically

. . Hide window automaticall
after which the tooltip pops up. [ Hide window automatical
Time Process Window
[]5how window automatically
[JHide window automatically

In the group «Simplifications» the user can specify the limit number of finite elements beyond which in
the Post-processor window the calculation results are shown only for corner nodes of quadratic finite
elements and omitted for the mid-side nodes (this does not affect extreme values). This mode allows the
user significantly expedite downloading of results into the Postprocessor window for very large meshes
(more than 10 000 000 elements).

Options «Show window automatically», «Hide window automatically» in groups «Deformed state
control window» and «Time process control window» allow us to control the view of floating panels
«Deformed state» and «Time process», respectively.

110



Preparing Finite Element Model (Preprocessor)

On the tab [Document] it is possible to activate
the option of saving the calculation results in a Setup T-FLEX Analysis
separate external file. By default, the calculation

: o D t
results are saved in a main file of T-FLEX R | Brakanseng) o men

(extension .grb). When activating the external Settings on this page are applied to all Studies in current
. . . Document
saving of results, the file with the name
«Document name_Study name» (with extension External results storage
tfa) is created in the folder of the original Study results size, MB | 128
When exceeded, option of external storage of results will be
document. oFfered

This option can be useful for solving studies with
large amount of results, and also can speed up

oK
saving of the document (depends on the _
operating system).

Cancel

Working with the 3D Window when Preparing Study Elements

As you work with studies, various study elements can be displayed in the 3D scene — loads, restraints,
mesh. Special commands are provided for handling those displays.

Icon Ribbon

Analysis — Study — Study Elements
Keyboard Textual Menu
<3MH> Analysis > Show Study Elements

With this command, you may enable or disable the mode of displaying all loads and restraints in the 3D
scene. This command is available in the context menu upon selecting a study.

A generated surface or volume mesh can be displayed in the 3D window. A surface mesh is automatically
displayed after finishing the generation process. When the mesh is displayed, the model is not shown. If
you need to work with the model (for example, to define a restraint on a model's face), the system
automatically hides the mesh. To view the mesh again, one can use the «<Show Mesh» command. This
command is available in the context menu upon selecting the “Mesh” element in the studies window.
This menu also contains commands for switching between the surface and volume mesh views. The
commands are «Volume Mesh» and «Surface Mesh».
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a %Stud}r_tl(linear] [Thermal staticnary]
4 = Loads [3] 5 Edit
I gl Heat Power 1 »@ Recreate
b dyiHeatFlux 1 |[= Copy Properties
t- § Temperature == Delete
[ Study Elernents [1]

- . - Information...
[ Study_1(quadratic] [Th

Parameters...

Enlarge

e A EE®E

Update

Edit initial element -
Hide Mesh

Volume Mesh Ib

Specifics of Working with a Parametric Model

A T-FLEX CAD model is usually a parametric one. You can get full advantage of a parametric model in an
analysis. All study elements (loads, restraints, mesh) related to the model can be automatically
recalculated as a result of parametric modifications of the three-dimensional model, and you will not
have to define them anew. It could be sometimes more convenient to manually update certain study
elements that require significant computational resources (for example, meshes). To update any element

of the study, you will need to select the command «Update» in the context menu invoked by pressing &2
on an element of the study.

If a parent element disappears (for example, a face with a force applied to it), then you may need to
manually edit this study element to account for changes in the model.

After updating this study data, you will have to run calculations again to get up-to-date results.
Export

Prepared initial data of each study can be exported in the Nastran (*.dat) format. To export an active
study, use the command:

Icon Ribbon

Analysis — Output — Export Study
Keyboard Textual Menu
<3MX> Analysis > Export

Also, this command is accessible via the context menu upon selecting the study 2 in the window
«Studies» or in the window «3D model».
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After calling the command, the standard file-saving
dialog appears.Next, you need to specify a combination
of two properties of the format:

Short/Long - defines the precision of the output
parameters (the maximum number of digits in decimal
positions, including the decimal point): short - up to 8
decimal digits, long - up to 16 decimal digits.
Fixing/Arbitrary — defines the type of export data: fixed
- data are output by columns of a fixed size, arbitrary -
data are output separated by commas.

Export to Nastran

File Format

i) Short Fixed
() Long Fixed

(") Shart Arbitrary
(®) Long Arbitrary
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PROCESSING RESULTS (POSTPROCESSOR)

T-FLEX Analysis Postprocessor serves for comprehensive examination of finite element modeling results.
A special feature of the T-FLEX Analysis postprocessor is its deep integration with T-FLEX CAD.
Calculation results are displayed in a separate window, which is in many aspects of view management is
similar to a T-FLEX CAD 3D modeling window. Color-coding of the calculated model can show all results.
There is also a tool for sampling exact values at any specific location on the model. When displaying
results, the model can be shown in a scalable deformed state. When a special «animation» feature is
enabled, one can dynamically view the pattern of changes in deformations from zero to the specified
values.

GENERAL PRINCIPLES OF WORKING WITH RESULTS

The list of finite element calculation results available for viewing is displayed in the studies tree, in the
«Results» folder. The list of results to be displayed in the studies tree is set up using the «Results...»
command of the context menu by I} on the name of the selected study. This command calls the dialog

for setting up the results to be displayed in the tree.

Studies 0 x
&= @ 0= -
Mame
Az Study 0 [Strength] \/ﬂ Sohve m

b <luMesh_1 =

- S Edit

[ Restraints [1]

b 5 Leads [1] B Material

b Sensors [1] Copy Study ltems

B Study Elements [4] Delete

4 Results [1]

@ Displacement,

@ T © Bk

By

Infermation...
Measure...

Parameters...

Hide Study Items

Export
Report...
Clear

Results...

Invoking command «Customize results...»

There are several ways to access results for viewing:

1. Double-clicking 53 on the result's name in the studies tree opens the Postprocessor window

with the selected result.

L] Results

=& Al Results

@[] Loads

' Displacement
=@ Reaction Force

--[«] Reaction Force OX
-] Reaction Force OZ
-] Reaction Force. magnitude
=~ Strain
-] Compressive strain Epsiloni
-] Compressive strain EpsilonY
-.[] Compressive strain EpsilonZ
-0 Shear Strain GammaXY
-0 Shear Strain GammaXZ
-] Shear Strain Gamma'YZ
-] Equivalent Strain
-] Strain Energy Density
-] Main Nommal Deformations 1
-] Main Mormal Deformations 2
--[] Main Momal Deformations 3

=[] Stress
H [:] Stress SigmaX

-~

[] Defautt

Cancel

Dialog for customizing the results list
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2. Accessing the context menu by the right clicking & on the result selected in the studies tree
and using the command Open or Open in new window. T-FLEX Analysis Postprocessor
supports use of multiple windows. Several windows with different results can be opened
simultaneously, as well as several windows with the same result.

Mame
4 % Study_0 [Strength]
b i Mesh_T o
[ Restraints [1]
[ Loads [1]
[ Sensors [1]
[+ Study Elermnents [4]
Fi Results [1]

8| Displacement, ma g

Open
Rermowve from tree

Open result in new window L}

Context menu to open result

To delete a result from the studies tree, use the Remove from tree command of the context menu
accessible by right clicking & on the selected result in the studies tree. The result will no longer be
displayed in the studies tree; you can, however, still add it back to the tree, using the above-mentioned
command Results....

You do not need to rerun study calculations when adding/deleting results in the list.

To actually delete all results (thus making the study «unsolved»), use the command Clear Study,
accessible for the active study from the main menu or command Clear, accessible from the context menu
by right clicking & on the name of the selected study in the studies tree.

Studies R x
E= at 0= - R =~

MName

=noth

b faMesh_1 J® Solve =
[ Restrair 3¢ Edit

b Loads | Material
[ Sensors
b Study E Copy Study ltems
=
4 Results| [m] Delete ; . i i
B bi . Measure Analysis Edit Tools View
15 @ Information... -
EEI Measure.., 4 X
Parameters... |__I I}I ﬂ ﬂ
Hide Study ltems
@ Export Sensor  Graph Solve| Clear Export Create | Model
Report.. Template St.u-:hr Study Report = Check
Clear S Calculation Output

Invoking command for deleting all calculation results
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Results of a study's calculation and meshes can be stored together with the model in a *.grb file. The user
shall be aware, however, that storing those data increases the file size considerably. If you need to
achieve a minimum file size, we recommend clearing calculation results in all studies before saving the
mesh. In this way, the boundary conditions are left unaffected. Upon the next opening, you would have
to create the mesh again and run calculations.

SETTINGS AND SERVICE COMMANDS OF CALCULATION RESULTS
WINDOW

Customizing Calculation Results Window

The viewer's settings are accessed by double-clicking @ @ in the results viewer window or from the
context menu.

Parameters of Results Window
Viewing Results Additional
Coloring Setup []Mesh
Only external faces Loads/Restraints
Deformed state Loads
= Restraints
(®) Relative scale: Esirain
Th-_-"" 5 + | % body size
| (") Absolute scale: [ IModel Contour
— 514,2597045898¢ [] contours of all bodies
Render r [ Animation Information Panel
Projection boP— Megative deformations Study Name
Rotate 3 | =
. 10 @ [] result Type
Clip plane 3 7| Variahl lori
Camera 3 Bl EEERE Coloring Scale
Labels » [ Model Solids Left Side v
"‘ " .
¥, Hide 30 Arnatations Extrusion_4 +
E‘T‘? Strain State window Extrusion_3 : e tE s
P=|j| Coloring Properties Extrusion_2 i
=| Units: W
Extrusion_1 +/- m
Numeric format: Settings
3D View Parameters | [ | Default Cancel Apply

Dialog for customizing parameters of calculation results window
Parameters dialog of the calculation results window has five groups of settings.
The «Viewing Results» group provides the following controls:

Coloring. This flag toggles the mode of colored rendering of the calculated model. Coloring is done
according to the properties of calculation results and settings of the color scale. A color filling some area
in the model corresponds to a certain numerical value. Color scale setup is done in a separate dialog (see
below).
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Only on surface. Enables the mode of showing the mesh on the surface only. When the flag is off, the
entire volume mesh is displayed.

Deformed state. This flag controls the way of rendering the resulting finite element model: it can be
shown either in the deformed state, or as the original.

Scale. Sets the scale of deformations for the calculated model. It can be defined in terms of a relative or
absolute value.

Initially, the scale is picked up by the system automatically, but the user can change it as desired.

Animation. This flag turns on the animation mode of the postprocessor window, in which the
deformation values smoothly vary from zero to the calculated value. To control animation and the
deformed state rendering, one can also use a floating bar, that can be accessed from the context menu
in the postprocessor window (the command «Strain state window» or «Time process window»,
depending on the type of the result).

Study_0 [Strength]
Displacement, maghitude, m
Displacement scale: 81.94

I 0.0001416
- 0.0001239

- 0.0001062

Render
Projection
Rotate
Clip plane

* v v ¥ ¥

| 5 849E-005 T Comero
Labels >

@ Strain State window

- 70798005 PE|_=|:|| Coloring Properties...

Properties...

+ 5.308E-005

F 3.830E-005

1.77E-005

i Strain state

A = 1| |k [l | -1 | 81,9433

Use of the floating bar for controlling deformed state display and animation

Frequency. This parameter sets the rate, at which the full animation cycle completes. The number stands
for the fraction of a minute, in which the full animation cycle completes.

Variable coloring. Controls color variance during animation. Changes in colors can be synchronized with
changes of the deformed state — from zero to final values. When showing negative deformations, the
colors are not inverted.
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Negative values. This option enables the mode, in which the results displayed during animation first
reach zero, and then go to the values equal to the calculated ones, but with the opposite sign. This
creates the «vibration» effect of the calculated model, as if the load were periodically changing its sign to
the opposite.

«Solids» lets you manage the bodies in the Postprocessor window, which are part of the assembly
model, when evaluating assemblies. The user can tune of the flags corresponding to one or many parts
of the assembly, after which those will no longer be displayed in the postprocessor window. By using the
Opacity control, you can also manage transparency of the assembly parts displayed in the calculation
results window. These tools help visualize the result fields inside the assembly model, by temporarily
hiding obstructing objects.

«Display» group of parameters provides control elements, which define the visibility of auxiliary images
around the calculated model for better results interpretation.

Mesh. Controls visibility of the mesh facets in the calculation results window.

Loads/Restraints. Controls visibility of all boundary conditions employed in the current study. The list of
boundary condition types is displayed in a separate window. Visibility of each element in this list can be
controlled individually. At the right of the window, there are buttons for managing the list elements.
Using those buttons, you can enable (+), disable (-) or invert (+/-) visibility of all boundary conditions.

Model Contour. By enabling this flag, you make the contours of the original body subjected to the
calculation appear as dotted lines in the calculation results window. This capability can be helpful for
comparing the deformed state of the model with the original.

Contours of all bodies. Upon enabling this flag, the rest of the bodies in the 3D scene, that were not
subject to the calculations, are also displayed in dotted lines in the calculation results window.

«Information Bar» group of parameters contains controls for adjusting the amount of displayed textual
and graphic information:

Coloring Scale. This flag enables visibility of the color scale for more intuitive interpretation of the
calculation results. The scale range and colors can be customized (see «Color scale setup» below). The
scale is displayed in the left or right of the calculation results window. It depends on parameter chosen in
pull-down list.

Study Name. This flag enables the display of the current study name in the calculation results window.
Result Type. This flag enables the display of calculation type name.
The "Number Format" group provides the following controls:
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Units. Serves to define the measurement units

(meter, inch, millimeter) to be used for Numeric Values
displaying the result. P——

Format of values parameter sets the format of Number of Digits: 4 2
the scale numbers for the viewing convenience E:puon-llﬂ?z!nﬁal [ Show trailing zeros

- it can be decimal, exponential or general

(mixed). The general format represents values [ | Default Cancel App

up to the 1000 in the decimal format, those

greater than 1000 - in the exponential format.

The number of significant digits for the exponential format and the number of decimal digits for the
decimal format are set in the provided field at the right. "Extra" zeros can be automatically discarded by
disabling the flag "show trailing zeros".

Color Scale Setup

The color scale settings dialog can be accessed from the parameters window of the calculation results
(the button [Settings]), or from the context menu, accessible in the calculation results window by
clicking 2.

Perform color scale settings in order to associate the desired colors with the obtained values. The system
does the initial setup automatically. It evenly distributes the standard palette (spectrum) of five colors
between the maximum and the minimum values obtained in the current calculation.

«Range» group of parameters sets parameters of distributing numerical values over the color scale.

Linear/Logarithmic. The logarithmic scale is used by default for displaying the "Factor of safety" result.
This is done in order to get a more detailed color picture in the most important subrange — where the
factor's values are near 1. The user can also switch the display mode to the linear scale for this result. For
other results, the linear scale is always used.
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Coloring Properties
Range 0.0001416
Scale:
® Linear Logarithmic
Maxirmurm:
'ZEZ' automatically 0,000141573 m 0.0001239+
':::::' value: 0.000141579
Minirmum
— 000010624
(® automatically 0 m B
() value: 0
Absolute value 28.849E-005 1
Colour Spectrum
Sch :
=me Standard v S 7.078E-0054 |4
Gradient [ |Reverse Load
i 5 309E-005 }
Legend
[ ] Dizplay minimum on top 3.530E-005 gy
Display marks
Mumber of Labels: 7
umber of Labels 1 TTE-005
[ ] pizplay Zero Mark
[] show maximum always
[ ] show minimum ahways 0

[ ] pefault Cancel Apply

Scale options setup dialog
Maximum. This interface item serves to set the correspondence between the maximum value and the
topmost color on the scale. By default, the maximum value is set, but the user can enter one's own value
of interest in the respective field.

Minimum. This allows defining the correspondence between the minimum value and the bottommost
color on the scale. Otherwise, this interface item is analogous to the previous one.

Absolute value. Enables the viewing mode of rendering absolute values in the nodes (disregarding the
sign). This is an auxiliary mode. It can be used for analyzing results in the case when you are interested in
the magnitudes of values of displacement components or other measures.

Input of the maximum and minimum values can be used for a custom setup of results rendering. For
example, to display the «Factor of safety» result, you can limit the maximum value of the safety factor, in
order to achieve a more intuitive result picture in the postprocessor window.

«Color spectrum» group of parameters allows adjusting the number of colors in the color scale.
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Scheme. There are seven predefined settings and one custom.
Standard. This option displays the scale of five main colors.
Gray-scale. This option enables a grayscale display.

Full spectrum. When using this option, the scale appears as a rainbow of seven main colors.

Besides that, there are the following color schemes: Maximum, Minimum, Threshold, Range.

Custom. You can manually set up the color scale, and then save your choice into a special file for future
quick loading (a file with the extension *.col). The setup is performed in the right hand side part of the
dialog, where the color image of the scale is displayed. On the right of the scale, there are several
triangular tags marking places for fixed colors on the scale. Using those tags, you can set a new place for
a color on the scale. To move a tag, depress the 2 on it and while holding down the button, drag. To
create a new tag with a new color, perform {5 Bat the right of the scale. A standard Windows dialog for
defining color will appear. To delete a tag, drag it beyond the color scale. To change the color assigned
to the respective tag, double-click 5 5. To access this scale settings, you can also use buttons [Save] or
[Load] in the “Colour Spectrum” group.

5.309E-005

3 530E-005 Iﬁ*dd Point

Gradient. This flag (enabled by default) serves to set smooth transition from one color to another in the
color scale.

Invert. Serves to invert the color scale.
The "Legend" group provides the following controls:

Reverse. This flag reverses the values scale. This mode is used by default when displaying the "Factor of
safety" result in the static analysis. This is convenient for displaying critical values that are close to 1, in
Red.

Show Marks. When this flag is enabled, the marks with numerical values will be displayed on the color
scale in the results window.

Number of Marks. Sets the number of displayed marks.
Display Zero Mark. Serves to enable the display of the zero value mark on the color scale.

Always Show Maximum Value. When this flag is enabled, the maximum value string is displayed in the
calculation results window.

Always Show Minimum Value. When this flag is enabled, the minimum value string is displayed in the
calculation results window.
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Study_0 [Strength] . .
Factor of safety by equivalent stress Coloring Properties
Stress limit: 220.6 MPa

N Range
Displacement scale: 81.94 S(ile: 1
Min=1.373 (O Linear (®) Logarithmic
Maximum:
1 =
(_) automatically 2.53405e+007 8.603
Minimum:
8423 — 74.01
() automatically 1.37262 1]
(®) value: 1
70.85 Absolute value B36.7 4
Colour Spectrum
Scheme:
5976 e Standard ¥ Save 5477
Gradient Reverse Load
Threshold level: 0
5034 e 2 = 4.712E+004 4
Legend
4.24E+004 [+] Cisplay minimum on top 4.054E+005 T
Display marks
Number of Labels: 7
3.487E+00G
3.572E+005 [ pisplay Zero Mark

[ ] Show maximum always

[] show minimum always IE+007

[ |Default Cancel Apply

2.002E+006

2.534E+007

Setting the range of scale values for displaying results

Use of Sensors for Analysis of Results

In the T-FLEX Analysis there is a possibility to probe the results of finite element analysis in a certain
point specified by the user with the help of sensors and visualize the results with the help of plots.

Sensor is designed for extracting results of calculation of a finite element analysis study in a specified by
the user point.

Sensors are also used for extracting control data when solving optimization studies using the results of
the finite element calculations. Sensors can be installed on 3D nodes or vertices of the body. After the
sensor is set up, the various data from it can be read by the Measure command and written to a variable
(for example, to store control data in optimization studies based on data of finite element analysis). Also,
the sensor can serve as a permanent label for displaying the value at a given point in the results window.
This can be useful if it is required to measure the result (for example, the stress) at a point or at number
of points with the given coordinates.

Sensors can be created only for active study of the finite element or dynamic analysis with the help of the
command:

Icon Ribbon

Analysis — Conditions — Sensor
Keyboard Textual Menu
<3MD> Analysis > Sensor
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In the properties window the sensor type is defined as a FEA point since the sensor is used for the study
of the finite element analysis.

For specifying a point, where the sensor will be created, use the automenu option:

<V> Select point

This point can be a vertex on a profile/path, vertex on a body, center of a curve/edge, middle point of an
edge, center of a sphere/torus or a 3D node.

Sensor Parameters
Comman | Visualize
Level: 0} | Layer |Defautt v
Mame: |Sensor_1 Color: || w|@9| 14
[ Set as defaut Cancl

In the properties window other parameters of the sensor can be specified. As all T-FLEX objects, the
sensor has general properties (name, color, layer, etc). In addition, visualization parameters and the
name can be defined for the sensor. By default, the sensors are given the name Sensor_n, where n is a
sequence number.

The size of sensor visualization sphere in the 3D scene window is set on the 3D > View tab in the dialog,
which can be invoked with the ST: Set Document Parameters command.

4 Size
30 Nodes 4
LCS 30 =3
Arrows 2

In the «Size» parameters group it is required to select the size of Coordinate systems. To enforce these
changes it may be required to regenerate the 3D model with the help of the % «Full 3D Model
Regeneration» command, <Shift-F7>.

After creation of the sensor it will be displayed in the study’s tree in the «Sensors» folder:
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Studies
E 2 G

Mame

Fi %Stud}r_ﬂ [Strength]

B
B

F

b Mesh_1

Restraints [1]
Loads [1]
Sensors [1]

= Sensor_1 [FEA-Point]

To do that, first, the user has to
solve the finite element analysis
study (even if the study has already

been solved), and then from the

context menu, invoked on selecting
«Sensor» with a right mouse button
in the window «Studies», call the

command Measure.

Measure dialogue:

e From the appeared properties dialog, in the Table
«Property», the user can select the desired type of

result and view its value.

e Clarification for the keywords located in the first

[ Restraints [1]

=

Loads [1]

Sensors [1]

e

¥ Sensor_1 [FEA-Pgi

column of the table is given in the field «Definition» | Al

below the table.

e Selected value can be saved with the help of the
option «Variable». To do that, select the option
«Create» in the group «Variable», specify the name of
the variable and press the button [Apply].

b £ Study Elements [4] | ox  Edit
4 Results [1] ﬁ' Delete
% Displacement, n (:D Information...
EEI Measure... %
Measure b x
5 X
Measure I
Element:
Sensor_1
Filter:
w
Property Value U... Description -
CONTACT ... 1 Contact Gap
CONTACT ... 1 Contact Force
DISPLACEM... 0.0000291... Displacement, magnit...
DISPLACEM.., -0.0000000,.. Displacement QX
DISPLACEM... 0.0000000... Displacement OY
DISPLACEM... -0.0000291... Displacement OZ
FOS5_EQUIV... 15.864433... Factor of safety by e... v
Definition:
Contact Gap
Value: |1
Expression:
get{Sensor_1","CONTACT_GAP")
Variable
Mame Expression Value |Comment ?v}
~0
Mo Variables o’
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Using Graphs for Analyzing Results

Graphs are used for visualization of the data that is measured from several sensors in the form of curves
and for creation of relationships. For example, it is possible to measure the temperature at various
distances from the cylinder’s center by creating several sensors located on the same radius-vector and
plot the temperature as a function of radius or construct the plot showing how the stress changes in the
given cross-section.

To create a graph, it is required to have several sensors and, based on these sensors, create a graph
template, i.e, register the sensors in the given template. At the same time, it is important to note the
order in which the sensors are located and, if necessary, position the sensors in the order of increasing
distance to provide for monotonicity of the curve (exclude self-intersections).

Graph template is created with the command:

Icon Ribbon

Analysis — Conditions — Graph Template
Keyboard Textual Menu
<3GT> Analysis > Graph Template

After the graph template has been created it will be displayed in q %d;zﬁgwmm

the studies tree in the «Graph Template» folder, and the number =9 Graph Template - 1
appearing right after the colon is equal to the number of graph + Template Graph_0

templates created for the given study. -3 Sensors : 3

' T Sensar_1
Inside the study there can be several graph templates, for - Sensor 2

example, one template, created for a series of sensors located - Sensar 2
along the vertical axis of a cross-section, another template —
along the horizontal axis.

To create a graph based on a graph template, it is required to open one of the results with 2 3, invoke
the context menu B3 (with the right mouse button) for a specific result in the study’s tree and select the
«Graph» option.
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a2 6 -0
Mame
4 5 Study_0 [Strength]

I
4

Study 0 [Strength]
Displacement, magnitude, m
Displacement scale: 81.89

I giuMesh_0 P 0.0001417
2 Graph Termplate [1]

3 Restraints [4]

= Loads [1] 0.000124
- Sensors [1]

[ Sensor_1 [FEA-Point]

b [ Study Elements [2] 0.0001063
4 Results [4]
& Displacement, magnitude
) Equivalent Strain Graph [b E-005
[B] Equivalent Stress Open
[5] Factor of safety by equivaler Remave from tree .
’ squeneies] Open result in new window
b -
Go to elements
Open in new window E-005
Hide element
View » [E-005

After that the graph for the given type of the results will be created. In the «Method» field the user can
select one of the graph construction methods: by several sensors or by one sensor:

e The graph construction method by several sensors is used when a single result of certain
type was specified (displacement, stress) and for this result there is a series of
measurements from the sensors located at different points — a spatial dependence of the
quantity is constructed.

e The graph construction method by one sensor is used when a multiple result was specified
(for example, a series of temperature values at a point at different moments of time in the
heat transfer analysis of non-stationary processes or a series of vibrational acceleration
values at a point for different forcing frequencies) — dependence of the quantity on time or
frequency is constructed.

The graph template, with a corresponding set of sensors related to the template, can be selected from
the graph view window in the «Sensors configuration» field, in which the graph templates created in the
given study are listed.
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v X|ld =

P | By (el o el
el ot T A [T YRS

Variables | Values |

Method

|E11|I ane Sensor W |

Sensors Configuration

Template Graph_0

Results
+| 20000 Hz - Displacement. magnitude

Sensors

Sensor_1
Sensor_2
Sensor_3

NN N AN I AN N AN R AN AR AN AR AN
3 4 S B 7 8l 2

X = 198276, Y = 5.51295

In the «Sensors» field the list of sensors related to the given graph template is shown.

In the «Results» field, the multiple results of non-stationary heat transfer analysis or forced vibrations
analysis are listed. For a single result, the name of the result is shown.

In the «Values» field the coordinates of points of the graph are shown — this data is linked to the values
from the sensors and cannot be edited but can be copied to the clipboard with the subsequent insertion
into another graph or electronic table. It should be noted that graphs in the studies of finite element
analysis, including dynamic analysis, are the T-FLEX CAD objects of the type «Graph», which are created
with the help of the command:

Icon Ribbon
Parameters — Tools — Graphs
Keyboard Textual Menu
<PL> Parameters > Edit graph function
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Therefore, all operations can be applied to them as to ordinary graphs, for example, the graph() function
can be used for reading intermediate values (interpolation). For more accurate interpolation it is
convenient to select the graph type «smooth curve» or copy the points together with the coordinates to
the new graph of the type «smooth curve». More detailed information on this can be found in T-FLEX
CAD Reference Guide, the «Service 3D Tools and Entities» section.

Standard sequence of actions when creating a sensor:

1. Initialize the command «Create sensor».

2. Select 3D nodes, vertices for specifying sensor location.

3. If necessary, specify the sensor name and other general parameters.
4. Complete the command.

Standard sequence of actions when creating a graph template:

1. Initialize the command «Create graph template».
2. Select all or only the required sensors, if necessary correct their order while observing their
location in the 3D scene window.

3. If necessary, specify the graph template name and other general parameters.
4. Complete the command.

Standard sequence of actions when creating a graph:
1. In the study’s tree select a single or multiple result in the «Results» folder and invoke the
context menu for it (right mouse button).
2. In the context menu select the «Graph» option.
3. In the graph edit window that appears select the graph construction method in the
«Method» field and graph template in the «Sensors configurations» field.

4. Complete the command with the v button.

Resultant value

This command allows us to sum up the values of reaction forces at the nodes of finite element mesh on
the selected faces, edges or vertices of the finite element model. This command is available for the
results: «Reaction Force, magnitude», «Reaction Force OX», «Reaction Force OY», «Reaction Force OZ»
and can be invoked from the context menu for the result in the study’s tree. After this command is
invoked, the 3D scene window appears in which we can select the model’s faces, edges, and vertices for
which the resultant reaction force needs to be found. The command is used in the static analysis studies.
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Display of the specified results in the study's tree can be
enabled from the study’'s parameters window that is

invoked with the automenu option .

| General | Solve | Nonlinear | Thermoelasticity | Restlts |Info |

[ 5ave solving results in file

The «Setup» button in the study's parameters window Result List
can be used to invoke the results settings dialog in Use this command to set up items, displayed in the studies tree
which the desired results must be checked. o —————
, magnitude
Factor of safety by equivalent stress

Equivalent Strain
Equivalent Stress

= Al Results ~
&[] Loads
Displacement
=

Reaction Force OX

Reaction Force OY

Reaction Force OF

Reaction Force, magnitude

After the «Measurer» command from the result’'s context menu is invoked (click with a right mouse
button B on the result) it is required to select elements of the model for application of the load.
4 [ Results [3]
@ Displacement, magnitude
(5] Equivalent Strain
[ Equivalent Stress
@ Factor of safety by equivalent stress

& Reaction Force OX
Measurer I;} |
With the help of automenu, select faces, edges or vertices of the model being analyzed:

<E> Select Element to Measure
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The selected elements will be added to the list.
The user can select the units of measurement for
reaction force — N, pounds, or kg.

It should be noted that in most cases the given
command is used for measuring reaction forces at the
rigid support.

Measurer Parameters ax
i X

% Measurer

Result Name:

Reaction Force, magnitude v

Units:

M

Resuilts:

r =-1,18162e-003 A
rY = -7.02858e-009

rZ =0.969982

Sum = 0.969932

===Total === v

Standard sequence of actions when measuring a resultant reaction force value:

6. Enable display of the «Reaction Force» results in the study’s tree.

7. Select faces, edges, vertices.
8.  Specify units of measurement.
9. Complete the command.

CONSTRUCTION OF SECTION VIEWS

The T-FLEX Analysis allows the user to construct sections of finite element mesh by a given user-defined

plane.

The section of the finite element mesh can be constructed only when the finite element analysis study is

solved successfully.

To construct a section, the user has to select the command Clipping Plane > Activate from the context
menu that can be invoked by pressing the right mouse button in the calculation results window.
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Study 0 [Strength]
Displacement, magnitude, m
Displacement scale: 426.26
I 2.933E-005
L 2 566E-005 Render 4
Projection J
Rotate 4
+2.2E-008
Clip plane [\,\} b Active
% Camera J E’ Set
L 1.833E-005 Labels b || % Draw
E‘ Strain State window
| 1 46BE-005 L Coloring Properties...
Properties...
- 1.1E-0048
L 7.332E-006
3 BEEE-006
a

Then, the section plane has to be placed at a required position.

To rotate the plane with respect to axes of the local coordinate system (LCS), control objects: <=, <=,
<> are used. The control objects: —, —, —— are used for translation along the axes of the LCS.
Color of each control object matches the color of the axes of LCS plane. Initially, the axes of the local
coordinate system are aligned with the axes of the global coordinate system.
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Study_0 [Strength]
Displacement, magnitude, m
Displacement scale: 426.26
2.933E-005 Render N
Projection »
2.566E-005 Rotate ’
Clip plane I}’ @ Active
% Camera » ‘ et
2.2E-005
Labels L4 Draw
FZl  Strain State window
1.833E-005 B Coloring Properties...
Properties...
1.466E-005
1.1E-005
7.332E-006
3.66GE-006
i

After fixing the position of the section plane, the user has to invoke the context menu, by pressing the
right mouse button in the calculation results window, and select the command Clipping Plane > Draw.
The section plane will be created.

=E-Lh-P-=H-&-a-2-- T-FLEX Parametric CAD x64 - C\Program Files (x86)\T-FLEX Tutorial 15\cae\tutorials_analysis\tutor_1_e
30 Model Draw Assembly Title Block Bill of Materials Parameters Measure Analysis Edit Tools View | Analysis results |

EEE RER > 5 ) fa

Options  Coloring Result Deformed Load Time Mesh | Boundary |Sensors| Contours of All model |Colering | Deformed | Animation | Extremums Delete Record Create
Parameters Parameters State Scale Process all bodies  bodies animation Report

Parameters Windows Visualize Labels Output
Studies § x| &)C\Program Files (x86N\T-FLE.. X
) - P =-|||| study_o [Strength

y_! g
Name Displacement, magnitude, m
- Displacement scale: 426.26

4 YaStudy 0 [Strength]

I et Mesh_1 o 2.933E-005

I» [ Restraints [2]

I F5 Loads [1]

b [ Study Elements [1] 2.506E-005

4 [ Results [4]

B Displacement, magnitude

|5 Equivalent Strain 2.2E-005
% Equivalent Stress

Factor of safety by equivalent stress
@ sy byes 1.833E-005

1. 466E-005

1.1E-008

The capability of constructing a section of the finite element mesh is very important in case when the
user needs to know the solution inside the structure.
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GENERATING REPORTS

The user can create electronic documents containing basic information about a calculated study, which
are independent of T-FLEX Analysis. Reports are generated in the html format, so that viewing them is
possible in any browser, for example, MS Internet Explorer or MS Word. To create a report of the active
study, use the command Analysis > Report....

The report settings dialog can also be accessed from the context menu by right clicking £ on the name
of the selected study, via the command «Report...».

A report contains basic information about the model, Report EX]
materials, and the computational finite element mesh, as General
well as colored result diagrams, which are displayed in the Tite: Erudy. 0

. . . . Author:
studies tree or opened in the calculation results view o

windows at the moment.

Company:

Let's review the main controls of the report generation Do o D s
dia|Og. Diagram List

Results D 30
General group contains information on the name of the [¥] Displacement, magritud Y Yes
study, for which the report is being generated (Title), e e - Tve
information about the report creator (Author - by default, B Fack of by by ol stress fes s

the information is accessed from the document properties),

. . . . Select all 2D Images Select all 30 VRML Models
and company information, which is also accessed from the

Don't create VRML file when limit is exceeded

document properties by default. 50000 Maximum allowable number of elements
Diagram list» control lets the user check-mark the result Ot o e
types, whose graphical images will be added to the e —

generated report. [ Display report Cancel

Button [Customize report sections] above the «Diagram list» group allows to choose sections for
adding into report. Button [Customize image parameters] is provided under the list of diagrams. You can
use it for calling the dialog for defining diagram display parameters. Here you can specify the picture size
in pixels, and the background color. You can also enable creation of preview and set up its image. In this
way, the main report document would include reduced-size images of result diagrams, with the full-size
images being accessible by clicking & on the small image, when viewing the report file, for example, in
the Internet Explorer.
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The flag Don’t create VRML file when limit is exceeded cancels the Diagram parameters
creation of VRLM for models containing more than 50000 finite Image

elements (default). You can use check boxes in the result table to width: | ] 5
enable/disable the creation of 2D image and 3D model results in height: | 600 :

VRML format with coloring and boundary conditions. badgroundcer: |

In the report, next to the picture, there will be available the link to [ Jmakepreview

the vrml model of the corresponding result. Note that

[
Ar[|4r

for viewing vrml-model via the Internet Explorer, it is necessary to use independent plugin, displaying
vrml-model (for example, Cortona Vrml Client, http://www.cortona3d.com or another analog).

Use image from opened results allows adding to the report the currently opened diagrams in their
current orientation, the way they appear in the calculation results window. If there are no open result
windows, or the control is not active, then the diagrams are added to the report in the default orientation
(«axonometric front»).

List of Tags for Generating Reports

Table 1
Tag Tag value
$(TaskName) Study title
$(TaskComment) Comments to the study defined in the study properties dialog
$(TaskType) Study type
$(TaskAuthor) Author
$(TaskCompany) Organization
$(Date) Date and time of generating the report
$(File) The name and path to the model file
$(SolidName) The name of the operation, for which the study was created
$(MaterialNumber) Material ID number
$(MaterialElasticity) Elasticity (Young's) Modulus
$(MaterialPuasson) Poisson's Ratio
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$(MaterialDensity) Density

$(MaterialThermalCond) Thermal Conductivity

$(MaterialExpansion) Thermal Expansion Modulus

$(MaterialStress) Allowable Stress

$(MaterialSpecificHeat) Specific Heat

$(MeshName) Mesh ID

$(MeshType) Element type

$(MeshNodesNum) Number of nodes

$(MeshElementsNum) Number of elements

$(ConditionName) Name (ID) of the boundary condition
$(ConditionParent) The model element, for which the boundary condition was created
$(ConditionParameters) The boundary condition value (load, temperature, etc.)
$(HTML_TR.Result) Results

$(ResultName) Name of the result

/../../$(ResultBitmap) Link to the result image

EXAMPLE OF INTERPRETING A RESULT

In this paragraph, we will provide an example of detailed result interpretation for a specific structural
study, and then take all necessary measures to fix the model's flaws.

The original model is a bracket part, whose drawing is shown below. The bracket is loaded with the force
of 3500 kilograms, evenly distributed over the horizontal plate. The model material is steel. There are
three restraints: a full restraint for the vertical plate and two partial restraints for each of the three holes
of the vertical plate. One partial restraint is in the bolt head zone and it restraints displacements along Z
and X axis. The second partial restraint is in the hole and restraints displacements along the Y axis.

The main criterion for assessing the structural strength is the Factor of safety (FS), as we mentioned
earlier. The minimum FS value for this part should be no less than 1.5. After getting first results, one can
see the general picture of the factor distribution, shown on the color diagram at the right.
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Study_1 [Strength]
Factor of safety by equivalent stress
Stress limit: 220 MPa

Displacement scale: 41.49

Min= 09728
1

24629

B.398

16.18

40.94

1035

261.9

In this case, we are interested in the zones, in which the FS approaches critical values. We can scan the
model using the mouse and pointing it at the places of interest, getting the result in the pop-up tooltip.
However, for better visual representation of such zones, let's set up the color scheme as shown in the

next figure.
Coloring Properties
Range
Scale:
() Linear (®) Logarithmic
Maximurm:
() automatically 1675.87
(@) value: 3
Minimurm
() automatically 0.972797
(@) value: 1.5

Absolute value

Colour Spectrum
Scheme: — v e
Gradient Reverse Load
Threshold lewvel: 0

Lewel 2: 0

Legend
Display minimum on top
Display marks
Mumber of Labels: 7
[ bisplay Zero Mark
[[] Show maximum always
[ show minimum always

st

Cancel

1.636

1.784

1.945

211

213

2523

27681

Apply

Study_1 [Strength]

Factor of safety by equivalent stress
Stress limit: 220 MPa

Displacement scale: 41.49

Min=109728
14

1.636

1.784

1.945

2121

2313

2523

2741

— 3
Max= 1676
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We specify the range of values of interest from 1.5 to 3. For convenience, we will correct color
assignments. Anything greater than 3 will be displayed White — we are not interested in those zones for
the time being. The critical zones with the value below 1.5 will be Red. The rest of the values in the range
will be assigned a color according to the color scale settings.

In this way of displaying the result, one can instantly notice the places of the model that require
fortification. We also see from the scale, that the minimum FS value is 0.97, which is not admissible.

We then proceed with fixing model flaws. First of all, let's strengthen the pillars by increasing the
thickness and other dimensions, and fillets to the corners of the vertical and horizontal plates connection.
The new bracket drawing is shown below.

, M Study_1 [Strength]
o 20 , Factor of safety by equivalent stress
=1 [ " | Stress limit: 220 MPa
| | Displacement scale: 2.42
Min = 101545
R6 I 15
a 1636
3
1784
10 1945
{2121
@ it 2313
fffffffffff 1717
___________ N
| 2513
I
——————————— Bl
——————————— 4 2751
[
}:
=3
LI M = B.307E+005

After updating the mesh and running calculations the second time, we can see that the factor of safety
no longer reaches critical values in the «problematic» zones.

Also, when analyzing the general picture of a factor of safety distribution, one can discover zones of
excessive strength. This zones reduction allows saving material. Thus, it is possible to reduce the
thickness of the elements with excessive strength and carry out test calculations to achieve an optimal
result.
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To draw the final conclusion about the strength of the mounting, we must run the buckling analysis of
the part. Such an analysis indicates that the critical safety factor for the mode 1 and this type of loading
is 13.8, which means a sufficient margin of structural strength against buckling.

Study_1_0 [Buckling]
Relative Displacement, magnitude
Buckling Mode 1 - Load Factor: 13.8
Displacement scale: 14.68

I 0.0005449

0.0004768
0.0004087
0.0003406
0.0002724

0.0002043

0.0001362

6.811E-008

719E-021
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STATIC STRENGTH

The main goal of the static strength analysis of structures is evaluation of a stress state of a structure
subjected to constant in time (static) forces. This evaluation of the stress state is usually performed with
the purpose of probing the adopted design features against the strength criterion. The strength criterion
is generally formulated as follows:

The stress O developing in a structure under applied external forces must be less than the safe stress
[‘7] for the given structural material after applying the strain margin of safety factor Ksafe.

oK. <[o]

safe

The static analysis module of the T-FLEX Analysis Finite Element modeling system serves for calculating a
static stress state of three-dimensional structures in T-FLEX CAD environment. The static analysis module
works directly with three-dimensional T-FLEX CAD models and does not require additional constructions
for solving a particular three-dimensional model.

The main results of a static [ERRR= RE=1 = RF="N Bs T-FLEX Parametric CAD x64 - CAExamples\Model\Statics.grb @10 - - O
| . 3DModel  Draw  Assembly  TitleBlock  Bill of Materisls  Parameters  Measure  Analysis  Edit  Tools | View | Analysis results s@-&-PO
solution are; 1 @ Hzom @ by page sze < [0 2 O SB®E & hctive FNewManWindow 5 D
. z\i °f Zeom Out &) Zoom Limits @ . - ? f‘z [E =] . “ 6 set Lj [E] Move Te Main Window~ [17 3
1 H TOPEMES | Z90M (@) Selected elements (B Actual Sze | seey, Leopocve Stereo Select Lo @ @ e, B Dew | Windew T Tool Windows = = ] [z
e structure's dlSpIacem ents - i e S | ™
f|e| d at the C alCUl ation Studies BX1@1 C\Examples\Model\Staticsgrb: Study 0 = B |3 | @1  C\Examples\ModelStaticsgrb: Study 0 | = || @ [ = |
. . Rl E Study_0 [Strength] @, || stuay o [strengtn)
N Displacement, magnitude, m Equivalent Stress, MPa
pOI ntS Of the flnlte ‘;;EStudy_D[S(vength] Dlsplacement scale: 10.84 Dlsplacement scale: 10.84
. b aMesh 0 = 0.002865 1902
element mesh; [t —— 1783
13 Loads [1] 195465
. . . 13 Sensors [2]
e relative strain field; b Sty Bemens 2 i
4 P Results [4]
. B Displacement, .. nonaes
e stress components field; B el .
[ Equivalent Str...
. H [ Factor of safet...
e strain energy,;
e node response; . — —
@1 C\Examples\Model\Statics.grb: Study_0 [=e@=]|e * C\Examples\Model\Statics.grb:1 [==]=]

e the field of the strain Fartr o ety s ‘
safety factor distribution

— % = Min=2218
LD BB

over the volume of the [ e = U

structure.

. . \ X
This data is normally enough @ -1~
for predicting the structure

Variables| | Diagnostics/
A 9 >
>

behavior and making
decisions  for  optimizing
geometrical shape of a part
with the goal of insuring the
main strength criteria of parts.
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Details of Static Analysis Steps

STATIC ANALYSIS ALGORITM

-
THREE-DIMENTIONAL

. . . . MODEL OF PART
Static Analysis of a model is performed in
several stages. Listed are the elements CREATIN:G STUDY

required for conducting an analysis. To run *Bnalysis|New Study” cammand
a static analysis, complete the following

steps: GENERATING MESH
Step 1. Creating three-dimensional “AnalysisiMesh” comrmand
solid model of a part. Before = ==
starting working in T-FLEX Analysis ﬁ\SSIGNING STUDYMATERIAq ﬁqssmwms MODEL MATERlAQ
l "Analysis|Material.." command | ‘”OPERATION”IF'erEr‘tieslMaterial ‘
system, the user shall prepare a
three-dimensional solid model to be e,

evaluated. A solid model can be built
in T-FLEX CAD environment or
imported from other systems. Static
analysis can be performed over one
or multiple operations-bodies.

Step 2. Creating “Study”. A "Study” is
created by the command:

( DEFINING LOADS j
L"Analvsis\Load . command |

!

( DEFINING RESTRAlNTS‘j

| "Anakysis|Restraint. . " command

!

SOLVING |

"Analysis|Soke" command |

g

ANALYSING RESULTS \
SSTUDYY |Results .. J

"Analysis|Repart... "
and other commands

— T

Icon Ribbon

Analysis — Analysis = New Study — FEA Study
Keyboard Textual Menu
<3MN> Analysis > New Study > FEA Study

To perform a static analysis, when creating a study, the user specifies its type - "Static strength" in the
command's properties window. If there are multiple bodies in the scene, then you need to select
one or several contacting bodies, for which a new study will be created.

Step 3. Defining material. One of the required elements of any solution is the study's material.

Detailed description of material defining methods for calculations is provided in the respective
section of the preprocessor description.
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Step 4. Creating mesh. To perform Finite Element modeling, you need to construct a finite element
mesh. By default, the mesh construction command initiates automatically when creating a study.
The user can also create a mesh using the T-FLEX Analysis command "Analysis|Mesh". When
creating a mesh, the user defines various parameters of discretizing a solid-state model. The finite
element mesh can significantly influence the quality of the obtained solution in the cases of
complex spatial configuration of parts. The finite element mesh generation parameters are
reviewed in detail in the respective section of T-FLEX Analysis preprocessor description.

Step 5. Applying boundary conditions. In static analysis, boundary conditions are represented by
restraining methods and external loads applied to the system. The boundary conditions creating
stage is very important and requires good understanding by the engineer of the essence of the
study being solved. Therefore, think over the physical aspects of the study thoroughly before
applying boundary conditions.

Defining restraints is a necessary condition for running a correct static analysis. The combined limitation
on the body movement must satisfy the following condition:

To be suited for a static analysis, a model should have restraints preventing free movement in the
space as a solid body. Failing to meet this condition will cause incorrect results of Finite Element
analysis or abortion of computations.
Two commands are provided in T-FLEX Analysis for defining restraints: "Full Restraint" and "Partial
Restraint”. The "Full Restraint® command sets a fully fixed (immovable) state for the selected model
element. The "Partial Restraint” command allows selectively limiting model element motion along the
axes of the chosen coordinate system.

The "Partial Restraint” command also provides another useful functionality. The user can specify known
displacements for the structure, such as a known in advance strain in the structure. For this, specify the
value of fixed displacement of a model element along some of the coordinate axes in the “Partial
Restraint” command's properties window. Static Analysis will be performed with this condition accounted
for. Note that a static solution is possible in this case without applying additional (force) loads. In this
way, one can evaluate the stress developing in a strained structure when the quantitative values of the
strain (displacements) are known.
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Partial Restraint Parameters

Restraint Parameters . .
Comman Partial restraint +

A‘ﬂyﬁ‘!}‘ﬂg‘ known displacements

[x milimeters ‘kv""w%‘
: Full restraint A I
: . L
¥ millimeters
-5 =
Coordinate System:
¥ [z milimeters
Orthogonal W =
LCs: | | Rotation X radians
Units: :
Linear: millimeters W Rotation ¥ radians I A
Angular: radians z
Rotation Z radians
Visual Scale: | 1 o =
] Set as it Cancel

Example of using known displacements
A number of specialized commands is provided in T-FLEX Analysis to define loads; those allow defining
main types of loads ("Force", "Pressure”, "Centrifugal Force", "Acceleration”, "Bearing Force",
"Moment"). Detailed description of all types of loads is provided in the preprocessor description.

Note yet another functional capability of a static solution in T-FLEX Analysis. The user can define a
structure's stress state analysis not only under various forces, but also under thermal loads - the
“Thermoelasticity” Study. As known, structural materials develop linear strain under the thermal impact -
expand under heating and shrink under cooling. Changes in a body's dimensions cause strain and a
stressed state. T-FLEX Analysis accounts for changing temperatures. To define temperatures when
accounting for transient temperature fields, use the command:

Icon Ribbon

Analysis — Conditions — Temperature — Temperature
Keyboard Textual Menu
<3TT> Analysis > Thermal Load > Temperature

At the same time, you need to enable the “Consider Thermoeffects” option on the [Thermoelasticity]
tab of the static study parameters dialog in order to account for thermal loads in the static solution. You
will also need to define the temperature of "zero" strain, which corresponds to the no-stress state of the
model, and to define the working temperature field (details are in the section "Settings of Linear Statics
Processor").
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Step 6. Running calculations. Once a finite element mesh is built for the model and boundary conditions
are applied (restraints and loads), you can start the process or creating and solving linear algebraic
equations of the static analysis. Use the following command to start solving the active study:

Icon Ribbon
Analysis — Solve — Solve
Keyboard Textual Menu

<3MY> Analysis > Solve

The selected study's calculation can be started from the context menu by clicking & on the name of the
selected study in the studies tree.

By default, the "Study parameters” dialog of the static analysis opens automatically before calculations. In
this dialog, the user can define the desired options and settings of the solution, as well as specify the
types of solution data displayable in the studies tree. Detailed description of study settings purpose is
further available in the section “Settings of Linear Statics Processor”. Most of the settings are selected by
the processor automatically depending on the number of dimensions in the study being solved and
imposed boundary conditions.

Solving - Linear Static ﬂ

“Study_0"

Clicking the [OK] button in the study parameters dialog = study:

launches the process of building and solving systems of
linear algebraic equations. The stages of solving
equations and additional reference information are
displayed in a special information pane. Clicking the
[Close] button in the information pane terminates
calculations.

The “Close this dialog box on solving completion” flag
will force automatic closing of the solution steps
monitoring window after finishing solving equations.

The flag «Save Document on solving completion» will
force automatic saving of calculation results and all
changed data in the active document.

The following reference data is in the

information window:

output

Nodes - the number of nodes in the computational
finite element mesh.

Caloulation

Calculation complete

Daone: 100%% Elapsed time:  0:03:51
Done: 97 %

Memory Usage

Allocated: OMB Maximum: OMB Free: 2464MB

Messages:

¢ Mesh contains elements with nonoptimal geometry (2)
« Modes: 1709

* Elements: 754

< Arguments: 5010

+ Calculation Type: direct

+ Calculation complete

[] save Document on solving completion

[ close this dizlog box on salving completion

Close

Elements - the number of tetrahedras in the finite element mesh.

Arguments - the number of equations of linear statics.

144



Static Strength

Calculation Type - the algorithm used for solving equations. Types of possible algorithms and their use
are described in the section “Settings of Linear Statics Processor”.

Solution Found - tells that system of equations was successfully calculated. There is also auxiliary
information in the brackets: iter — number of executed iteration (if iterative method was used), tol —
miscalculation of result after calculation.

The calculation steps are also visually displayed as a dynamically updating scale. The Memory usage
group shows the current state of memory and it shows if the computer being used is suitable for solving
large studies. The «Allocated» field shows how much RAM is occupied at the current moment (including
swap memory). The «Maximum » field — a pick value reached during the solution time. The «Free» field is
a size of free physical random access memory. If this value decreases to zero, the swap memory is used.
Moreover, the time elapsed from the start of calculation and the percentage of solution at the current
iteration are displayed. After finishing calculations, the user must close the auxiliary window (unless the
auto close option is enabled).

Step 7. Analysis of static solution results. After completing calculations, a new "Results" folder appears in
the studies tree. By default, this one displays the results defined on the "Results” tab of the "Study
parameters” dialog. Overall, the user can access 38 solutions in the result of the static analysis, sorted out
into 6 groups.

"Displacements” group. Includes the following results:

A, Component of displacement vector for a node of the finite element mesh along the OX-axis
of the global coordinate system;

A, Component of displacement vector for a node of the finite element mesh along the OY-axis
" of the global coordinate system;

A, . Component of displacement vector for a node of the finite element mesh along the OY-axis
of the global coordinate system.

Displacements, absolute value — the absolute value of the nodal displacements of the model, defined for
. A= |x2+y?+72 .
each node according to the formula: Y i where XY, 2 - displacement vector components

for thel -th node of the finite element mesh.
Group «Stresses» includes the following results:

Oeq_ relative equivalent stresses evaluated from components of the stress tensor according to the
f 'O'eq = %\/(Gx —Jy)z +(Gy —GZ)Z +(UZ —ax)z +6(2'X2y +T§Z +72 |
ormula: ;
Ox - normal stress in the direction of the OX-axis of the global coordinate system;
Oy . normal stress in the direction of the OY-axis of the global coordinate system;
% - normal stress in the direction of the OZ-axis of the global coordinate system;
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x . shear stress acting in the direction of the OY-axis of the global coordinate system on a plane
with the normal vector parallel to the OX-axis;

xz shear stress acting in the direction of the OZ-axis of the global coordinate system on a plane
with the normal vector parallel to the OX-axis;

yz shear stress acting in the direction of the OZ-axis of the global coordinate system on a plane
with the normal vector parallel to the OY-axis;

0, 0, Os o,20, 20'3).

- principal stresses (
Stress intensity is defined in the following way:

o, = maanl -0, o, —al\)

0, =03

Group «Safety factor by stresses» includes the following results:
Safety factor by equivalent stresses represents the ratio of admissible for a given structural material

stresses [G] to the equivalent stresses:

« o]

Geq

Safety factor by shear stresses is evaluated as:

K _ [O-] _ O-1_0-3

T 22_ ! ¥ max 2

max

Safety factor by normal stresses is evaluated as:
« _[o]
0,
A material's safe stress is defined in the material properties in the standard T-FLEX CAD library or in the

appropriate field of the study's materials library. The yield limit is accepted as the safe stress for plastic
materials.

Group «Deformation» includes the following results:

Eoq relative equivalent strains expressed in terms of components of the strain tensor by the
- formula:

2 \/3(ef+ei+ef)+3(yfy+7;+yfz)

fa T3 2 4
Ex . relative normal strain in the direction of the OX-axis of the global coordinate system
€,  relative normal strain in the direction of the OY-axis of the global coordinate system
g, relative normal strain in the direction of the OZ-axis of the global coordinate system
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Vx _  shear strain in the OXY plane
Y vz shear strain in the OXZ plane
7y shear strain in the OYZ plane

. . >e >
€ € % _ principal strains (%1 = %2 = %),

Strain Energy Density. The result reflects volume distribution of strain energy over the model.
Group «Reactions». The result reflects forces building up in the supporting (fixed) nodes of the finite

element model.

Fe reaction force in the direction of the OX-axis of the global coordinate system
F,  reaction force in the direction of the OY-axis of the global coordinate system
F reaction force in the direction of the OZ-axis of the global coordinate system

7 -

Reaction force (absolute value) — the magnitude of the absolute value of the nodal reaction forces of the

_ F, = |F2+F2+F
model defined fora node as ™ oY where Fu X -component, Fy . Y -component, ks
— Z -component of the reaction force for the ! -th node of the finite element mesh.

“Total Load” group displays the loads applied to a finite-element model as the effective node responses.

This type of data represents reference information.
Temperature. This result shows distribution of temperature field over the volume of the model.
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Algorithm for Static Strength Evaluation Based on Modeling

Once the study calculation is completed successfully, you should analyze obtained results in order to
make conclusions on probabilistic static strength of the structure. In most cases, three types of solution
suffice - displacements, stresses and the strain safety factor. A typical sequence of steps for validating the
results of Finite Element modeling is as follows:

1.

Displacement Analysis. In the studies tree, use the context menu command "Open” or "Open
in new window" to open the "Displacement, magnitude” solution. We can visually estimate
the pattern and the ranges of the stress-strain state of a structure. It is necessary to analyze
displacements in order to verify correctness of applied loads and to assert correctness of the
found solution as a result of solving systems of equations. If the results of displacements
analysis indicate that a solution to the study is found and the pattern of the structure's strain
state matching the expected, then you can proceed to the next step.

Displacement, magnitude, m Eguivalent Stress, N/im*2
1.7999E-005 3.0017E+006

1.3551E-005 2.2605E+006

9.0339E-006 1.5079E+006

4.5169E-006 7.5524E+005

0.0000E+000

L

Stress Analysis. Open the "Equivalent Stress" result. One can visually assess the pattern of the
calculated equivalent stress. The stress gradients are illustrated by color transitions. The color
code scale displayed in the calculation results view window helps reading the approximate
value of the displayed result. If you point the mouse to the area of interest on the model, then
a tooltip will pop up, displaying the value of the evaluated measure, interpolated by the
nearest nodes around the pointer location. The "Equivalent stress" result lets the user make
the following conclusions:

2.6041E+003

.o =

N a2 F0ZSE+005

s

- AV, ‘

The diagram of absolute displacements and equivalent stresses

a) Determine, at what locations and in which elements of the structure the largest stress
develops;

b) By comparing the maxima of the calculated stresses with the allowable stress for the
model material, one can assess the degree of the structural strength.
Safety factor estimate. Open the "Factor of safety by equivalent stress" result. This result
allows estimating the quantitative ratio of the safe stress to the calculated equivalent stresses
specified in the material properties. By default, the result is shown on the logarithmic scale in
order to reduce the range of color gradients. If the ratio of the safe and calculated stresses
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approaches one or becomes less than that, then the strength criterion no longer holds and,
therefore, the design must be altered.

Settings of Linear and Nonlinear Statics Processor

The user-defined study properties are saved together with the document and are inherited upon copying
a study. The main purpose of the study properties is defining options required for the processor, the
result listings to be displayed after completing calculations in the studies tree, as well as keeping the
descriptive attributes of the study, as the name or a comment. The static analysis solution parameters
dialog has five tabs.

The .[Gm.eneral] tab .serves for defining Study 0 [Strength]
descriptive properties of the current
study. General |Solve | Monlinear | Thermoeffects | Results | Info
In the "Name" field, the user can edit the General
study name agsigned the? system default Name: Study 0|
at creation. This name will be further on _ _
Type: Linear Static

displayed in the studies tree, in the results

window and in the report. IUse study properties dialog to change name and for

type
The "Type" control serves for defining the

study type. Note that T-FLEX Analysis
allows changing an existing study type to
another one from the list of study types
available to the user. For example, the
user can create a study of the "Static
strength" type, and then change the type,
for example, to "Stability" or "Frequency
analysis".

Comrment:

The "Comment" edit box lets the user
entering arbitrary text information
pertaining to the current study. This [V] Display this dialog box before salving
information will be used in the future for
generating a report based on the study

solution results. Cancel

The [Solve] tab serves for defining processor properties for solving linear statics equations.
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The control elements in the Solving method group let the user define the methods of solving systems of
algebraic equations of linear statics:
Direct method. The system of equations

is solved by Gauss method via LU
decomposition of the stiffness matrix.
This method is effective for solving
the system of equations constructed
on the basis of the linear finite
elements. In certain cases, the use of
direct method can be also justified for
analysis of the system with the help of
quadratic finite elements. It can be
used instead of iterative method, if
the iterative algorithm does not
converge to the stable solution, or if
the convergence speed is very small
(the number of iterations is several
thousands). This situation can be
observed for «thin» studies (the
model is flat or stretched), and also,
for a large number of finite elements
which are considerably different from
equilateral elements (when the ratio
of the lengths of the finite element
edges are on the order of hundreds or
thousands).

Study_0 [Strength]

General | Solve | Nonlinear | Thermoeffects | Results | Info

Saolving Method

(®) Automatic assignment

() Direct Settings
() Iterative Settings
Relative accuracy: 0.001 -
Maximum iteration: 5000 =

Contact definition Accuracy, % 1

[ ] stabilize System Settings

Finite-Element Method
Element Type: | Quadratic Tetra W

Recommended for stress numerical calculation

Iterated. The systems of equations are solved by iterative methods. This method is used by default
for solving systems of equations, built based on a quadratic finite element. The following two options
can be set for the iterative method: relative tolerance and the maximum number of iterations.

Relative miscalculation - the accuracy of the achieved iterative solution. The smaller is the specified
miscalculation error, the greater number of steps (iterations) will be required.

Maximum number of iterations - the critical number of iterations, after reaching which the iterative
solving of the system of equations terminates, even if the required solution precision was not

achieved.

The user can also manage interaction with external (disk) and random access memory of the computer
system when solving SLAE by a direct or iterative method ([Options]).
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Direct Method

Memory Feguirements

Additional Disk Memary Usage: When necessary

Mewver
Mandatory

Dialog of settings for direct method of solving equations

There are three options for using additional disk memory: automatic, not available, mandatory. The use
of additional disk memory allows you to save the stiffness matrix decomposition. Using additional disk
memory for solving systems of equations is necessary only when the memory requirement for keeping
intermediate matrixes exceeds the computer's RAM. Note also that the running time for studies with a
large number of unknowns using external storage could be significant due to a large number of
operations on sequential data read-write.

High volumes of disk storage may be needed for keeping intermediate matrixes (up to several
Gigabytes). Make sure there is enough disk space before solving large-scale studies using external
storage.

If the user disabled the possibility of using the disk space while solving a high order system of equations,
an abnormal termination of the process may abort calculations in the event of the memory consumption
for keeping the matrix decomposition approaching 2 Gigabyte (for Windows 32-bit).

precision.
Iterative Method
Memory Regquirements
Pre Conditions: Combined W
Additional Disk Memary Usage: When necessary W

Dialog of settings for iterative method of solving equations

In the iterative method settings the user can select "Preconditioner" for the system of equations.
Preconditioner is a certain numerical procedure that allows us to speed up the process of solving the
system of linear equations by an iterative method. In T-FLEX Analysis 4 types of preconditioners are
available:

Combined (by default) — usually provides the fastest solution with minimum number of iterations but
at the same time the expenses of random access memory needed for execution of this iterative
method are the largest.
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Incomplete factorization — memory expenses do not exceed the doubled size of the memory
required for storage of the stiffness matrix, the number of iterations is decreased, but this type of
preconditioner is not as effective as the combined preconditioner.

Diagonal and unitary — provides minimum requirements to the additional random access memory
but requires large number of iterations to obtain the solution, and therefore, is rarely used for solving
studies of practical interest.

Finite-Element Method. By default, all calculations use quadratic approximation for displacements,
regardless of what kind of finite element mesh was constructed for the model. If the user is only
interested in qualitative results, that is, he is only interested in relative distribution of stress fields,
using a rather fine mesh, then one can use the linear element solution, which runs much faster than
the quadratic counterpart. The hybrid element is used for static strength analysis of the models
containing both linear plate-like and 3D volume elements (so called «hybrid» models).

The tetrahedral linear element analysis provides insufficient accuracy of quantitative results.
Maximum displacement and stress results are much smaller via the calculation by linear tetrahedral
finite elements, rather than those achieved by more accurate methods. It is strongly recommended to
use quadratic element calculations for quantitative evaluation (the default mode).

Stabilize system. This mode allows us to carry out analysis of systems which are non-fixed in space but
equilibrated by forces. Usually, if in finite-element calculations we use a model which is not
constrained in space, i.e., has the capability to move in space as a rigid body, the finite element static
analysis becomes impossible (Obviously, the body which is not fixed will "fly" away to infinity under
the action of applied loads). The «Stabilize the system» option allows us to overcome this limitation if
the system is equilibrated in space by forces. The principle of stabilization is the following: on all faces
of the model the elastic elements are applied the stiffness of which is sufficiently small compared to
the stiffness of the model and does not influence considerably the distribution of deformation (and,
hence, the stresses).

Moreover, the elastic elements make impossible
displacement of the model in space as whole, and Stabilization Parameters B
therefore, make the stiffness matrix definite which
allows us to solve the finite-element study. It is to be
noted that in order to avoid the large displacements of

Stabilize non-fixed system

Additional Stiffness: | 1l

the finite element model, the applied system of forces Additional stiffness is applied to al faces of the model for its

. stabilization. If model is not sufficiently stabilized, i.e. maoving and
must be Self-eqUI|Ibrated. |f, however, the |arge rotating as a whole body, additional stiffness must be increased.
displacement of the model as a whole takes place in
space, it is possible to make use of additional partial Cancel
constraints of the face or edge to avoid rotation of the
model.

While doing so, it is important to remember that additional constraints must be selected in such a way
that a certain deformation mode of the body is not provoked under conditions of the given system of
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forces (do not cause additional reaction forces, for example, constrain displacements in those directions
along which the force components are equal to zero or along axes of symmetry).

Analysis of a non-fixed model equilibrated by forces

The [Settings] button, located next to the «Stabilize the system» flag, allows us to select the magnitude
of additional stiffness in N/m, suitable for conditions of the given study.

The Thermoeffects tab allows defining the methods for

calculating thermal loads. Study_T1 [Strength]
Consider Thermoelasticity. Includes the mode of General | Solve | Nonlinear | Thermoeffects | Results | nfo
calculating loads building up in a structure due to the [] Consider Thermoelasticity
linear expansion forces under the condition of heat [¥] Consider dependence of physical properties from temperature
applied to the body. Non-stross State
Consider dependence of physical properties from Temperature of zero deformations:
temperature. When the flag is active dependence of =8 ) |Kehin v
material properties from to the temperature is taken Temperature Fields
into account. (®) Uniform temperature:

298 = | Kelvin w

The properties are set in the parameters for each
material.

() Use preset temperature

Temperature must be given using command
"Temperature” in heatdoads.

Temperature of zero deformations: - the initial body
temperature, at which there is no thermal strain and
there is no stress caused by difference in temperatures.
The user can specify temperature values in one of the
existing scales: K - Kelvins; C - Celsius; F- Fahrenheit.

Define the method of specifying thermal loads in the Cancel
"Temperature fields" group.

Use Thermal Study Results:

Time:

Uniform temperature - the value of a uniform temperature field is specified in the chosen units, which
affects all studied bodies.

Use preset temperature - thermal loads that were defined by the command Analysis > Thermal Load >
Temperature are included in the static analysis.

Use heat-task results - available solution of the thermal analysis study is used for defining the thermal
loading. In the drop-down list select the name of the solved thermal analysis study and (if necessary) the
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time instant, to which the solution pertains. Please note that certain conditions are to be met for using
thermal analysis results as the initial temperature conditions:
1. Identity condition of finite element meshes in static and thermal analyses. The simplest way of
achieving such identity is the use of the "Copy" command available in the context menu. The
sequence of steps can be, for example, as follows:

a) Create a study of the type "Thermal Analysis", generate a mesh, define boundary
conditions, and run;

b) Create a study copy using the "Copy" command;

c) On the tab "General" in the study properties dialog, changed the study type to "Static
Analysis".

As a result, we have two studies of different types, but with identical finite element meshes.

2. The "Calculate using linear element” property on the "Solve" tab of the study parameters
dialog should use the same settings in both studies. For example, if the thermal analysis is
done by linear elements, then the static analysis based on thermal analysis results can also be
run only by linear elements.

The [Results] tab allows defining the result types displayable in the studies tree after finishing
calculations.

Save solving results in file - enables the mode, in which all analysis results are saved in the file together
with the model. This allows analyzing results of an earlier calculated and saved study without the need
for a new calculation. Please note that saving calculation results in a document increases the size of the
document file by approximately 4.5 to 5 Mbyte per a hundred thousand Degrees of Freedom.
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The tab [Nonlinear] allows the user to carry
out static analysis taking into consideration
large displacements.

In practice, there are situations in which
displacements of certain points of the
structure reach significant values under the
action of external loads. These studies are
especially important in aircraft and space
industry, when designing radio-telescopes,
cooling towers and other thin-walled
structures. In these cases the nonlinear effects
should be taken into consideration, since the
assumptions on which the linear analysis is
built are not valid.

The option «Account for stiffness change at
large deflections» should be activated in cases
when at least one of the following
assumptions of the linear analysis is violated:

Study_0 [Strength]

General | Solve | Monlinear | Thermoeffects | Results | Info

Use large displacement formulation
Geometry nonlinearity

Number of load steps:

10 =

]

[JUpdate load direction with deflection

Method: MNewton-Raphson

Convergence tolerance:

Maximum equilibrium iterations:

0.001

Ak (4w

100

1. Resulting deformations are sufficiently small, so the stiffness changes caused by the load can be

ignored;

2. In the process of applying the load, boundary conditions do not change amplitude, direction and

distribution.

For example, the linear analysis of the spiral-like part subject to the load applied at the end edge gives an
error of approximately 30% compared to the nonlinear analysis. This difference in results arises due to
small displacement assumption adopted in linear analysis.
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Task "Linear" Task "Monlinear"
Dizplacement, magnitude, m Displacement, magnitude, m
Displacement scale: 1.00 Load factar, 1.00

Displacement scale: 1.00

1.24638

0.843329
0.9369533

0.z1ineaz
pel
0 S

Linear analysis Nonlinear analysis

Controls in the group «Geometric nonlinearity» allow the user to customize the process of solution of
geometrically nonlinear studies.

For solving such studies, a time stepping nonlinear solver organizes the process of incremental loading
of structure and gives the solution of the linearized system of equations at each step for the current
increment of the load vector, formed for a specific loading.

Number of load steps. This option allows the user to set the number of steps during which the load will
be changing from zero to a specified value. Theoretically, all solutions can be found within one step for
total value of acting load. However, there arises the possibility of non-uniqueness of solution, and,
moreover, the found solution may not have physical meaning. In such cases, it is reasonable to specify
the load incrementally and obtain nonlinear solution for each increment. From the computational point
of view, it is often efficient because the nonlinear effects will be getting smaller at each step. If the
increments of load are sufficiently small in magnitude, each incremental solution can be found within one
step with a high degree of accuracy. By default, the number of steps is set to 10.

Update load direction allows the user to account for change in the load vector, while applying the
loading, according to the deformed geometry of the model.

Solution method. By default, the Newton-Raphson method of solving the system of nonlinear equations
is used. At each step of load application, the system of the linear algebraic equations is being solved until
the relative error between two consecutive solutions does not become smaller than the prescribed
tolerance.

If the number of iterations reaches the value larger than the specified one, the calculations are
terminated.

Optimization Problem

Optimization study (or the study of finding an optimal solution) is designed for automatic search of the
values of variables which satisfy the specified constraints in the most accurate way. In the T-FLEX Analysis
the sought variables can be, for example, parameters of the part's geometry, properties of the material,
from which it is manufactured, (Young's modulus, Poisson’s coefficient, etc) and, also, applied loads. The
distinct feature of the optimization study used in the T-FLEX Analysis is that the search of the optimal
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solution is carried out taking into consideration the calculation results of the finite element analysis
study.

Problem of optimizing beam thickness

This example illustrates the use of optimization for a 3D model taking into account finite element
analysis calculation results. The example represents a solution to the study of beam deflection. The beam
clamped at both sides is subjected to the force 25 N.

It is required to determine an admissible thickness of the beam at which the maximum value of the
deflection in the direction coinciding with the direction of load does not exceed Te-6 m in absolute value.
Length of the beam is equal to 500 mm, width of the beam is 50 mm, thickness of the beam is 20 mm.
The beam is manufactured from steal AIS/ 7020.

Let us first create the study of static analysis, build finite element mesh, specify material, and apply the
load and restraints.

In order to use the finite element analysis calculation results in the optimization study, which we are
going to solve next, let us create a sensor at the middle of the beam edge since the largest
displacements are expected here.

Sensor
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Next, after carrying out the static analysis of the study, let us create a variable with the help of a sensor.
As a variable, we choose «Displacement OZ» and call it «<Displacement_Z».

[#] Measure
Element:
Sensor_1
Filter:
All W
Property Value U.. Description 2
COMTACT _GAP 340262185... 3a30p KOHT...
CONTACT_GAP_FORCE 340262185... KoHTaKTH. ..
DISPLACEMEMT _MA... 0.0000014... MNepemewe, ..
DISPLACEMEMT _X 0 Mepemewe, ..
DISPLACEMEMT _Y -0.000000005 Mepemewe, ..
DISPLACEMENMNT _Z -0.0000014... Mepemewe, .
FOS_EQUIVALENT_5... 2510.9944... K-T 3anaca... w
Definition:
MNepemMelleHla B Hanp. 2
Value: | -0,0000010474
Expression:
get("Sensor_1", "DISPLACEMEMNT _Z%)
|| Variable
Mame Expression Value |Co.. ?\r}
A0
&’
B =R
[m]
Displacement_Z | get("Sensor_1","DI5... |-0.00... ﬁ*
Let us create optimization study. The optimization study can be created with the help of command:
Icon Ribbon
= Parameters — Tools — Optimize
Keyboard Textual Menu
<PO> Parameters > Optimize

This command can be invoked only upon the presence of numeric variables in the document.

After invoking this command, the window «Optimization Task» appears — it contains the list of created
optimization studies. Let us add a new study to this list. After pressing the button [Add] the window
«Optimization Parameters» appears on the screen.
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Optimization Parameters

Goal

Minimize W w| 0 Tolerance: |0
Limitations

Variable Operation Value Add
Variables

Name Minimum Maximum Add
Ruri: User W Algorithm...
[l show current result Caloulate Studies:
Recalculate 30 Model [J5tudy_1

In the text line it is necessary to write down commentary for the current optimization study.

We will formulate the goal of the optimization study in the following way: we will search for the
admissible value of beam thickness when the required deflection in the direction of the Z-axis is equal (in
absolute value) 1e-6 m. Therefore, we select the value «Make Equal», indicate the variable
«Displacement_Z» and enter its objective value equal to -1E-06. We will set the error in the found value
(«Tolerance») equal to 1E-014.

In the group «Variables» let us specify the definition domain of the variable «thickness». We set the
minimum value equal to 1 mm, the maximum value equal to 50 mm.

Since upon changing the beam thickness its deflection along the Z-axis also changes, while solving
optimization study it will be necessary to recalculate 3D model and the static analysis study for each
found value of the thickness. Thus, in the field «Calculate Studies» it is necessary to select the study
whose results are used for searching the optimal value of the variable «thickness», and, also, activate the
option «Recalculate 3D model».
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Optimization Parameters

Goal
Search of the admissible value of beam thickness

Make Equal w | Displaceme | -12-006 | Tolerance: | 1e-014|

Limitations
Variable Operation Value Add
Properties
Variables
Mame Minimum Maximurmn Add
Width 1000000 50.,000000 Properties
Run: User " Algorithm...
Show current result Caloulate Studies:
Recalculate 30 Model []5tudy_1

carcl

Press the button [OK]. The window Optimization Task will appear again. To perform calculation, it is
necessary to select the required study from the list of studies and press the button [Execute].

= Optimization Task
MName Comment
Displacement_7 Search of the admissible value of b...

Add Delete Fam Ooze

As a result of solving optimization study, we obtained the value of the beam thickness equal to 21.09mm,
whereas the deflection along the Z-axis is equal to -9.07355E-007 m.
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Appendix (References)

Properties of Structural Materials

A proper assignment of material properties used in the structure is an important prerequisite for
correctness of finite element analysis. The main properties of structural materials used for strength
analysis in T-FLEX Analysis are:

A material's Elastic Modulus E, [N/m2] - is the ratio of stress with respect to relative strain 0 = Ee
developing in a prism-shape specimen subjected to an axial force in a tensile test. In this case, a
uniform stress state exists in the mid-part of the specimen in the longitudinal direction. The value
of the Elastic Modulus E on the strain graph © = f(e) is numerically equal to the tangent of the

tilt angle of the linear segment: E=1F on the stress graph when testing a specimen. The
physical sense of the E modulus is described as the stress required for doubling the specimen
length. However, the value of elastic elongation seldom reaches even 1% for most of solid bodies.

The stress graph of the tested specimen has several special points corresponding to changes in
physical properties of the material and is used for evaluating the degree of material reliability
under load.

Elasticity limit G, - the stress that is the upper bound in effect of purely elastic strain.

Op

oF 1

AL

The stress (dilation) diagram for plastic materials
(for example, low-carbon steel)

Yield limit o7. Further elongation of the specimen (for example, for low-carbon steels) occurs
practically with no increase in the load. This phenomenon is called "plastic flow", and the
horizontal part of the diagram immediately to the right from the bend point is called the plastic
flow range. In many structural materials the plastic flow range is not so prominently visible, as in
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low-carbon steels. The notion of the conditional yield limit o, is introduced for such materials;

this is the stress corresponding to the residual (plastic) strain equal to s %. Usually, s = 0.2%. The
Yield Limit for plastic materials is selected as the strength criterion - the maximum safe stress [o].
Reaching stresses corresponding to the yield limit causes irreversible plastic strains in the
structure, thus breaking its viability and is thus an inadmissible behavior from the safety

viewpoint.

The ultimate strength o; (rheological resistance) is the stress, upon exceeding which the material
rupture occurs. Upon an increase in the loads, there is a moment, after which more strain builds
up in the specimen without an increase, or even under a reduction in, the load, up to the rupture.

The Poisson's ratio p characterizes transverse strain developing in a stretching specimen. In the

elastic zone, the strain in the transverse direction is

E'=—ue

, where € - the strain in the

longitudinal direction, p— the Poisson's ratio. For isotropic materials, the Poisson's ratio lies in the

range 0<u<0,5

For various steel grades, E = 195-206 GPa, p = 0.23-0.31; for aluminum alloys, E = 69-71 GPa, p = 0.30-

0.33.

Elastic properties of some materials are given in the table (the denominator indicates the respective

compression property).

Material Property
E, GPa o1, MPa og, MPa o % v, %

Steel ST.3 200 240/240 450/- 26 50
Steel 15 200 210/210 350/- 28 55
Steel 45 200 340/340 610/- 24 45
Steel 30HGSA 200 950/950 1200/- 13 -
Cast iron S-Ch-15-32 150 - 150/640 0,6 45
Copper wire 110 250/250 320/- 15 -
Duralumin D16 75 240/240 420/- 18 -
Delta wood (plywood) 20 - 250/160 - -
Textolite 30 75/115 127/168 1,5 -

A material's plasticity properties are the relative elongation and relative contraction at rupture:

5= 'kl;'HOO% W= @100%

0 0

where lo, Fo -the length of the working part of the specimen and the area of the cross-section before
strain; I, - the length of the working part of the specimen after the rupture; Fy - the final area of the cross-
section at the specimen's neck after the rupture.
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The plastic and brittle material states are distinguished by the amount of relative elongation at rupture.

Materials developing sufficiently high values 6(6>10%) 4t the point of rupture are referred to as plastic

materials; those referred as brittle are the materials with relative elongation of 6 <3% . For plastic

materials, upon compressing to nearly the yield condition, the @ = f () graph pattern is the same as in
the case of tension. Under a compression strain, the specimen shortens; meanwhile, its cross-section
dimensions grow. For certain plastic materials, it is impossible to find the stress analogous to the tensile
rheological resistance due to the specimen'’s flattening.

Brittle materials exhibit much better ability to resist compression strain, rather then dilatational strain; for
those, the compression rupture strain exceeds the ultimate tensile strength multifold. Rupture of brittle
materials under compression occurs due to cracking.

Volume Stress-strain State at a Point
The deformed state at a point of a deformable body is described by the symmetrical strain tensor:

g L, 01
X Zyxy 27/2x

1 1
&= E}/yx 8y Eyzy

1,1 :
_27/><z Zyyz z |

ExrEy,E . . . = = = .
where “X"“Y’“Z _the longitudinal relative strain, /X2 = 7zx, Yxy TVyx Ty STy ype angular strain.

You can always specify the three orthogonal directions, so that the sheer angles are all zeros, while

. >0 > . : - .
elongations are 1 = €2 = 3 The strains €L, €2, €3 in the directions, for which sheer angles are absent,
are called principal strains at a point.

Together, the nine stress components (by three per each of the mutually perpendicular facets) make up a
physical entity called, stress tensor at a point. The tensor is represented by a symmetrical matrix:

Ox Txy Txz

Tzx Tzy Oz
!

Oy, 0\, 0 . . T
where X' 7Y'7Z _the compression-tension stress, X2 Y2 _the shear stress.

163



T-FLEX Analysis User Manual

e

The stress state tensor components in an infinitesimal block

The following rule of signs is commonly used for stress tensor components: a component is positive, if it
points in the positive direction of the respective coordinate axis of a facet with the positive external
normal aligned with one of the coordinates.

Both the stress tensor and the strain tensor possess the symmetry property. Pxz = Tax,

Tyy =Tvy Ty =T y .
Xy = UYX Ty UYL The symmetry conditions of the stress tensor are also referred to as paired sheer

stresses condition: the sheer stresses acting on two mutually perpendicular facets in the directions
orthogonal to the edge in the intersection of those facets are equal in magnitude. Due to these
properties, out of nine components of the stress tensor there are six independent ones.

Just like in the case of the strain, the concept of principal stresses is introduced in a stress state,

> 09 > . o . .
01=02=03, corresponding to principal strains, related with the stress tensor components by the

equation:

6°-310% +1p0-03=0

Ox Txy| [Ox Txz

J2= +

J1=GX+O'y+GZ Tyx Oy| |Tzx O3
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01,

A cubic equation solution has three real roots ©2:93  which are commonly ordered as follows:

> 05 > o . o
01=02=03 The principal stresses possess an important property: the normal stresses on the principal

direction-oriented facets are highest among those on any other facets. Also introduced is the concept of
mean stress by the formula

o,=(o,+0o,+0,)/3=(0,+0,+0,)/3

Structure's Static Strength Assessment. Strength Theories

The ultimate safe stress state is when material properties undergo a qualitative change - a transition from
one mechanical state to another one. For plastic materials, the safe strain state is commonly considered
as the condition of developing noticeable residual strain, while for brittle ones - a condition when a
material begins to crack. The ultimate state is not admissible for materials. Therefore, when performing
strength analysis, pursue the so-called admissible state. It corresponds to the load obtained by dividing
the load of the ultimate-strength state by a safety factor. If the safety factors are equal in two stressed
states, than those are called equally fail-safe. To compare various strained states, the simple tension

o . . . O enui
(compression) is accepted as the universal measure, with the principal stress ~ ¢V

Equivalent stress Teaiv _ the stress to be developed in a stretched specimen in order to make its state

equally unsafe as a specified stress state. The strength criterion is written out as T equiv [O-].

Strength theories are hypotheses about criteria describing the conditions of a material reaching the
ultimate strength state.

First strength theory

In the first strength theory, a material's ultimate strength refers to the maximum normal stress. According
to this theory, the unsafe state occurs when one of the principal stresses reaches a safety threshold.
Accordingly, the magnitude of the maximum principal stresses is limited so as not to exceed the

maximum principal stress [‘7]. The strength criterion appears as:

o, S[a]’

equiv

where 7 eav o1 <oy ‘

= |O-1|’ if J1 2 |U3| and G;quiv = |O-3|’ if

Second strength theory

The second strength theory uses the maximum strain as the ultimate strength criterion. According to this
theory, the unsafe state of a material occurs when linear strain reaches a certain safety threshold. For a

maxe| <|[e] le]= ]

plastic material, the strength criterion appears as , Where E If, for example,

1
ma)¢5| =é&;= E[Gl - V(GZ"‘ 63)] then © I

equiv:o-l_v(o-Z—'_o-.?)g[a]

For brittle materials, the strength criterion appears as:
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o] [o.]
gmaxs[gp]:?p |8min|s[‘9c]=?
The first theory yields good agreement with experimental data only for brittle materials. The second one

is practically abandoned nowadays.

Third strength theory
In the third strength theory, the ultimate strength refers to the maximum sheer stress. According to this
theory, the unsafe state occurs when the maximum sheer stress reaches a safety threshold.

01—03 [T]:[U]

o Tmax = .
The strength criterion appears as: 2 where 2 Consequently:

ar
O-equiv =07 — 0y < [O-]

Fourth (energy) strength theory

The fourth strength theory is based on the energy approach, based on the hypothesis that the cause of
an unsafe state is the magnitude of the potential energy density of deformation ud, therefore the
criterion refers to the density of the potential energy of deformation.

We will derive the formula for the potential energy density due to distortion from the formula for the full
potential energy density due to strain, by using the specific Poisson's ratio of u =0.5.

That yields:

1+u
[ud]: 3E (012 +0; +0; ~0,0, _0'20-3_0-10-3)
1+ u
< a]=—7lo]
The strength criterion appears as ud Ua = [ud], where 3E

Consequently:

O_IV

equiv

:\/O'f +ol+ol 0,0, 0,0, 0,0, <|o]

or

ol = (0. ~0,F +(o, ~0,F o~ ) 46 + 75 +73) <[o]

The third and fourth strength theories produce satisfactory agreement of theoretical calculation results
with laboratory test data for plastic materials and are widely used in strength analysis. These theories are
not applicable for brittle materials.
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BUCKLING ANALYSIS

Equilibrium of a statically loaded structure is called stable, if small disturbances cause small deformations.
In certain cases of loading structures, situations are possible that are called buckling — when small
disturbances from the forces applied to the system cause large structural deformations, which exceed
those defined within the framework of the linear theory of elasticity. Loads that cause buckling are called
critical, and the respective states — critical states. Under compressing forces, which even insignificantly
exceed the critical value, additional bending stresses reach quite large values and directly threaten
structural integrity. Therefore, the critical state which immediately precedes rupture, is considered
inadmissible in real-life conditions. The threat of buckling is especially great in compressed zones for
light thin-wall structures, such as slender rods, plates and shells. The buckling phenomenon exhibits
various forms: completely new forms of equilibrium appear; known stable configurations deteriorate, etc.

The buckling analysis module serves for conducting the so-called initial buckling structural study. The
result of the study is a coefficient of the critical load, under which the structure may spring into a new
equilibrium state, and the shape of the new equilibrium state corresponding to that load. In such a case,
a situation is possible, when the critical load, under which buckling occurs, could be much less than the
load, under which the maximum strength of the structure will be exceeded based on the linear static
stressed state of the structure. In other words, the stresses in the structural material may not reach the
ultimate values, but deformations due to buckling may cause structural rupture. Therefore, the buckling
condition can be formulated based on the critical load criterion as follows:

Actual loads applied to a structure, must be less than the estimated critical load, subject to an
asserted safety factor:

F K

Having estimated the value of the critical load, under which the structure may buckle, you can optimize
the part in order to achieve the safe condition. For example, for a slender object, you can increase
resistance to buckling by reducing the length or increasing the thickness of your object, or create
additional ribs for rigidity.

<F

factual ~ "\ safety critical
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Details of Buckling Analysis Steps

Buckling Analysis is performed in several stages. The order of steps for the user to put together a study
and run calculations of the structural buckling analysis is mostly similar to the algorithm described for the
Static Analysis. Therefore, in this chapter we will just mention what is special for the buckling analysis:

1.
2.

Creating Study. When creating a study, specify its type — «Buckling Analysis»

Applying boundary conditions. Just like in the static analysis, the buckling analysis uses
restraints and loads as boundary conditions. All types of restraints and all types of forces can be
used in the buckling analysis. The thermal impact is defined in the same way as in the static
analysis. Defining restraints and forces is a necessary condition for running a correct analysis.
The combined limitation on the model must satisfy the following condition:

To be suited for a buckling analysis, a model should have restraints preventing free movement in
the space as a solid body. Failing to meet this condition will cause incorrect results of Finite
Element analysis or abortion of computations.
Note also that defining loads properly is important for the initial buckling study to be correctly
formulated. In particular, in certain loading cases, the solution to the study may not have
physical sense (for example, in the case of a rod being stretched with a tensile longitudinal
force). Correctly defined boundary conditions are signified by a positive value of the critical

load coefficient, resulting from the study.

Running calculations. Before running
calculations, the user specifies
computational algorithms and the number
of buckling modes to be analyzed, in the
study properties.

is output into the
when  running

The following data
information window
calculations:

Nodes - the number of nodes in the

computational finite element mesh.
Elements - the number of tetrahedra in the
finite element mesh.

Arguments — the number of equations used
in the calculation.

Calculation complete - this message
signifies that the solution process is
completed successfully.

Solving - Buckling n

Study: "Study_0"
Calculation

Calculation complete

Elapsed time:  00:00:01
Discrepancy: 0.000623651

Done: 100%

Iteration: 21
Memory Usage
Allocated: OME

Maximum: 47MB Free: 3266MB

Messages:

+ Modes: 8535 -~
+ Elements: 4391

= Arguments: 25368

 Calculation Type: iterated

« Pre-Processing: Combined

« Calculation Type: iterated

« Static study solving

« Splution Found {jter= 21 tol= 8,44733e-006)

« Buckling study solving

["]save Document on solving completion

[ Close this dialog box on solving completion

Close

168



Buckling Analysis

4. Results. The following are analysis results:

Load Factor — the calculated value of the coefficient, the product of which and the loads
applied to the system makes the factual value of the critical load, which brings the system into
a new equilibrium state. For example, a distributed force of 1000 H is applied over the model.
The Load Factor, as calculated, is equal to 109.18 . That means, that the first mode of an
equilibrium state for the given model has the critical load equal to 109180 H.

Load Factor must be positive. If calculations have resulted in a negative Load Factor, that means,

no buckling can be produced by the loads applied to the structure.
Relative displacements, corresponding to a given critical load. This type of result reflects on a
buckling mode of the structure corresponding to a certain critical load. The buckling modes
displayed in the postprocessor window after completing calculations are relative displacements.
By analyzing those modes, you can make a conclusion about the pattern of displacements in a
buckling condition. By knowing the expected buckling mode under a certain critical load, one
could, for example, introduce an additional restraint or a support in the part of the structure
corresponding to the maximum of buckling in this mode, which would effectively alter
mechanical properties of the product.

As an additional (reference) result, you can also output displacements of the structure under
the applied static loads, whose calculations preceded the evaluation of the critical load factors.

Relative Displacement, magnitude
Buckling Mode 2 - Load Factor: 268.19

I 27919E-004

T 2.0932E-004

Buckling Mode 1 - Load Factor: 53.94

I 3.9806E-004

2.9915E-004

Relative Displacement, magnitude “—l e
LA
- A

1.9903E-004 r 1.3959E-004

1.0013E-004 - 7.0225E-005

I 0.0000E+000 I 0.0000E+000

Buckling modes, corresponding to the first and second critical loads on the part

Algorithm for Buckling Analysis Based on Modeling

Once the study calculation completes successfully, you should analyze solution results in order to make
conclusions on probabilistic buckling of the structure based on results of Finite Element modeling. A
typical sequence of steps for validating the results of Finite Element modeling of initial buckling is as
follows:
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1. Solution evaluation. As was mentioned earlier, the Load Factor must be positive. If the factor

came out negative, that means the loads applied to the structure do not produce system
buckling.

. Load factor evaluation. If the Load Factor is positive and is less than 1, that means system

buckling will occur under the specified loads, and that the design of the structure needs
enhancement. If the Load Factor is positive and is greater than 1, that means there is no
buckling threat for the structure under the specified loading conditions.

. Buckling modes analysis. In the studies tree, use the context menu command "Open" or "Open

in new window" to open the "Buckling mode 01" solution, corresponding to the smallest critical
loading. We can visually estimate the pattern of the strained state of the structure. The buckling
analysis allows making a conclusion about directions and locations of maximum displacements,
corresponding to a critical load. This information can be used for optimizing the product's
design with the purpose of increasing its resistance to buckling.

Buckling Analysis Processor Settings

Upon initializing the «Analysis|Solve» command, the dialog of defining study properties appears by
default, with several tabs to switch between. The user can change the default study properties. To access
a study's properties, one can also double-click 8 a study's name in the studies tree, or in the context
menu right-click B on the name of the selected study in the studies tree. The user-defined study
properties are saved together with the document and are inherited upon copying a study. The main
purpose of this study properties is defining the modes of the Processor's operation, as well as the lists of
results and the number of buckling modes displayable in the studies three after calculations.

On the [General] tab, you can define or modify the descriptive properties of the current study: the name,
and the comment.

On the [Solve] tab, you can define processor properties for solving the equations.
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Study. 0 [Buckling]

General | Solve | Thermoeffects | Results | Info
Solving Method
() Automatic assignment
() Direct Settings
(@) Iterative Settings
Finding State Forms

Mumber of buckling modes: 1 =

[ stabilize System cathings

Finite-Element Method
] calculate using linear element

Recommended for calculation without the use of quantitative
data for buckling analysis

The "Solving Method" group:

Automatic assignment — equations solution method is automatically selected by the system based on
the total number of equations. By default, the threshold number is equal to 100 000 equations (degrees
of freedom) and is set on the Settings > Processor page. If the total number of equations exceeds this
value, an iterative method is used for solving equations; otherwise the system of equations is solved by
direct methods.

Direct- the system of equations is solved by Gauss method, which takes a lot of RAM as compared
to the iterative method. If sufficiently large amount of RAM is available, then the direct method
renders the solution quicker than the iterative method. The direct method is preferred for relatively
small problems with the number of degrees of freedom smaller than 100 000, however this number
can increase depending on the amount of available RAM. This method is also preferred for linear
finite elements. After pressing the ([Settings]) button, the window of properties of the direct
frequency solver appears in which the user can select the relative tolerance for finding critical loads
and the number of Lanczos iterations (see below).

Iterative— the system of equations is solved by iterative methods, which do not require complete
inversion of the matrix, which takes lesser RAM. Calculation time is approximately proportional to the
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number of natural vibration modes sought. If the finite element mesh contains a lot of elements that do
not have the optimal shape, e.g. stretched, then the convergence rate is significantly reduced. After
pressing the ([Settings]) button, the window of properties of iterative stability/frequency solver appears,
in which the user can select the relative tolerance for solving the system of linear equations (residue) and
the maximum number of iterations in the group of settings for linear equations iterative solver; the
relative tolerance for finding the natural frequencies and the maximum number of iterations for
determining the eigenvalues can be specified in the group of settings for eigenvalues (natural
frequencies) determination (see below).

Iterative SLAE solver parameters

Relative miscalculation: 1e-005]

Maximum number of iterations: 5000

Farameters of natural frequendes calculation

Calculation of natural frequencies

Solving Method: Advanced
Solving Method: Advanced

Relative miscalculation: 0.001
Relative miscalculation: 0.001

) ) Maximal iteration number: 5000
Mumber of Lanczos iterations: 5000

When you press [Advanced] button, it is available to indicate possibility of using additional disk memory:
When necessary, Never, Mandatory.

Memory Requirements

Pre Conditions: Combined
Memory Requirements re Londigons

Additional Disk Memory Usage: When necessary

Additional Disk Memory Usage: When necessary

Mever MNever
Mandatory Mandatory

Group “Finding state forms”

Number of buckling modes. The user can specify the number of critical loads and respective
buckling modes to be identified. For practical purposes, the most important is the first mode,
corresponding to the minimum critical load. Nevertheless, the user may also find the critical loads
of other buckling modes.

In the group “Finite-Element Method"” the user can set the mode «Calculate using linear element». This
facilitates much faster calculation for an approximate estimate of the buckling mode amplitudes relative
distribution on a sufficiently fine mesh.

The linear element analysis provides insufficient accuracy of calculating critical loads. Critical load
results are much greater (by a factor of tens or hundreds of times) via the calculation by linear
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finite elements, rather than those achieved by more accurate methods. It is strongly
recommended to use only quadratic element calculations for quantitative evaluation of the critical
loads (the default mode).
Parameters of temperature changes influence on the materials properties are specified on the
Thermoeffects tab.

Study_1 [Buckling]

General | Solve | Thermoeffects | Results | Info

[ | consider Thermoelasticity

Consider dependence of physical properties from temperature

Mon-stress State

Temperature of zero deformations:

293 = | Kelvin w

Temperature Fields
(®) Uniform temperature:

298 — | | Kelvin v

() Use preset temperature

Temperature must be given using command
"Temperature” in heatdoads.

se Thermal Study Results:

Tirne:

Consider Thermoelasticity. If the flag is enabled the influence of heat stress to the rigidity of
construction and changes of critical load value will be considered. Otherwise, the condition of heat stress
will not be considered.

If the option Consider dependence of physical properties from temperature is enabled, the material
properties will be taken from the graphs showing dependences of materials properties to the
temperature. The properties are set in the parameters for each material.

Other parameters on the tab work in the same way as in another static analysis studies.
The [Results] tab sets the displayable result types in the studies tree after finishing calculations.
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FATIGUE ANALYSIS

Certain parts of machines, mechanisms and also structural elements during the time of their service are
subjected to the loads that change with time. Material’'s resistance to the effects of these loads
considerably differs from the material’s resistance to static load or impact.

For studying material's strength when the time-dependent loads are applied, the Fatigue Analysis
Module is used in T-FLEX Analysis.

By the fatigue of the material we imply the process of gradual accumulation of defects in the
material, subjected to time-dependent stresses, which results in creation of crack, its propagation
and ultimate failure of the workpiece.

Stress cycle. Main characteristics

After a certain number of repeatedly applied loadings (or stress cycles) the ultimate failure of the
workpiece can occur, while for the same loading independent of time the failure does not occur.

The number of stress cycles until the moment of failure depends on the magnitude of Pa (stress
amplitude) and changes in broad limits. When the stress is large, it is sufficient to have 5-10 cycles for
the failure. When the stress becomes smaller, a workpiece can sustain millions and milliards of cycles, and
for very small loads — the workpiece can work indefinitely long.

We distinguish between maximum Pmax and minimum Pmin stresses of the cycle which signify the largest

and the smallest in algebraic value stresses of the cycle. As the average stress Om and the stress

_ O max +Gmin _ O max ~ O min
. o Om = Oa = .
amplitude ~a of the cycle we take: 2 , 2 . The difference between the

20,=0

. .. . — 0. -
maximum and minimum stresses of the cycle, i.e, max minis called the stress range.

The cycle in which the maximum and minimum stresses in absolute value are different is called
asymmetric.

A special case of the asymmetric cycle is a pulsating cycle, in which the minimum stress of the cycle is

equal to zero: Omin =0

The cycle in which the maximum and minimum stresses are equal in absolute value but opposite in sign
is called symmetric.
To characterize the degree of the asymmetry of the stress cycle, we introduce the cycle asymmetry
coefficient by which we imply the ratio of the minimum stress of the cycle to the maximum stress:

R — Gmin

O-max .
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Stress cycle| g _ Fmin _ Omax T Onin _ O max ~ 9min 20,
= O nin O max = O, =
type O max 2 2
. R R.o o (1+ Rl )Gmax (1_ Rl )Gmax (1 - Rl )O-max
asym metric 1 1% max max 2 2
. O max O max O ma
pulsating 0 0 O max g
2 2
sym metric -1 ~ O max O max 0 O max 2O-malx
o 6_
Omzx Tmax
e
oz
Om 7
. / o , , :
o 2 10 12 1 P 8 10 12t

Asymmetric cycle (R= -0.2)

Pulsating cycle (R=0)

Oman
] G
Om
Omin . . . . .
u 2 4 6 & 10

12

Symmetric cycle (R= -1)
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S-N curve

S-N curve constitutes an experimental curve constructed by an assembly of points such that the abscissa
of each of the points is equal to the number of cycles N before the failure, and the ordinate — the
fatigue-limit for the given number of stress cycles.

Fatigue-limit is the maximum stress by an absolute value which does not cause failure of the
material. The fatigue-limit depends on the cycle asymmetry coefficient and is denoted by °r. The
minimum value of the fatigue-limit is achieved for the symmetric cycle.

S-N curve shows the rule (pattern), according to which with the increase in the number of cycles the

maximum stress for which the failure of the material occurs decreases.
oA

[ S

L
.

Ny A N

After a certain number of cycles the ordinates O of the S-N curve practically remain constant. Because of
this fact the number of cycles (during fatigue testing of the material) is bounded by a certain limit which
is called the base number of cycles. If the material sustains the base number of cycles, then it is assumed

that the stress in the material does not exceed the endurance limit 8.

For the same material we can construct the S-N curves for different stress cycles: symmetric R=-1),
pulsating (R=0), asymmetric. That is why the notion of the coefficient of S-N curve is introduced the
value of which will coincide with the value of the asymmetry coefficient of the cycle for which the given
curve is defined.

If, when carrying out the fatigue analysis, the cycle asymmetry coefficient defined by the user does not
coincide with the coefficient of the S-N curve, selected for analysis, then when estimating the fatigue
strength the stress adjustment is performed according to one of the three methods.
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Stress Adjustment Methods

Let O™ be the adjusted sign-alternating stress, 7 - yield stress, 91 - ultimate strength. Then:

ox=_ Ca
- (UJ
Soderberg method: o1
ox=_7a
- (0]
Goodman method used for brittle materials: On
ox=— T2 5
- (GJ
Gerber method used for ductile materials: On

Estimating fatigue resistance characteristics in complex stress state
The strength criteria for time-dependent stresses in general are similar to the strength criteria for static

analysis but as a maximum admissible stress the fatigue-limit “®is used. Thus, in the fatigue analysis the
hypotheses for checking the fatigue strength by the criterion of inadmissibility of plastic deformations

take the form © <Or_ Let us recall the general expressions for standard hypotheses of strength
checking (by plasticity criterion) used for estimating the strength of structures:
Hypothesis of Tresca — St Venant (hypothesis of maximum shear stresses)
oy <(0,—-0y) ‘O-l‘ 2 ‘02‘ 2 ‘0-3‘,-

Hypothesis of Huber — Mises — Hencky (hypothesis of distortion energy)

1 2 2 2
o <\/E((‘71_(72) +(c72—0'3) +(01—‘73) )

1

Hypothesis of Gesta — Mohr (hypothesis of maximum principal stresses)

oy <o, (01 2]0y| 2oy
I 1

©1:92:%5 _ principal stresses.

where 7 - yield stress,
Therefore, in the fatigue analysis we also obtain three kinds of safety coefficients that correspond to each

of the generally accepted strength checking theories.
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Fatigue Analysis Steps

Before carrying out the fatigue strength analysis, it is first required to examine the effect of the static
loading on the given workpiece or structure (i.e., perform static analysis). This is required in order to find
out whether the workpiece experiences damage under the action of the given load. If the workpiece
experiences damage for the given static load (safety coefficient less than 1), then it is meaningless to
carry out the fatigue analysis.

Preliminary static analysis is also necessary since the stresses obtained as a result of the static analysis
(equivalent or principal) will be used for analysis of fatigue strength as the amplitudes of cyclic stresses.
In addition, when performing the fatigue analysis it is required that the S-N curve for the material from
which the given workpiece will be made be specified.

The S-N curve can be selected from already existing curves or specified independently.

With the help of the command:

Icon Ribbon

Analysis — Conditions — Graph Template
Keyboard Textual Menu
<3GT> Analysis > Graph Template

it is possible to invoke the dialog to work with the S-N curves. In this way the user can create new curves,
edit or remove already existing curves.

The type of the curve (polyline or a smooth curve) is determined when creating the graph.

A Graphs

Name Type Comments | Create Graph...

Polyline

Smooth Curve

Fram File...

Close
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Al Graphs

Mame Type Comments Create Graph...
T S I —
Graph 1 Smoath Curve
Properties...
Edit... h
Delete
Delete Al
Save...
Cloze

After the curve has been created (its type and name are defined), it is required to specify the nodes of
the curve and the values of the function at these nodes.

= Ci (] B G A A o [A|F T

ERA@ o B &

L He ® F
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: \L\
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The final appearance of the given S-N curve can be the following:
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The graph of this curve can be saved into the external file for it to be used again later on in other fatigue

calculations.

Next it is required to attach the S-N curve to the material of the study. To do so, we select the body,
invoke the «Body's properties» dialog (the «Properties» command) with the help of the context menu, go
to the dialog window «Materials» (with the help of the «Materials» button). In the «Materials» dialog
from the «Current model» list we select the desired material and press the «More» button. In the
«Material’s properties» dialog that appears we select the S-N curve in the «Fatigue rule» parameter.
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View | Texture | Hatch

Density:

Tensile Strength:
Compressive Strength:
‘ield Stress:

Spedific Heat:

Fatigue Law:

Material Structure:

Elastic Modulus:
Poisson's Ratio:
Shear Modulus:
Thermal Expansion:
Thermal Conductivity:
Units
System: |Custom
Length: | Millmeter

Mass: Gram

Physical Properties

0.0088

0,39
Graph_0 (0)
Isotropic
50000

0.28

0

1.7e-005
0.334

| Force:

% | Temperature:

POV-Ray
gf{mm?)
N/f{mm32)
N/f{mm)
M {mm3)
Jgedeg

W

Nf{mm2)

j{mm3)
1/degree
W f{(mmedeg)

Mewton

Celsius degree

If 3D model is an assembly, i.e., it consists of 3D fragments, then in order to attach the S-N curve to the
material of the fragment, we select 3D fragment in the tasks tree, then, with the help of the context
menu, invoke the « 3D fragment Parameters» dialog (the «Properties» command), enable the «Current

operation» option, go to the dialog window «Materials» (with the help of the

button).

Commen | Operation | Transformations

—Operation

Operation Name: | 3D Fragment_2

Suppress: D a
—Body

Body Name:

Level: 0
Layer:

Quality:

E| Transparency:
[®] wireframe

Hide: O |o
—Material

Default

From fragment's document

¥

R ==

Source:

Basic Material: | Steel
Expression:

|:| Coating:

Expression:

[] Set as default

Current Operation

In the «Materials» dialog from the «Current model» list we select the desired material and press the
«More» button. In the «Material’s properties» dialog that appears we select the S-N curve in the «Fatigue

rule» parameter.

Next, we create the Fatigue Analysis study. This study is created with the help of the command:
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Icon Ribbon

Analysis — Analysis = New Study — FEA Study
Keyboard Textual Menu
<3MN> Analysis > New Study > FEA Study

To carry out the fatigue analysis, when creating the study the user indicates its type — «Fatigue Analysis»
- in the command'’s properties window.

After creating the study of the «Fatigue Analysis» type, it is required to create one or more events in the
study with the help of the command:

Icon Ribbon

Analysis — Conditions — Event
Keyboard Textual Menu
<3CE> Analysis > Event

In a single-event analysis it is assumed that all loads applied to the system are changing in cyclic manner
by the same rule (parameters such as the number of cycles and the type of a cyclic change are the same
for all loadings). Multi-event analysis allows us to estimate the action of several forces with different
parameters of the cyclic loading (different number of cycles or non-coinciding types of the cyclic loading
change). Each event is added to the «Events» folder in the tasks tree.

- Studies: 2
= % Fatigue Analyziz
=l Ewentz: 1
= ﬂ.f Ewent_0
= @ Static Analyziz
oy Mesh 0
) Loads:1
) Restraints ; 2
) Study Elements : 1
) Resulks: &

+

R e B ey

It is important to note that to carry out a multi-event fatigue analysis, it is required that the finite
element meshes of all statics studies included in the fatigue analysis coincide and the same body
of each statics study be made of the same material.
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General | CydicLoad | Results | Info

Study with cydlic load considers fatigue of material. 5 curve of
study material must be defined for correct calculations:

Study_0
Correction: Mo Correction

Load Cydes: 15000 -
Load Type: -1.0 Basic Parameters

Scale Factor: 1.0 Event

Static Study: Study_0

Mumber of Cydes: 15000

Local Stress Concentration: Load Type: Symmetric

Factor of local stress concentration scales stress amplitude -1

according to existence of stress concentrators . .
g Correction Type: Mo Correction

Scale Factor Value:

[] Set as default

Then it is required to add the completed static analysis study and specify parameters of the cyclic
loading: number of cycles, loading type, stress adjustment method (this is specified only in case if the
cycle asymmetry coefficient R does not coincide with the coefficient of the given S-N curve), scale effect
coefficient (stress scaling coefficient). Also in the «Parameters of study (fatigue analysis)» dialog on the
«Cyclic recurrence» tab it is possible to specify the local stress intensity coefficient (by default this
coefficient is equal to 1).
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Fatigue Analysis Results
After completing the analysis, the new folder «Results» will appear in the tasks tree. The list of displayed
results can be specified using the «Results» tab of the «Parameters of study (fatigue analysis)» dialog.

Study_1 - Fatigue Analysis

General | Cydic Load | Results | [nfo

[ 5ave solving results in file

Result List
Use this command to set up items, displayed in the studies tree

Safety factor on principal stress
Safety factor on equivalent stre
Safety factor on stress intansity i
Damage by principal narmal stres:

Damage by equivalent stress [ Res
Damage by stress intensity El e =

Total Life on principal stress =-[4 Fatigue o

Total Life on equivalent stress Safety factor on principal stress
Tptql L_ife on stress intensity Safety factor on equivalent stress
Biaxiality Safety factor on stress intansity

Damage by principal nomal stress
Damage by equivalent stress
Damage by stress intensity
Total Life on principal stress
Total Life on equivalent stress
Total Life on stress intensity
Biadality

[ Defautt

From the results of the fatigue analysis 10 results in total are accessible to the user, which can be divided
into 4 groups.
The «Exhausted resource» group includes the following results:

e Damage by principal normal stress (hypothesis 3);

e Damage by equivalent stress (hypothesis 2);

o Damage by stress intensity (hypothesis 1);

This result is displayed in percentage and characterizes the extent of damage of the structure subjected
to the cyclic stresses for the given number and type of loading cycles indicated in the analysis.

If the structure is subjected to n, cycles of sign-alternating stress S,, n, cycles of sign-alternating stress S,,
n, cycles of sign-alternating stress S;...., n, cycles of sign-alternating stress S,, then the total extent of

D=) -
damage D is calculated as: = , Where Ni is equal to the number of cycles required to cause
damage for Si.
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The «Life span» group (this type of the results is available only for a single-event analysis) includes the
following results:

e Total life on principal stresses.

e Total life on equivalent stresses.

e Total life on stress intensity.
The «Life span» result shows the minimum number of cycles N, required to induce fatigue damage.
The «Safety coefficient» group (this type of the results is available only for a single-event analysis)
includes the following results:

o Safety factor on principal stresses (hypothesis 2);

e Safety factor on equivalent stresses (hypothesis 1);

o Safety factor on stress intensity (hypothesis 3).

The fatigue strength safety coefficient is the ratio of the fatigue-limit r, determined based on the given
S-N curve for a given number of loading cycles, to the adjusted amplitude of the cycle o™* which is
Or

K=
calculated from the stresses obtained in the static analysis study O : |O-*| .

The stressesO are evaluated according to the corresponding plasticity conditions:

1 2 2 2
O-:\/E((O-l_o-Z) +(O'2—O'3) +(O'1—O'3))

hypothesis of distortion energy: ;

hypothesis of maximum shear stresses: ¢ ~ 917~ 3, |61| 2 |02| 2 |U3|;

e hypothesis of maximum principal stresses © ~ 1.

The «Biaxiality» group (this type of the results is available only for a single-event analysis) includes the
following results:

Biaxiality — the ratio of the smallest principal sign-alternating stress (different from 0) to the largest
principal sign-alternating stress:
h=23
o, loil2lo)2loy]

Biaxiality characterizes inequality of the amplitudes of the principal stresses at a point and characterizes
spatially heterogeneous nature of the principal stress distribution over the volume of the body at each

:O-Z

point. Biaxiality value equal to 1 corresponds to the isotropic stress state o1 =% ata point.
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Workpiece Fatigue Strength Analyses Examples

To carry out the fatigue strength analysis, it is first required to examine the action of the static load on
the workpiece (i.e., carry out static analysis). The stresses (equivalent or principal) obtained in the static
analysis will be used in the fatigue analysis as the amplitudes of the cyclic stresses.

Single-event fatigue analysis

Let the shaft shown on the picture be subjected to the «Twisting moment» load. Let us assume that upon
the startup of the shaft and upon its braking, a bidirectional (reversible) load arises. Let us determine how
many startups and stops the shaft will endure for the given torque.

The workpiece is subjected to the load periodically changing with time the amplitude values of which are
symmetric with respect to 0.

We first assume that the load is static (i.e., does not change with time) and perform the static strength
analysis for the workpiece subjected to such a load.

Static Analysis
To solve Static Analysis study it is required to:
1. construct finite-element mesh;
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2. specify material of the study;

Later on when executing the fatigue strength analysis, it will be required to define the S-N curve
for the material of the study. That is why the S-N curve for the material must be specified.

FEA Materials

Study Operation  Material Type  Materials ~ Material description
Body_0/ [Hole... Other User M...

() From Study Operation/Body (@) Defined by study Select Material

Density: 0.0078 gf(mm=)
Tensile Strength: 399.826 Nf{mmz)

Compressive Strength: 398,826 N f{mm?3)
Yield Stress: 220.594 Nf{mm?2)
Spedific Heat: 0.44 Jfgedeg
Fatigue Law: Steel Alloy (0) W

Material Structure: Isotropic

Elastic Modulus: 210000 Nf(mm3)
Poisson's Ratio: 0.28
Shear Modulus: a Mf{mm3)
Thermal Expansion: 1/degree
Thermal Conductivity: W /(mmedeg)
Units
System: |Custom ¥ | Force: MNewton
Length: |Milimeter ™| Temperature: |Celsius degree

Mass: Gram W
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3. apply loads and specify constraints;

Full Resistant

Magnitude of «Torque» is 50 N-m

After performing the analysis, the obtained results must be analyzed. In particular we are interested in
the safety coefficient. Let us consider, for example, «Safety coefficient by equivalent stresses».

1

7.398

54.72

404 8

2085
2.215E+004
1.639E+005

1.212E+006

2.968E+006
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The minimum value of the safety coefficient is greater than 1, hence the workpiece will not be damaged
for the static load. In the case it makes sense to consider the action of the cyclically varying loads applied
to this workpiece.

Fatigue analysis
Now after we have completed the workpiece static strength analysis and confirmed that the workpiece
will not experience damage for a one-time loading, we can proceed to the fatigue strength analysis.

Let the workpiece be now subjected to the cyclically changing load «Twisting moment». In what follows
the loading cycle will be specified as symmetric (R=-1). The cyclic stress amplitude will be found from
the stresses obtained in the static analysis.

It should be noted that the loading amplitude can be scaled (decreased or increased by several
times) with the help of «Scale effect coefficient» (see below).

Let us create the Fatigue analysis study (Analysis > New

Problem > Finite-element analysis > Study). 2 New Study

Let us create the event (Analysis > Event). Type: |Stalic Analyss v

On the «Event's properties» tab we select the completed static Static Analysis

Frequency Analysis

study and specify parameters of the cyclic loading: number of Bucking Analysis
cycles, loading type, stress adjustment method (specified in case Thermal Analysis
if the cycle asymmetry coefficient R does not coincide with the Exprass Analysis

coefficient of the given S-N curve), scale effect coefficient (stress Fatigue Analysis
scaling coefficient).

Also on the «Event Parameters» tab the local stress intensity factor can be specified (by default it is equal
to 1).

Event Parameters
Basic Parameters

Event
Static Study: Study_2 W
Mumber of Cydes: 20000 =
Load Type: Symmetric W

-1 =
Correction Type: Mo Correction W
Scale Factor Value: 1 =

[ 5et as defautt Cancel
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Before starting the analysis of the study, you can view the information about specified parameters of the
study:

General | CydicLoad |Results | Info

Study with cydic load considers fatigue of material. 5N curve of
study material must be defined for correct calculations:

Study_0
Correction: No Carrection
Load Cydes: 20000
Load Type: -1.0
Scale Factor: 1.0

Local Stress Concentration: 1

Factor of local stress concentration scales stress amplitude
according to existence of stress concentrators

Results of Analysis
1. Damage

Red zones on the model correspond to the segments with the damage of 100% and signify
insufficient stability with respect to the cyclic loads in these segments of the structure.
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May=22758 Max=209.7
I 100 I 100
875 g87.5
75 75
625 B2.5
a0 50
va 375
25 248
125 12.5
o a
Min =2 Min=2
Damage by principal normal stress Damage by stress intensity
Max=1238
I 100
875
7a
625
50
ars
25
125
1)
Min=2

Damage by equivalent stress
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2. Total life
Zones shown with red color have the smallest total life and blue ones — the largest.

8791E+004 9537
1.191E+005 1.706E+004
1.614E+005 3.052E+004

2.188E+004 5.458E+004
2.965E+005 9.7EEE+004
4.018E+004

1.747E+005
4 445E+004

3.125E+008

7.379E+00!
5.59E+005

1E+006
1E+008

Total life on principal stresses Total life on stress intensity.

1.616E+004

2.706E+004

4.532E+004

7.584E+004

1.271E+005

2.128E+005

3.565E+005

5.971E+00!

1E+006

Total life on equivalent stresses
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This group of results shows that before the failure the workpiece will sustain the following number of

loading cycles (i.e., the number of startups and stops):

Type of the « Total life » result Number of cycles
by principal stresses 87910
by stress intensity 9537
by equivalent stresses 16160

Therefore, if we adopt the most frequently used criterion (by equivalent stresses), we can make a
conclusion about insufficient reliability of the workpiece, based on the specified number of the loading

cycles (20000 cycles).

3. The safety factor shows us the fatigue strength safety coefficient for the specified cyclic loading
(20000 cycles) and also it tells us about possible issues with the fatigue strength of the given

workpiece, minimum by two criteria.

hin=1.496
1

I?ZN

52.04

3754

2708

1.054E+004

1.408E+005

1.017E+DD

T.335E+006

Safety factor on principal stresses

Min=07974
1

7173

5145

369

2647

1.899E+004

1.362E+005

9. 7EAE+OD:

7.006E+006

Safety factor on stress intensity
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Min= 08208
1

7.268

52.83

2N

2.028E+004
1.47T4E+005

1.072E+00

7.79BE+00G
Safety factor on equivalent stresses
4. Biaxiality characterizes inequality of amplitudes of the principal stresses.

0622
0.4192
0.2185
001374
-0.189
-0.3918
-0.5944

-0.7973
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Multi-event fatigue analysis

Now let us consider the fatigue strength analysis of the workpiece subjected to several cyclically varying
loads. All loading cycles considered have different characteristics, i.e., the types of loading cycles do not
coincide and the number of loading cycles can also be different.

Let the workpiece shown on the figure be subjected to the bidirectional load «Twisting moment», and in
addition a pulsating load «Force» is applied.

By the pulsating load «Force» in the given study we understand the maximum value of the load applied
to the cam for one turn of the shaft.

@,

Both loads («Twisting moment» and «Force») are independent of each other. That is why the fatigue
analysis will be multi-event.

Firstly we treat the specified loads as static (i.e., not changing with time) and perform the workpiece's
static strength analysis individually for each of the loads. That is, we will solve the static analysis study
with the «Twisting moment» load and the static analysis study with the «Force» load.
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We note that in order to carry out a multi-event fatigue analysis it is required that the finite element
meshes of both static analysis studies included into the fatigue analysis be coincident and the same body
of each static analysis study be made of the same material.

For the static analysis study with the «Twisting moment» load all input data remain unchanged (see
above).

For static analysis study with the «Force» load, the material characteristics and restraints imposed on the
workpiece did not change, but the load changed. Load’s parameters are given below:

Full Resistant

Magnitude of the «Force» load is equal to 3000 N
After the analysis has been completed, it is required to analyze the obtained results. Let us consider
«Safety coefficient by equivalent stresses».
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1
I 8735
76.31
BER &

.- 5823

5.087E+004

4 443E+005

3.B81E+D0A

3.391E+007

The minimum value of the safety coefficient is greater than 1, and hence, upon static loading the
workpiece will not break down. Then it is meaningful to consider the action of the cyclically varying loads
applied to this workpiece.

Fatigue Analysis

Now, after we have completed the static strength analysis for the workpiece, we can proceed to the
fatigue strength analysis.

Let the workpiece be subjected to the cyclically varying loads: «Twisting moment» and «Force». In what
follows the loading cycles will be specified as symmetric (R=-1) and pulsating (R = 0), respectively. The
loading cycles’ amplitudes will be determined from the stresses computed in the static analysis.

Let us create the Fatigue Analysis Problem.
We create two events: for the «Twisting moment» load and for the «Force» load.
For the «Twisting moment» loading, we specify the same parameters as for the single-event analysis.

For the «Force» loading, on the «Event's properties» tab we select the completed static analysis study
with the corresponding load and specify parameters of the cyclic loading: number of cycles, loading type,
stress adjustment method, scale effect coefficient (stress scaling coefficient).
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Basic Parameters Basic Parameters

Event Event

Static Study: Study_0 Static Study:

Mumber of Cydes: 20000 Mumber of Cydes:

Load Type: Symmetric Load Type:

-1 1]
Correction Type: Mo Correction Correction Type: Gerber

Scale Factor Value: Scale Factor Value:

[] Set as default []Set as default

Parameters of the cyclic loading «Twisting moment» Parameters of the cyclic loading «Force»

Analysis results
For multi-event fatigue analysis we obtain only one group of the analysis results: «<Damage resource».

Red-colored zones on the model correspond to the segments with damage of 100% and signify
insufficient stability to the action of cyclic loadings in these parts of the structure.

Max= 34 69

hiax=211.7

100 100

a7.4a a7 5

75 | 75

6248 | 625

a0 a0

3a | 475

28 | 25

125 125

a i
Min=4 hin= 4

Damage by principal normal stress Damage by stress intensity
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Max=1258

I‘WDD

ars
625

s

Damage by equivalent stress

Examples of Single-event Fatigue Analysis Results
1. «Damage»

Red-colored zones on the model correspond to the segments with damage of 100% and signify
insufficient stability to the action of cyclic loadings in these parts of the structure.

Ma= 18165304
100.0000

87.5000
76.0000
62,5000
50.0000

37.5000

26.0000

12,5000

0.0000
Min = 2.0000

Damage by principal normal stress
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Max= 14686077

100.0000
I 87.5000
75.0000
B2.5000
[ 1 50.0000
37.5000

25.0000

12.5000

0.0000
Min=2.0000

Damage by stress intensity

Max=1108.6475

100.0000
I 87.5000
74.0000
625000
| 4 50.0000

37.5000

25.0000

12.5000

0.0000
Min = 20000

Damage by equivalent stress
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2.

«Total life»
Zones shown with red color have the smallest total life and with blue color — the largest.

1101
I 2580
B044
14162
|1 33181

77745

1821487

426793

1000000
I 1361
3105

7086

Total life on principal stresses

16168

| 1 36892

24178

192072

438260

1000000

Total life on stress intensity
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1804
3874
8743
18282
I42474
43560

206091

453873

1000000

Total life on equivalent stresses

3. Safety factor. It shows the fatigue strength safety coefficient for the specified cyclic loading.

Min=3.8301E-001
1.0000E+000

9.3078E+000

8.6635E+001

8.0638E+002

7.8056E+003

B.98E0E+004

B.5024E+005

B.0523E+006

5.6334E+007

Safety factor on principal stresses
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Min = 4.0787E-001
1.0000E+000

8.8588E+000

7.8477E+ODT
B.9521E+002
B1587E+003
5.4559E+004
4.8332E+005

4.2816E+006

3.7930E+007

Safety factor on stress intensity

Min = 4.5868E-001
1.0000E+000

8 8665E+000

2.0406E+001
7.2099E+002
6.4651E+003
5.7872E+004
5.1883E+005

4 6612E+006

4179TE+007

Safety factor on equivalent stresses
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4. Biaxiality. It characterizes inequality of amplitudes of the principal stresses.

2 2406E-001

2.0051E-002

I‘\ B3A6E-001

-3.8797E-001

-6.0138E-001
-7.9599E-001

Examples of Multi-event Fatigue Analysis Results
The «Damage» result

Red-colored zones on the model correspond to the segments with the damage of 100% and signify
insufficient stability to the action of cyclic loadings in these parts of the structure.

Max = 851832 Max= 7189 36
100.00 100.00
I 87.50 87.50
75.00 75.00
6260

ISEIEIEI

37.50

62.50

!5000

37.80

25.00 25.00

12.50 1280

000 .00
Min=6.00 Min= 600

Damage by principal normal stress Damage by stress intensity
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Max= 542045
100.00

18750

75.00

B2.50

L s0.00

L3750

25.00

12.50

0.00
Min = 6.00

Damage by equivalent stress
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EXPRESS ANALYSIS

The express analysis module is a limited trial version of “T-FLEX Analysis”, specifically tuned for running
simplified strength studies. Express analysis module is included into "T-FLEX CAD 3D" distribution and
does not require any additional licences.

A special study type "Express Analysis” is available in express analysis module. The study is a static
analysis with certain limitations. It is the only study type available without license for "T-FLEX Analysis".

Data from an express analysis study file can be read using "T-FLEX Analysis”. You can also change a study
type for it and perform calculations for a more complex analysis model.

An express analysis module has the same menu items as full “T-FLEX Analysis” module but commands
that are unavailable for express analysis are disabled.

Express Analysis Limitations
An express analysis module has the following limitations with respect to the full “T-FLEX Analysis”
module:

v" Analysis model can include only one element. l.e. you can calculate single parts but you can't
calculate an assembly.

<\

FEA mesh has a simplified parameters dialog. Mesh parameters are specified using “Low/High”
controller.

Only force and pressure loads are available.
Only full restraint is available.

User cannot modify calculation options.
Export of calculation results is not available.

AN NN

noou

The following types of calculation results are available: “"Displacement, magnitude”, "Equivalent

Stress”, “Factor of safety by equivalent stress".
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FREQUENCY ANALYSIS

The frequency analysis module serves for calculating natural frequencies (resonant frequencies) of a
structure’s vibrations and the respective vibration patterns. The task of calculating natural frequencies
and the respective vibration patterns arises in many practical cases of analyzing a structure’s dynamical
response under varying loads. A most widespread situation is when it is necessary to assure at the design
stage a low possibility of the mechanical phenomenon of the resonance under operating conditions. As
is known, the essence of the resonance is a significant increase in the magnitude of induced vibrations
(by dozens of times and even more) at certain frequencies of an external disturbance — the so-called
resonant frequencies. In most cases, the occurrence of resonance is an unwanted phenomenon from a
product’s safety viewpoint. Probing a structure’s natural properties against the possibility of a resonance
in the operating range of external exciting frequencies at the design stage helps introducing changes in
the structure that can alter the natural frequencies spectrum. This could help avoid or significantly lower
the possibility of resonance during operation. Thus, the vibro-stability condition with respect to the
natural frequencies criterion can be formulated as follows:

A structure's natural frequencies must fall outside the external exciting frequency range:
fel0.7f21.3F% |

min ? max

where fi_ the i-th natural frequency of the structure. Usually, the greatest danger is presented by
resonance at lower natural frequencies (! <~ 5), since that is where the most mechanical energy is
concentrated;

ex . ex
Fin Tmax _ the lowest and the highest frequencies of the known range of external exciting vibration.

5 P

4 |
3 /
2 AR
N N

1
RESONANSE o

Wex

What
0 ~0,7 1 ~13 3

Variation in the amplitude magnification factor with respect to the natural frequency to the external exciting
frequency ratio in a system with an insufficient damping
By having evaluated natural frequencies of a structure’s vibrations at the design stage, you can optimize
the structure with the goal of meeting the frequency vibro-stability condition. To increase natural
frequencies, you would need to add rigidity to the structure and (or) reduce its weight. For example, in
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the case of a slender object, the rigidity can be increased by reducing the length and increasing the
thickness of the object. To reduce a part’s natural frequency, you should, on the contrary, increase the
weight or reduce the object’s rigidity.

Mode Shape 1 - Frequency: 104.6 Hz

Thus, by calculating resonant frequencies at the design stage using the frequency analysis module and
optimizing the part's mass-rigidity properties, the user can raise reliability of the structure being
developed from the viewpoint of its vibro-stability and vibrational strength.

Details of Frequency Analysis Steps

Frequency analysis is performed in several stages. The sequence of the user’s steps for putting together a
study and running a structure’s frequency calculation is in many parts similar to the algorithm described
for the Static Analysis. Therefore, we will point out in this chapter only certain details specific to stability
calculations:

1. Creating Study. When creating a study, specify the study type - “Frequency analysis” in the
command'’s properties window.

2. Applying boundary conditions. In a frequency analysis study, the boundary conditions are
solely defined by restraints. Defining restraints is a necessary prerequisite for performing a
correct frequency calculation. The combined restraints on a body's motion must satisfy the
following condition:

To be subjected to frequency analysis, a model must be restrained so as to exclude its free motion
in the space as a solid body. Failing to meet this condition will cause incorrect results of Finite
Element modeling or abortion of computations.
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3.

4.

Solving. Before running calculations, the user should specify the number of natural frequencies
and, if necessary, elaborate on the solution algorithm.

Analysis of frequency calculation results. The results of a frequency analysis are:

Natural vibration frequency (Hz) — corresponds to the expected resonant frequency of the
structure. In theory, the number of natural frequencies is unlimited for any body. The results
reflect only the frequencies for selected modes of natural vibration.

Natural vibration mode with respect to a given frequency. Let us illustrate the physical
meaning of the “vibration mode” term. A vibration mode shows what will be the relative
deformations (displacements) in a structure in the case of resonance at the respective natural
frequency. Please take a special notice on that the vibration modes displayed in the
Postprocessor window after completing calculations are relative amplitudes of vibration. By
analyzing those modes, one can make conclusions about the pattern of resonant displacements,
but not about their factual amplitude. By knowing the expected vibration mode at a certain
natural frequency, you can introduce an additional restraint or support at the part of the
structure corresponding to the maximum vibration in this mode, which would effectively
manage the part’s natural properties.

By default, the vibration modes are displayed in the Postprocessor window without color-
coding; the latter can be enabled in the visualization properties.

Wode Shape 1 - Frequency: 3760 Hz Mode Shape 2 - Frequency: 612.4 Hz \ Maode Shape 3 - Freguency: 1087.2 Hz Mode Shape 4 - Frequency: 1129.8 Hz }

Consider also the convenience of animation for analyzing the pattern of the structure’s motion
at a certain frequency. Remember to enable the Animation option in the properties of the
calculation results window (accessible by I fZ in the Postprocessor window) in order to have an
animation, and specify the desired animation parameters.

Frequency Analysis Processor Settings

On the [General] tab, you can define or edit the descriptive attributes of the current study, as the name
or a comment.

The [Solve] tab serves for defining processor properties for solving equations.
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Study_0 [Natural frequencies]

General | Solve | Thermoeffects | Results | Info

Solving Method
() Automatic assignment
(@) Direct Settings
() Tterative Settings

Frequency spectrum

Mumber of frequendes: 7 -
[ |seekin the range, Hz: Customize

[ ]1gnore Force Loads

|:| Maon Stationary System
[ ]Don't calculate natural modes

Finite Elements Method

[ ] calculate using linear element

Recommended for calculation without the use of quantitative
data for frequencies analysis

[ ] Mass matrix diagonalization

The Solving Method group:

Automatic assignment — equations solution method is automatically selected by the system based on
the total number of equations. By default, the threshold number is equal to 100 000 equations (degrees
of freedom) and is set on the Settings|Processor page. If the total number of equations exceeds this
value, an iterative method is used for solving equations; otherwise the system of equations is solved by
direct methods.

Direct- the system of equations is solved by Gauss method, which takes a lot of RAM as compared
to the iterative method. If sufficiently large amount of RAM is available, then the direct method
renders the solution quicker than the iterative method. The direct method is preferred for relatively
small problems with the number of degrees of freedom smaller than 100 000, however this number
can increase depending on the amount of available RAM. This method is also preferred for linear
finite elements. After pressing the ([Settings]) button, the window of properties of the direct
frequency solver appears in which the user can select the relative tolerance for finding critical loads
and the number of Lanczos iterations (see below).

Iterative— the system of equations is solved by iterative methods, which do not require complete
inversion of the matrix, which takes lesser RAM. Calculation time is approximately proportional to the
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number of natural vibration modes sought. If the finite element mesh contains a lot of elements that do
not have the optimal shape, e.g. stretched, then the convergence rate is significantly reduced. After
pressing the ([Settings]) button, the window of properties of iterative stability/frequency solver appears,
in which the user can select the relative tolerance for solving the system of linear equations (residue) and
the maximum number of iterations in the group of settings for linear equations iterative solver; the
relative tolerance for finding the natural frequencies and the maximum number of iterations for
determining the eigenvalues can be specified in the group of settings for eigenvalues (natural
frequencies) determination (see below).

Iterative SLAE solver parameters
Relative miscalculation:

Maximum number of iterations:

Calculation of natural frequencies

Parameters of natural frequendes calculation

Solving Method: Advanced Solving Method: Advanced

Relative miscalculation: 0.001 Relative miscalculation: 0,001

Mumber of Lanczos iterations: 5000 Maximal iteration number: 5000

When you press [Advanced] button, it is available to indicate possibility of using additional disk memory:
When necessary, Never, Mandatory.

Memory Requirements

Memory Requirements
vred Pre Conditions: Combined

Additional Disk Memary Usage: When necessary

Additional Disk Memory Usage: When necessary

Never MNever
Mandatory Mandatory

In the group «Frequency spectrum» it is required to:

e specify parameter «Number of frequencies», that is, the user can define the number of
lower natural frequencies of the structure to be evaluated;

e specify the natural frequencies range if the frequencies are sought within the specific range
of the spectrum; it is required to specify the upper and lower limits of the range (the larger
number of natural frequencies belong to this range the more accurate the evaluations will
be)

e If the Ignore force loads option is enabled, the forces will not be taken into account;
otherwise the natural frequencies will be sought for the stressed state of the structure

e enable the option «Non Stationary System» in case if the restraints applied to the model
are not sufficient to eliminate the model’s rigid body motion in space.

e The Don't calculate natural modes option increases calculation and saves memory.
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In the group Finite-Element Method the user can set the Calculate using linear element option, if
interested in qualitative results only, that is, when the one is only interested in relative assessment of
vibration amplitude patterns.

Please note that a linear element solution provides insufficient accuracy of determining the
numerical values of natural frequencies. The frequency values achieved in a linear finite element
calculation could be much greater than the values achieved by using more accurate methods. You
are recommended to use quadratic element calculations (the default mode) for quantitative
evaluation of natural frequencies.

Mass matrix diagonalization. This mode enables the user to decrease the amount of memory required
to solve the system of linear algebraic equations. At the same time, the accuracy of obtained results

becomes slightly worse.

Parameters of influence of the temperature changes on the materials properties are specified on the

Thermoeffects tab.

Study_1 [Natural frequencies]

General | Solve | Thermoeffects | Resulis | Info

[ ] consider Thermoelasticity
Consider dependence of physical properties from temperature
Mon-stress State
Temperature of zero deformations:

208 = | Kelvin W

Temperature Fields
(@) Uniform temperature:

293 | | Kelvin W

() Use preset temperature

Temperature must be given using command
"Temperature” in heatdoads.

Use Thermal Study Results:

Time:
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Consider Thermoelasticity. If the flag is enabled the influence of heat stress to the rigidity of the
construction and changes of natural frequencies value will be considered. Otherwise, the condition of
heat stress will not be considered.

If the option Consider dependence of physical properties from temperature is enabled, the material
properties will be taken from the graphs showing dependences of materials properties to the
temperature. The properties are set in the parameters for each material.

Both options can be considered together or separately. Other parameters on the tab work in the same
way as in another static analysis studies.

The [Results] tab defines the result types displayable in the studies tree after finishing calculations. In the
frequency analysis, the user can assess only relative displacements, either their absolute value or a value
in the direction of the respective axes of the global coordinate system.

General | Solve | Thermoelasticity | Results | Info =Rl Al Results
£l Displacement

[save solving results in file
Relative Displacement O

Result List Relative Displacement O
Use this command to set up items, displayed in the studies tree Relative Displacement 02

Relative Displacement, magnituds
Relative Displacement OX M
Relative Displacement OY
Relative Displacement OZ
Relative Displacement, magnitude

214



Forced Oscillation

FORCED OSCILLATION

Forced oscillation analysis is carried out for prediction of response of the structure subjected to
harmonically varying external loads. External loads include kinetic and/or kinematic excitation. In
addition, the damping of the system can be taken into account.

The goal of the forced oscillation analysis is to find the dependence of the system'’s response on the
frequency of the driving loads. The results of the analysis include the amplitudes of displacements,
oscillation accelerations and oscillation overload for the given driving frequency. From the results of the
analysis for a range of frequencies we can obtain dependence of the amplitudes and oscillation
accelerations on the frequency of the driving loads, which is important when estimating vibrostability of
the system in the given frequency range.

Introductory Information

The «Forced oscillations » module of the system of finite element modeling T-FLEX Analysis can be used
for analysis of steady-state forced oscillation of the following types:

e Forced oscillation of the system without damping subjected to harmonic driving load. These
oscillations for the system with many degrees of freedom are described by the following
system of linear differential equations:

M+ [K JU } = (R, cos(et+ o)}

where:
M - symmetric square mass matrix,
K' - symmetric square stiffness matrix of the system,

Fo _ vector of amplitudes of the driving load,

@ — frequency of the driving load,

U.U _ vectors of coordinates of points of the system which change their location with
time t and their accelerations,
¢ — initial phase of the actuator.

e Forced oscillation of the system with damping subjected to harmonic driving load. These
oscillations are described by the following system of linear differential equations:

MU+ (] j+ [KJu } = (R, cos(ot + )}

!

where:
C — symmetric square damping matrix,
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u - velocity vector for the points of the system. Rayleigh damping is adopted in the

system, i.e, it is proportional and defined by the expression [C]: a[M ]+b[K], where a -
mass proportionality coefficient; b — stiffness proportionality coefficient (both coefficients
are scalars).

e Forced oscillation of the system of two indicated types that are caused by harmonic motion of
foundations, i.e, initiation of oscillational motion of one or several supports of the system.
Differential equations that describe this type of oscillations are similar to those given above
and are different in that the harmonic driving load in the right-hand side of the equations is

evaluated by the formula: (k/m)x,, COS(a)t * (p).

Several driving loads and/or supports’ displacements can be applied to the system but their
frequencies must be the same.
Rotation of the shaft or spindle, having imbalance, located on elastic supports can serve as an example of
the harmonic driving force. Kinematic excitation is used in those cases when the magnitudes of the
driving forces are not known but the amplitudes of oscillations of certain elements of the structure are
known.

When analyzing forced oscillation it is important to take into account the influence of damping forces.
Damping is called a process of dissipation of the energy of mechanical oscillations resulting in a gradual
decay of system’s oscillations once initiated. Damping forces can have different origin: friction between
dry surfaces with sliding, friction between lubricated surfaces, internal friction, air or water resistance, etc.
Usually it is assumed that the damping force is proportional to the velocity (viscous damping). Resistance
forces that change in an arbitrary way are replaced by equivalent damping forces based on the condition
that during one cycle they dissipate the same amount of energy as the real forces. Equation of forced
oscillation with damping for i-th mass, which is the solution of the differential equations described
above, can be written as:

u, =e "(C,cosm,t +C,sinm,t)+ C,cosm,t + C, sin o,t

where w, — circular damped frequency;
B w; — circular frequency of the driving force;

2n=c¢/m, where ci — damping coefficient for i-th mode, m; -
I mass.

| The expressions contains two terms: the term in the
brackets describes the damped free oscillations occurring
with the damped frequency, which is only slightly different
% from the undamped natural frequency; the remaining part
represents undamped forced oscillation with the frequency
of the driving load ws.

e/ @

To explain the influence of damping, let us consider a plot on which is shown the dependence of the
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_ 2y 2 2
amplitude amplification factorﬂ _1/\/(1 o lo )+ (2760“ fo ) on the ratio of frequencies of the

forced and free oscillations w,./w for different values of the damping coefﬁcient7 =n/w,=ClCy

!

where v _ critical coefficient of viscous damping, for which oscillations do not occur and the motion of
the system monotonically decays. From the figure we can see that when the frequency of the forced
oscillation is small compared to the natural frequency of free oscillations, translation of points of the
system is approximately equal to the translation that occurs for the statically applied driving force. When
the driving harmonic force has high frequency, then regardless of the damping coefficient the applied
force does not cause forced oscillation of the system that has low natural frequency. In both cases
@y <@ ang @6 7> @ damping does not have any effect on the forced oscillations, but when the ratio
of the mentioned frequencies is close to one then damping has a significant effect on the amplification
factor. If the damping coefficient is small, the largest influence of damping is observed closer to
resonance frequencies, which is very important to take into account when analyzing the structure. For
analyzing forced oscillation of the structure in proximity to natural frequencies the import of the natural
frequencies values from the results of the frequency analysis is provided (see below).

The damping coefficient Vi for j-th mode is related to the proportionality coefficients a, b by the

_ 2
= (a+ba;)/ 20, . The magnitude of the damping coefficient 7 takes the values from 0,01
for weakly damped systems (all-steel parts); 0,02-0,04 (steel structures with non-detachable joints

deformed below the yield strength); 0,03-0,07 (steel structures with dismountable joints); 0,05 for
rubber; up to 0,15 for strongly damped systems.
If damping coefficients for i-th and j-th modes are known, the proportionality coefficients are calculated
Vi@ —Yi0;

2

expression Vi

i — Y0,

a=2w, w; b=27

°
from the formula: ]

a).z —0)2
and ' I If the coefficient a is equal to zero then
this damping is called relative, and the damping coefficient for j-th mode is proportional to the circular

frequency of this mode without damping. Therefore, oscillations that correspond to the highest modes
will decay faster. If the coefficient b is equal to zero then this damping is called absolute and the
damping coefficient by j-th mode is inversely proportional to the circular frequency of this mode without
damping. Therefore, oscillations that correspond to the lowest modes will decay faster.
The results of the analysis in the forced oscillation module include the following quantities:
e Displacements amplitudes in nodes of the finite-element mesh Um.
Oscillation acceleration in nodes of the finite element mesh which are expressed in terms of the
amplitudes Um as U, :Umw%mz.
e Oscillation overloads defined as the ratio of the oscillation acceleration to the gravitational

Unlg

acceleration
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Special Features of Forced Oscillation Analysis Stages

The forced oscillation analysis is carried out in several stages. The sequence of user’s actions for task
preparation and execution of this type of analysis is in many ways similar to the algorithm described for
Static Analysis. That is why in this Section we describe only certain aspects which are characteristic to the
forced oscillation analysis:

1. Creation of «Study». When creating a study we need to specify its type — «Forced oscillations»

2.

in the command's properties window.

Imposing boundary conditions. In the forced oscillation analysis, as in the static analysis,
constraints and loads play the role of the boundary conditions. In the given type of analysis all
types of constraints and all types of loads can be used. Specifying constraints and loads is a
mandatory condition to properly execute the analysis. Cumulatively imposed constraints on the
displacements of the body must satisfy the following condition:

For execution of the static analysis the model must have a constraint that excludes its free
displacement in space as a rigid body. If this condition is not satisfied this will lead to incorrect
results of the finite element modeling or interruption in the calculation process. In addition, the
kinematic load «oscillator» can replace partial or full constraints.

3. Analysis execution. Before execution of the analysis the user specifies, in the properties of the

study, the values for frequencies of the driving loads, for which the forced oscillation analysis
will be performed, and also the magnitude of damping.

4. Getting and analyzing results. The forced oscillation analysis results include: amplitudes of

displacements, oscillation accelerations or oscillation overloads, phases of oscillations. There is
a capability of viewing the deformed state of the structure in various phases.

Forced oscillation Analysis Preprocessor Settings

1.

Specifying constraints. The model can be restricted both by partial and full constraints. If
partial constraints are specified it is not permitted to specify displacements different from zero.

2. Specifying forces. To specify the amplitudes of the forces, the following types of loads can be

applied to the faces, edges or vertices of the model (acceleration can also be applied to the
entire body):
e Force,

Pressure,

Acceleration,

Cylindrical loading,
¢ Moment.

Several loadings can be applied to the system of bodies simultaneously, but all of them must
have equal frequency. The initial phase of oscillations can be specified for all admissible load

types.
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3. Specifying kinematic loads (oscillator). To specify the oscillation amplitude of the
foundation, it is required to apply, to the elements of the model, the loading “oscillator” which
can be used instead of full or partial constraint. This loading is applied to the faces, edges,
vertices of the bodies, and can also be applied to individual bodies of the assembly model. For
specifying direction of oscillations, the LCS is selected in the command and the direction itself
is indicated by the checkmark that corresponds to the axis of LCS.

Oscillator Parameters
Common | Load Parameters
Values
Type
Amplitude )
X
1 =
¥
Coordinate System: 1 =
Crthogonal W z
1 =
LCS: |
Units
Linear: meters ¥ Visual Scale: 1 =
Phase Shift
Phase shift Value: a =
LInits: radians W

[ 5et as defautt Cancel

The type of kinematic loading is selected from the drop-down list and can be the following:
e Amplitudes of displacements of points,
e Velocity,
e Acceleration,
e Overload (g).
The phase shift measured in degrees or radians can be specified in a separate field.

When the loading “oscillator” is combined with partial constraints for the same element of the
model, directions of the oscillations and constraints must be different.
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Forced oscillation Analysis Processor Settings

On the [General] tab we can define or change the Study_2(forced_osc) [Forced oscillation]

descriptive properties of the current study: name, study
type, comments.

General | Parameters | Solve | Thermoeffects | Results | Info

External force Frequency

On the [Parameters] tab we specify the main settings for © Frequency vakies, Hz: d
. . . 13.23
forced oscillation analysis. 45204 ra—
|
In the group of parameters Frequency of external load DCT::
we specify the values for the frequencies of the external Import
loads. New values of frequencies can be added in several (O Use Frequency Analysis Results
ways:
1. The [Add] button allows us to add both a Damping Decrement
. | | f f d f Mass Factor:
single value of frequency and a range o 002
frequencies, in which the initial value, final value Rigiity Factor:
and the increment are specified. 0.003531
Frequency Values
oK
[+] Add Range E—
100 <] - 1000.00 |2 Add
Step: | 50 = Close

2. The [Import] button invokes the dialog window in which the values of the resonance
frequencies can be imported from the results of the frequency analysis completed earlier.

Frequency Analysis:

Results: Values:
100, 1000 (50)

3. In case when it is required to execute the forced oscillation analysis only on all resonance
frequencies, which were found in the earlier performed frequency analysis, enable the control
element «Use frequency analysis results». The associated connection with the results of the
selected frequency analysis is supported here, i.e., when the results of the frequency analysis are

220



Forced Oscillation

changed, the values of the updated natural frequencies will automatically be used in the forced
oscillation analysis.

The following editing operations are available for already existing list of frequency values:
- the [Change] button allows us to rewrite the value of one specific frequency,
- the [Delete] button removes the selected value of the frequency from the list,
- the [Clear] button clears the entire list of values of frequencies.
In the group of parameters «<Damping» the structure’s damping coefficients value is specified.

The [Analysis] tab allows us to specify properties of the processor for solution of the system of
equations. Parameters that control the processor’s settings are analogous to the parameters of the Static
Analysis.

Parameters of temperature changes influence on the materials properties are specified on the
Thermoeffects tab.

Study_1 [Forced oscillation]

General | Parameters | Solve | Thermoeffects |Resulis | Info

Consider dependence of physical properties from temperature
Mon-stress State
Temperature of zero deformations:

208 = | Kelvin W

Temperature Fields
(@) Uniform temperature:

293 | | Kelvin W

() Use preset temperature

Temperature must be given using command
"Temperature” in heatdoads.

Use Thermal Study Results:

Time:

If the option Consider dependence of physical properties from temperature is enabled, the material
properties will be taken from the graphs showing dependences of materials properties to the
temperature. The properties are set in the parameters for each material.
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Other parameters on the tab work in the same way as in another static analysis studies.
The [Results] tab allows us to define the type of results, which will be displayed in the tree of tasks after
completion of the analysis.

Postprocessor Settings and Forced Oscillation Results Analysis

On the [Results] tab, the following type of results grouped into 4 groups can be defined:

i Results

=R . [ Al Results
------ (O Applied Temperatures
- -[# Displacement
o0 B
- (O Stress
------ (] Factor of safety by equivalent stress

E| [ Vibration Acceleration

N (] Vibration Accelerstions, M
----- [ Vibration Accelerations, X
----- [ Vibration Accelerstions, Y
N - [ Vibration Accelerstions, Z
E| . [ Vibration Overoads

----- [+ Vibration Overoads, M

----- (] Vibration Cveroads, X

----- (O Vibration Cveroads, ¥

----- (] Vibration Cveroads, 2

] Defautt Cancel

The «Loads» group includes the following results: the components and the magnitude of loads applied
to the nodes of the finite element model. This type of results is considered as reference information.

The «Displacements» group includes:
displacements of points of the finite element model taking into account the phase shift with the respect

_ 2 2
to the actuator’s phase in the direction of the axes of the global coordinate system: Ux =-/ReUy +ImU5 ,

- | 2 2 _ 2 2
=+/ReUy +ImUy , Uz =+ReU; +1ImU; , and also the magnitude of the displacement

U = UZ+UZ2+U?
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e the real part of the displacement in the direction of the axes of the global coordinate
system: Re(UX), Re(UY), Re(UZ), and also the magnitude of the real part of the displacement
ReU =./ReU; +ReU; +ReU}

e theimaginary part of the displacement in the direction of the axes of the global coordinate
system: Im(UX), Im(UY), Im(UZ), and also the magnitude of the imaginary part of the
ImU =-[ImU +ImU} +1ImU?

displacement
amplitudes of the displacements of points of the finite element model (not accounting for the phase shift
with the respect to the actuator’s phase) in the direction of the axes of the global coordinate system:
e 2 2
UXm, UYm, UZm, and also the magnitude of the amplitude Up = Usn +Uim +Uzn .
Phase angles for displacements components of points of the finite element model in the direction of the

=arctg ImUy
P, ReU

X
1

| e
, and also the magnitude of the phase angle ReU

axes of the global coordinate system with respect to the phase of the actuator

ImU ImU
= arct u =arctg| ——%
A g(Reij . g[ReUZ

In case if the phase shift is specified, individual diagrams for the real and imaginary parts of the
displacements and also the absolute value of the phase at points of the finite element model can be

outputted.
In the «Vibration acceleration» group, the output of diagrams of amplitudes of oscillation accelerations
. 2
for points of the finite element model Un =Un@,, can be requested. The phase of vibration
accelerations is different by 180° (1t radians) from the phase of displacements.

In the «Vibration overloads» group, the output of diagrams of vibration overloads Un/g measured with

respect to gravitational acceleration can be requested.
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After the results window has been opened, the phase control element becomes available in the
postprocessor, which allows us to trace the change in the structure’s shape for different vibration process

evolution phases:

l 0.003471

+0.002403

L 0.002836

.— 0.002268

L 0.001702

l 0.003971

L 0.002403
+ 0002836
.- 0.002269

+ 000702

g

l 0.003971

F0.003403
L 0.002836
l- 0.002269

+ 0001702

(i b (1] 0

l 0003971

0.003403
0.002836
l— 0.002269

noo1yoz

EEEE=

'

= —

T = = [ —

The phase value can be specified by translation of the slider or by inputting the value directly into the

numeric field.

To obtain ARC (amplitude resonance curve), it is required to create at least one sensor (see the section of
the Reference manual «Processing results (Postprocessor)/Using sensors and graphs for the results
analysis») and the template of the graph containing one sensor. After that it is possible to create ARC for
a point, at which the sensor is defined, by selecting (with a right mouse button) the «Display plot» option
in the context menu of the forced frequencies analysis results. The graph for the sensor selected in the
«Sensors’ configurations» field will be displayed. In this way it is possible to trace the change of ARC
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when transitioning from one sensor to another. On the other hand, if several sensors have been created,
then it is possible to display simultaneously on the same graph all curves that show the change in the
result’s value (for example, displacement or acceleration) on the given frequency when transitioning from
one sensor to another sensor — for all frequencies. In order to accomplish this, it is required to prepare
the template of the graph that contains all sensors.
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DYNAMIC STUDIES

The dynamic analysis module of T-FLEX Analysis finite-element modeling system is used for calculation
of changing in time stress state three-dimensional structures in T--FLEX CAD. The module works with
three-dimensional T--FLEX CAD models and do not usually requires separate aditional constructions for
calculation of the three-dimensional model.

In the dynamic analysis the mechanical system is considered under the action of a time-varying external
influences of the forces, pressures, accelerations, etc. applied to the system. The examples of Dynamic
analysis studies are shaft or spindle spinup, the vehicle passage on the bridge, seismic vibrations, filling
of hopper with sand, etc. A stress state of the mechanical system will also change in time. Analysis of
such situations is important in many practical cases as dynamic stresses and inertial forces can have a
significant influence on the overall performance of the mechanical system. As a result of the dynamic
study solution we receive the same calculation results as for the static analysis (displacements, stresses,
factor of safety) but each result presented for a point in time corresponding to the set time interval and
the specific time step interval. The system user has a possibility to see the system strains and stresses
changes in time and to predict the system behavior under the complex system of external changing in
time influences.

A dynamic strength condition is formulated in the following way in the general case:

Stresses 7o that appear in the structure under the action of external forces applied to the structure must

be less than the allowable stresses [O'] for the structural material with the use of a correction factor of
safety SF by dynamic strength.

O ayn -SF < [0']

As for the static analysis the main calculation results are displacements, stresses, factor of safety in time-
varying function.

Mathematical statement of dynamic study by finite element method looks in the following way:
MJ+[clu}+[Kluj={F);, ()

where:

M - symmetrical square matrix K of the system stiffness,

F(t) vector of generalized forces, applied in the system nodes,

C- symmetrical square matrix of the system damping,

U - vector of generalized displacements, applied in the system nodes,
u,u

- vectors of generalized velocities and accelerations, applied in the system nodes.
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From the point of view of mathematical implementation there are two main approaches to the solution
of systems of equations arising in the description of dynamic studies: mode superposition and
transitional process.

Input data for dynamic calculation differ according to the study type. Consider parameters of each type
of dynamic studies separately.

Mode Superposition

In the mode superposition the system (1) that consists of N related differential equations of motion is
transformed in the equivalent system that consists of n independent ordinary differential equations. For
this purpose the natural frequencies and oscillation forms of the system are calculated. Then, using
fundamental properties of oscillation forms, the system (1) that consists of many thousands and millions
of equations is transformed in the system of independent differential equations of dimension equal to
the number of oscillation forms selected for equalization. The resulting solution of the system (1) is
presented as the sum of oscillation forms that were used for equalization, with calculated weighting
factor. The advantage of the method is its computational efficiency at the dynamic study solution stage,
i.e. solving of the reduced equations system is much more effective then solving of full equations system
(1). You should take into account that preliminary calculation of natural frequencies and oscillation forms
is a resource-demanding task and it should be taken into account when selecting method of dynamic
task solution. One more important restriction of the mode superposition is impossibility of its usage for
nonlinear studies.

Accuracy of the method depends on the oscillation forms, selected for equalization, and their quantity.
Quantity of natural modes necessary for the exact calculation is in the range of 10-15 depending on the
complexity of the model and the nature of the modeled impact. The greater the quantity, the more
accurate the result, but the calculation time is increased correspondingly.

In whole the studies type may be recommended for modeling of long time linear dynamic processes.
When the types and quantity of oscillation forms are selected correctly the method provides satisfactory
accuracy and efficiency of the solution.
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Before calculation of the Mode superposition user
should define natural oscillation forms for which
the equalization will be performed. It can be done
by one of the two ways:

1. On the Solve tab in the "Use frequency
analysis results" group select already calculated
study of frequency analysis (study type: "Natural
frequencies"). All natural modes from the
selected study will be used for finding solution
of mode superposition.

2. Activate natural modes solving mode
directly in the dynamic study. w You need also
select quantity of natural modes. Other control
elements mainly  coincide  with  the
corresponding parameters of frequency analysis.

Dynamic Transitional Process

In the Transitional process mode the solution of
the equation (1) is found using numerical
integration in time. Full equation system (1) is
solved on each time step so the method is
resource-demanding.

The study type may be recommended for
modeling of short time dynamic processes. The
solution is exact, but it requires increased
computational resources.

Parameters of equations systems solving on the
Solve tab repeat the same parameters for static
analysis.

Study 2 [Mode superposition]

General | Solve | Parameters | Damping | Results | Info

() Use frequency analysis results

(®) Caloulate natural modes

Solving Method

(®) Automatic assignment

.::'::. Direct Customize
() Iterative Customize
spectrum of natural frequencies
Quantity of lower natural frequencies: 12

[Junfastened system

Finite-Element Method

[ 50lve by linear element

Recommended to perform calculation without using quantitative
data to evaluate natural frequency

[ Dizgonalization mass matrix

OK Cancel

Study_2 [Transition]

Nonlinear Thermoeffects Results Info
General Salve Parameters Damping
Solving Method
(®) Automatic assignment
(") Direct Customize
(O Iterative Customize
Relative Accuracy: 0.0001 +
Maximal Iteration Number: 5000 +
Contacts Accuracy, % 10

[]5tabilize System Customize
Finite-Element Method

Element Type: | Quadratic Tetra v

Recommended for stress numerical calculation

oK Cancel
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Parameters of Finite Time and Step of Modeling

User should specify the time step and finite time .
of modeling before running the dynamic Study 2 [Mode superposition]
calculation. General | Solve | Parameters | Damping | Results | Info
The parameters are set on the Parameters tab. Time parameters
The time step should be selected carefully as it Final modeling time: L second v
critically influence on the accuracy of the (@) Time step: 0.1 second v
numerical integration and the received solution. Method of time integration
For many practical calculations the maximum ® Newmark Customize
value of time step Alcan be estimated by () wilsan Customize
expression:

At STmin /120 Initial condftlu:nns | |

[ [ ] apply displacements from static analysis

where Tmin is the smallest period of natural
system oscillations and (or) interval of external (] Apply results of dynamic analysis
variable load change. You should take into
account that it is the maximal estimation and Time:

sometimes you have to choose a lot smaller step
than this estimation. The maximum number of
time steps in the current version is 65535.

| Get initial displacements
Get initial velodties
Get initial accelerations
Finite time of modeling is specified according to
the conditions of calculated study. Too many
steps can lead to long calculation time and fill Cancel
disk space that required to store results.

Parameters of Time Integration Method
Difference scheme are used for the equations integration in both cases: Newmark or Wilson method.
Ntt/

The Newmark method is based on the following approximation of velocities and displacements:

Ut+0i=0mi+[e-ouol+sUt+0lk
L+ni=oi+ (t)}r{(;—a){u O} +alU (t+r)}}2

!

where a, 6 - parameters that determine the accuracy and stability of integration.
For a=1/6, 5=1/2 accelerations vary linearly within the interval of integration; preferred for linear tasks;

For a=1/4, 6=1/2 accelerations remain constant within the interval of integration step. In this case the
method unconditionally converge; used for nonlinear study. The condition of the method convergence

on the assumption of proper choice of the time step: & > 1/8,
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The Wilson method is based on the fact that the vector of accelerations and loads vary linearly in the
interval (t+67), where 21 pased on the following approximation of the accelerations:

U+ a0} =)+ (U9}~ U )

!

The expressions for velocities and displacements are received by integration of the equation:

Ueron}= 2 (U} Uo)- D O}-200)

!

v (t+er)}=;;({u (t+00))- U ©}-2U (t>}—‘92’{0<t>}]

Minimal value of 6=1,37, using which the method steadily converges, is 6=1,4.

_ 6
or

The parameters are set on the Parameters tab.
Specifying of time integration parameters for
the Newmark method is performed by pressing

Parameters of time integration

First integration parameter (a): | 0.25]

button near the Second integration parameter (B): | 0.5

on the Customize

method switcher. The parameters dialog is
opened in this case. By default, the parameters
are configured to unconditionally convergence

of the method. Cancel

Stabilization parameter (y): |0

Specifying of parameters for the Wilson
method is performed by pressing on the

Customize button near the method Constant of integration, ©: | 1.4
switcher. By default, the integration parameters
are configured to unconditionally convergence

of the method. Cancel

Parameters of time integration
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Assign initial Conditions

Besides specifying of the initial velocities and
accelerations using special commands, user may
also define initial conditions using the results of
previously solved statics or dynamics studies.
Important condition for such usage is the
requirement of identity of the finite element
meshes in both tasks. The parameters are set on
the Parameters tab in the Initial conditions
section. You can use one of the two ways:

e Apply displacements from the static analysis.
e Apply results of dynamic analysis.

In the last case you can apply not only
displacements  but also velocities and
accelerations from another study to the initial
step.

Damping Accounting

The Rayleigh damping is accepted in the system,
i.e. damping matrix is proportional to the stiffness
and mass matrices and is defined by the

expression [C]:a[M]+b[K] where a is the
proportionality factor of the masses; b -
proportionality factor of stiffness (both coefficients
are scalars).

The parameters are set on the Damping tab . The
parameters on the tab are similar to the
parameters of forced oscillation analysis. The
difference is that the proportionality factor of
stiffness is not set for the Mode superposition
study type.

Initial conditions

[ | apply displacements from static analysis

Apply results of dynamic analysis
Study 1
Time:
Get initial displacements
[ | et initial velocities

[ ] Getinitial accelerations

Monlinear Thermoeffects Results
General Solve Parameters

Proportionality factor of
Mass: o]

Stiffness: 0

Info
Damping
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Thermoeffects Accounting

The Thermoeffects tab allows to activate
considering dependence of material properties
from the temperature mode.

Consider Dependence of Physical Properties from
Temperature When the mode is active material
properties will be read from the graphs of
temperature dependences that are set in the
properties of study materials.

You can specify way of thermal load assigning for
physical properties of materials in the Temperature
fields section. The loads are used for calculation of
materials physical parameters using graphs of
temperature dependences, specified in their
parameters. The control elements on the tab are
similar to the parameters of static analysis.

Features of Dynamic Analysis Stages

The analysis is performed in several stages. Sequence of user actions during the study preparation and
dynamic calculation of the structure is similar to the algorithm described for the strength analysis. Thats

General Salve Parameters Damping
Monlinear Thermoeffects Results Info

Lonsider hermoelasaaty

Consider dependence of physical properties from temperature

Mon-stress State

Temperature of zero deformations:

293 = | | Kelvin v

Temperature Figlds

(®) Uriform temperature:

298 | | Kelvin v

() Use preset temperature

Temperature must be given using command
"Temperature” in heatdoads.

Use Thermal Study Results:

Time:

why in the chapter we will describe only some features typical for the dynamic calculation:

v" Study creation. When you create study you should select its type - Mode superposition or

Transitional processes.

v" Apply boundary conditions. In the dynamic analysis as in the static analysis boundary conditions
are loads and restraints. You can use all types of restraints and all types of force loads used in
the static strength analysis. In addition, you can use initial conditions such as Initial velocity,
Initial acceleration, and oscillator load. All loads may be specified using variables in time. You

can find more information in the "Specify dependence of Value from Time" section.

a. Thermoeffects are defined as for the strength analysis but thermal stresses are not
taken into account. Only changes of physical properties of materials according to the

temperature are considered.

b. Defining of restraints, oscillator or force loads is the mandatory clause of the correct
calculation. Thus, in contrast to static analysis there is no mandatory clause of model
displacement as a whole body prohibition, i.e. for the calculation implementation it is
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enough to apply single force for not long time period of calculation during which the
model will be displaced for the finite distance.

v Solve Study. The user specifies time step of integration, selected according to the clause
described above, method of time integration and, if necessary, one of the initial conditions
receiving method in the study parameters before study solving: displacements from the static
study, displacements, velocities and accelerations from another dynamic study with time

specifying.
Information and diagnostics are displayed Solving - dynamic analysis ]
in the message window. ) ,
Study: Study_1
Nodes - number of nodes in the calculated Calcuiation

Matrix Decompasition

finite-element mesh.

P |
Elements . B humber . Of Done: 48% Elapsed time: 00:00:07
tetrahedrons/triangles in  the finite- Done: 68 %
element mesh. Memory Usage
Arguments - number of equations Allocated: 81MB Maximum: 270MB Free: 3965MB
participating in the solving. Messages:
Calculation type - direct or iterative. * Nodes: 18035 ~
* Elements: 9893
Step .. of .. - current step and overall * Arguments: 54075
« Calculation Type: direct
number of steps. . Step 10f 50
. . . + Step 2 of 50
Calculation complete - indicates that the s
] . . . p 3of 50
solving is finished successfully. - Step4of 50
« Step Sof 50
L

[]save Document on solving completion

[ ] Close this dialog box on solving completion

v Solving results analysis. After the solving is finished a new "Results" folder appears in the
Studies window. Results specified on the Results tab in the Parameters dialog are displayed in
the folder by default. Only 49 results grouped in 8 groups are available to the user after the
dynamic analysis.

Algorithm of Evaluation of Dynamic Analysis Results

You should analyze the received results after successful calculation of the study to conclude about the
probable dynamic strength of the structure. The three types of results are enough in many cases -
displacements, stresses and factor of safety by stresses. By default, each result is opened on the last time
step, which may not be enough to obtain a dynamic picture of changes of strains and stresses. Therefore,
when you analyze the results you should use timescale and graphs, created according to the sensors.
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4. Enable/disable time process pan. For the dynamic studies it does meter in what period of time is to
consider the state of strain since the peak of the stresses or displacements may appear at anme step.

To display all results according to the time steps you should enable time process using icon or

v
enable animation using > icon on the ribbon.

5. Using graphs for the results analysis is described in the corresponding section of "Preprocessor"
chapter.

General results of dynamic calculations (with time step) are:

. fields of the structure displacements in nodes of the finite-element mesh;

. relative strains fields;

o stress components fields;

. strain energy;

o node response;

. fields of the strain safety factor distribution over the volume of the structure;
. velocity field in the computation points of the finite-element mesh;

o acceleration field in the computation points of the finite-element mesh.

Usually this data is sufficient to predict the behavior of the structure and make a decision to optimize the
geometric shape of the product to ensure the basic conditions of the products dynamic strength.

Calculation Example. Dynamic analysis of cantilever beam with
varying load

To illustrate functioning of dynamic analysis module we will use the example of cantilever fixed
rectangular beam with dimensions 1000x100x20. The force increasing from 0 to 500 is applied to the free
end. The force is acting during 2 sec after which it remains. It is necessary to define the maximal
displacements of the beam end and dynamic stresses in the closing.

Dynamic Transitional Process

Step 1. Creation of study, creation of mesh, applying material. Use the 3MN: New Study command to
create the Transitional processes study on the basis of the body - beam with dimensions 1000x100x20.
Create finite-element mesh. You need to define material parameters of the model. By default the
properties "From study Operation/Body" are used in the calculation, i.e. the material properties are
automatically taken from the solid model of the product. The mode is convenient if bodies with different
materials participate in the calculation of the assembly model. In this case the "Steel" material was
applied during 3D model creation. The physico-chemical properties exist in the T-FLEX CAD base.

234



Dynamic studies

Step 2. Apply initial and boundary conditions.

3D model

[2] Basic Parameters

A

Edge_1: Extrusion_1

=

Distribution:
Uniform

2] Value

Walue:
Graph 0
Units: N

Visual Scale: | 1

Fryia XmE

~l

(2] Direction

Normal

Element:

X 0

¥ 0

Z: -1
[]Reverse Direction

Al 4w | [+l

Varying load to the face

Created finite-element mesh

Initial conditions and loads should be pecified. Initial
conditions will be zero velocities and accelerations that need not be set separately. Apply full restraint to
one end and vertical force that varies according to the graph to the other end.

7A! Graph 'Graph 0" - Editing - U
v){ HBGraphD =|
N KRR PG EE
@ G gt
i T ST, — Ne 3 M
o / 1 0 0
33 :
<z 2 2 500
3 25 500
z -
w ol
8- /
_IIII|IIII rrrryprrrt IIIIiIIII Frrrirrrt
52 1 2 3

ts

Graph of varying load

Step 3. Creation of sensors and graphs templates. To define the maximum deflection and velocity of the
beam end it is necessary to create sensor using which the graph template is created:
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o

11
4

€= a -
a E’]_M‘Stud)rj [Transition]
b < Mesh_1
I Graph Template [1]
I Restraints [1]
I Loads [1]
4 (%) Sensor_1 [FEA-Point]
b (T Edge_1: Extrusion_1
[ @E)d:rusionj
I Study Elements [1]

Sensor in the middle of the edge

F EEStudy_1 [Transition]
b Mesh_1
4 Graph Template [1]
4 [l=<| Ternplate Graph_1
4 Sensor_1 [FEA-Point]
b () Edge_1: Extrusion_1
[+ @E:-;‘trusinn_'l

Graph template created using sensor in the study
window

Step 4. Solve Study. The study calculation is started after the restraints and loads are defined.

You should specify time step and finite
time of the calculation in the study
properties. According to the slow load
change the 0.025 sec time step is defined.

Menlinear Thermoeffects F.esults Info
General Salve Parameters Damping

Time parameters

Final modeling time: 2.5 second %

'ZEZ' Time step: 0.1 second %

Method of time integration

(®) Mewmark Customize

() wilson Customize

Specify step and time of the modeling

Step 5. Solving results analysis. After the calculation you need to open displacements result.

After "Time process" control pan
activation we can watch the
deformation process of the beam step
by step. The beam will deform to the
maximum value under the load and
then the beam oscillates by inertia
because it is still loaded with applied
force. Oscillations are continuous so
that the damping is not used in the
study.

+0.002av4

+ 0.007395

Study_1 [Transition]
Displacement, magnitude, m
Time:2 s

Displacement scale: 4.18

n.o1183

0.01035

Sensor_1:
0.01183

Time process

1| [ bt | 1] | 2 C W

Displacements - time process
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Deflection of the same beam under the
constant force, received after static
strength study calculation. The results
practically coincide.

Study 2 [Strength]
Displacement, magnitude, m
Displacement scale: 4.23

0.01181

+0.01034

+ 0008259

Sensor_2:
0.01181

F0.007382

Comparison with the static displacement from the same load

On the diSplacementS graph N Graph: Displacement, magnitude : 26 o E
created using Sensor_1 you v XIdE.
=5 ().
may see that thg beam gnd rErEYTY Y
continues to oscillate with small = Variables | Values
amplitude with regard to the = Method
. . 53 v
maximum deflection loaded ] e
. . E [femptecran = |
with the applied force of 500 N. %7 EE—
g Results
§_E V] Displacemeni . magnitude - 26
_é Sensors
g_: 55'5:-'_'_
‘.t-) 7II|IIHBIH“HIHHI“III%II\|IIH%\H|IIII|£IH|III\|I1I£I|IHIHI‘;I\III\Hléull\Ililél|lll\|él6\|IIHlé\él“lll‘él‘iﬂll\llll

X =1.2031, ¥ = 225564

Displacements - time process
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The maximal stresses can be Study 1 [Transition]
. Equivalent Stress, MPa
shown on the stresses diagram. Time: 2.5 5 Max 77.32

Displacement scale: 4.18

Display extremums.
7732

BY.6T

L 58.02

4837

Time process n
1| kel o | 2l| | 2.5 [ W
.- 38.72
Dynamic stresses (peak)
Make sure that received Study 2 [Strength]
H Equivalent Stress, MPa
dynamic stresses‘ are Flose to Displatement scale: 4.23 Max 76.18
the stresses received in the 618
static calculation.
6667
L aTAT
L 47 6A

Comparison with static stresses

Mode Superposition

Calculate previous study using mode superposition (type: Mode Superposition).

Step 1. Creation or copying of the study. Use the 3MN: New Study command to create the Mode
superposition study on the basis of the same beam or copy previous study and change its type to Mode
superposition in the properties not to apply twice the same loads and restraints.

Step 2. Calculation of natural modes.

238



Dynamic studies

Select Calculate natural modes on
the Solve tab in the study
properties. The system offers to use
12 natural modes for the calculation.

General | Solve |parameters | Damping | Results

() Use frequency analysis results

(@) Calculate natural modes
Solving Method
i‘ Automatic assignment
() Direct

() Iterative

Spectrum of natural frequencdies

Quantity of lower natural frequendies:

[ |unfastened system

Info

Customize

Customize

Specify number of calculated natural modes

Step 3. Solve Study. The study calculation is started after the restraints and loads are defined.

You should specify the same time step and
finite time of the calculation as for the
previous example in the study properties on

the Parameters tab.

General | Solve | Parameters | Damping | Results | Info

Time parameters

Final modeling time: 2.5

'l Time step: 0.1

Method of time integration
(@) Mewmark

) wilson

second W

second W

Customize

Customize

Specify step and time of the modeling

Step 4. Solving results analysis. After the calculation you need to open displacements result.
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After the calculation is complete
you should activate "Time process"
control pan to watch the
deformation process of the beam
step by step. You can see that as
for the Transitional process study
the beam will deform under the
load to the maximum value and
then the beam oscillates by inertia
with small amplitude near the
maximum value of the deflection.
The amplitude of the deflection
practically coincide with the value
found in the Transitional processes
and Static strength studies.

On the displacements graph
created using Sensor_3 you may
see that the beam end
continues to oscillate with small
amplitude with regard to the
maximum deflection.

Oscillations are continuous so
that the damping is not used in
the study.

Study_3 [Mode superposition]
Displacement, magnitude, m
Time:25s
Displacement scale: 4.22
0.01186
- 0.01038
sSensor_3
- 0.008893 0.01186
L 0.007411
Time process n
Il | el [l | 51| | 2.5 c w
n NnneEnan
Displacements - time process
Al Graph: Displacement, magnitude : 26 o E
iv X E
s |[o=] 5z [,
i@ T e a5,
E Variables | Values
gf Method
(=2u! By one Sensor )
Sensors Configuration
[erpoe s |

0.009 0.01 0.011

0.008

II|IHW\II|IIII|IIH‘HII|IIII|IIHWII|IIII|IIH‘\III|IIII|IIH|IIII|IIII|IIH|IIII|IIII‘HH|IIII|IIH\HH
& 15 16 17y ng 19 20 21 22 23 24 25

)
26

Results

/| Displacement, magnitude - 26

Sensors

Sensor_3

X = 1.98276, ¥ = 2.2807

Displacements - time process
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When extrema are displayed
on the stresses diagram you
can see that the computation
stresses are close by their
values to the previously
calculated values.

Conclusion

Study 3 [Mode superposition]
Equivalent Stress, MPa

Time: 255
Displacement scale: 4.22 Max 76.24
ThH.24
L BB 71

Sensor_3:
0.5151

‘I

Fa7.18

Dynamic stresses in the Mode superposition

According to the solved study you may see that both of the methods of dynamic study calculation lead
to the same result and can be used for the dynamic studies calculation.
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THERMAL ANALYSIS

The thermal analysis module serves for solving heat transfer and thermal conduction studies. A typical
goal of performing thermal analysis is finding temperature fields and heat (thermal) flux within a
product's volume. T-FLEX Analysis supports two ways of formulating a thermal analysis studies:

e Stationary Thermal Process — calculating temperature fields and heat flux distribution under
the assumption of an infinitely long time passing after applying thermal loads. A body's
temperature does not change with time in the steady state, so that an elementary body
volume loses as much energy to the environment per the time unit as it gains from outside or
from internal heat sources.

¢ Nonstationary Thermal Process — temperature fields calculation occurs as a function of time.
Thermal energy sources, temperatures and thermophysical properties of the system may
change in time. The temperature field distribution pattern changes with time in the analyzed
physical system, so that the study results in obtaining temperature fields at each time instant
of a certain time period set forth by the user.

Ixs

Heat [Thermal stationary]
Temperature, Kelvin

7148
I BE2.Y

- B10.6

Cooling [Thermal nonstationary]
Temperature, Kelvin
Time: 1800 s

2982
l298.1
2981

L 2981

It 2981

2981

2951

I298.1
2981

8 I8

Examples of a stationary (left) and nonstationary (right) thermal processes

Details of Thermal Analysis Steps

Thermal analysis is performed in several stages. The sequence of the user's steps for putting together a
study and running a thermal study of a structure is in many parts similar to algorithms of working with
other study modules of T-FLEX Analysis. Therefore, we will point out in this chapter only certain details
specific to thermal studies.
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1.

Creating Study. When creating a study, specify its type — Stationary Thermal Analysis or
Nonstationary Thermal Analysis. As in other study types, building a finite element mesh is
required, for approximating the structure's geometry.

Applying boundary conditions. In the thermal analysis, the boundary conditions are
represented by the boundary and initial temperatures, heat power sources, heat flux, and
conditions of heat exchange between the model and environment — convection and radiation
applied to the model.

Bill of Materials Parameters Measure Analysis

(@ J 2 Vﬂ

Full Force |Temperature Sensor  Graph Solve
Restraint™ o Ternplate

Temperature Calc

Heat Flow

B o=

-+
-
=

Convection

Heat Power

N W

== Radiation

jE Thermal Contact

Commands for defining boundary conditions of thermal analysis
When defining thermal loads, you need to distinguish and appropriately use the two options of
defining the «Temperature» load (see «Preprocessor») — «lInitial Temperature» and
«Temperature». The initial temperature is used for defining thermal loads at the initial (zero)
moment of time for the transient thermal analysis only. All thermal loads defined without the
«initial» flag are considered constant (invariable) in both the stationary and nonstationary
thermal analysis.
Solving. Before running calculations, the user can specify adjust algorithms for solving systems
of equations on the [Solve] tab.
Analysis of thermal solution results. The results of a thermal analysis are:
Temperature fields — temperature distribution over the model's volume.
Thermal gradients by the X, Y, Z axes, and the magnitude of the thermal gradient — reflect on
the degree of temperature changes by the respective axes of the coordinate system.
Resulting thermal flux by the X, Y, Z axes, and the magnitude of the resulting thermal flux -
show the rate of thermal energy transfer, determined from the solution to the thermal analysis
study.
Magnitudes of the thermal (temperature) gradient and the resulting heat flux are determined as
the square root of the sum of the squares of the respective coordinate-projected components.
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Besides the mentioned results, the following reference data can be displayed in the
postprocessor window:

e Prescribed thermal flux corresponds to the specified initial parameters of thermal loads.
e Prescribed temperature — constant thermal loads applied to the model.

¢ Initial temperature - the initial temperature field applied to the model (for the transient
thermal analysis).

The methods for analyzing results of thermal analysis accepted in the T-FLEX Analysis
Postprocessor, are in general similar to the methods of examining results in other analysis
modules. Let us mention some specific Postprocessor tools, which can be used for analyzing
results of Nonstationaty thermal process.

Solving a Nonstationary thermal process study results in a large set of data, whose total
number is equal to the number of time steps specified by the user. T-FLEX Analysis provides the
user with a convenient visual interface for managing the entire array of data resulting from
calculations. For this purpose, a «Time process» dialog panel can be called from the results
viewing window's context menu, that can be used by the user to quickly switch to the desired
result on the time scale.

Time:
2498

2498

298

298

2498

298

298

2498

298

Cooling [Thermal henstationary]
Temperature, Kelvin
60 s @‘
A Render 4 Q
Projection r
1 i =
Rotate » E
1 Clip plane 3
% Camera »
A Labels 3
| Time Process window |
A
BEQ Coloring Properties...
Properties...

Time process i‘r

1| [kt [t | 21| | 6O = L

Use of the «Time process» window for managing access to the results of a Nonstationary Thermal Process study
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Thermal Analysis Processor Settings

Stationary Thermal Process

The General, Solve, Results and Info tabs are the same for the both of thermal studies types.

On the [General] tab, you can define or edit the descriptive attributes of the current study, as the name
or a comment. The [Solve] tab contains settings for solving systems of algebraic equations, with their
meanings similar to the settings of the «Static analysis» study (see the respective section). Note that the
Calculate using linear element mode can be used in most cases of thermal analysis, facilitating much
faster calculations. The finite element is used by default as, unlike studies in Statics, Frequency analysis
and Buckling, results of temperature distribution over the model's volume can be calculated quite
accurately. Calculation of the study using quadratic finite element may be required if it is necessary to
use results of the thermal study (temperatures distribution) in the mechanical study for thermoeffects
calculation.

When you solve study, using the quadratic element, the “Iterated” and “"Automatic” calculation modes
become available. When "Automatic” mode is chosen, the system assigns method of solution based on
total number of equations.

Study_3 [Thermal nonstationary]

General | Parameters | Solve | Results | Info
Solving Method

Automatic assignment

(@) Direct Settings
Iterative Settings
0.0001 =
5000 :
Finite-Element Method

Calculate using linear element

Morlinearity

Method of solution of nonlinear equations set Settings

Thermal studies parameters dialogs

You can open the dialog of the iterated method of nonlinear equations set solution using the [Settings]
button in the Nonlinearity group.
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lterated method
Relative miscalculation: 0.001 =
Maximum number of iterations: 100 & Cancel
Relaxation Factor: 0.5 =

Nonstationary Thermal Processes
The user should set process time, time step and initial temperature using the Parameters tab before the

calculation of the nonstationary thermal process study.

The Study on thermodynamic equilibrium study type is also available on the Parameters tab. For the
study type, you should set Initial time step and Relative accuracy. Time step of the following iterations
will be chosen automatically during calculation. The result of calculation using the option contains the
temperature that established in equilibrium and time, in which the equilibrium temperature established.
The study type is recommended for calculation of the thermal studies that take into account radiation

between faces.
Study_3 [Thermal nonstationary]

General | Parameters | Splve | Results | Info

Process time: 1 +||second v
Time step: 0 = | second v
[ study on thermodynamic equilibrium
1 + | second
0.01
Initial temperature
(®) Use preset temperature
Default value:
298 = | | Kelvin v

() Use Thermal Study Results:

The Use preset temperature option allow the user to define as an initial temperature:
e initial temperature prescribed with the help of the command Analysis > Thermal Load >
Temperature;
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e the default value of temperature at those finite element nodes where the initial temperature was not
defined by the user.

The Use heat-task results control allows defining the initial temperature by the results of an earlier
conducted thermal analysis. This dialog item becomes accessible to the user, if there are earlier
conducted thermal studies present in the model. In the drop-down list select the name of a solved
thermal analysis study and, if necessary, the time instant, to which the solution pertains. Please note that
certain conditions are to be met for using thermal analysis results as the initial temperature conditions:

1. Identity condition of finite element meshes in both thermal analyses. The simplest way of
achieving such identity is the use of the Copy Study Items command available in the context
menu of the study. The sequence of steps can be, for example, as follows:

a) create a study of the Thermal Analysis type, generate a mesh, define boundary conditions,
and run. We assume that the solved temperatures will be used for defining initial
temperatures in another study of the transient thermal analysis;

b) create a study's copy using the Copy Study Items command;

c) if the Stationary Thermal Process study was copied, then we change the study type to the
Nonstationary Thermal Study using Edit option from the context menu;

d) define boundary conditions of a transient study in thermal analysis. On the Parameters tab
of the study's properties, select the first study and, if that's a transient analysis, the desired
time step.

As a result, we have two studies with identical finite element meshes.

2. The Calculate using linear element property on the Solve tab of the study parameters dialog
should use the same settings in both studies. For example, if the first thermal analysis is done
by linear elements, then the second thermal analysis based on the former thermal analysis
results can also be run only by linear elements.

Note also that solving a nonstationary thermal study requires more CPU time as compared to the
stationary thermal study, since in the former case the systems of algebraic equations are solved at each
time step defined by the user.

Examples of Thermal Analysis Studies

Thermal Analysis of a Cooling Radiator. Steady State

Required is an evaluation of a passive cooling radiator efficiency for the semiconductor electronic device
with the maximum dissipating power of 15 Watt. The permissible temperature of the microchip's body is
75°C in the operating range of ambient temperatures from 25°C to 55°C. An aluminum alloy radiator is
used for cooling the device and is mounted at the top of the microchip's body. To improve heat
dissipation, the body of the microchip is made of copper.

Step 1. Creating «Study», meshing, and assigning material. Create a study of the Stationary Thermal
Process type using the command Analysis > New Study based on two bodies — the microchip and the
radiator. Generate a finite element mesh. You also need to define parameters of the part's material. By
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default, calculations use material properties «From Study Operation/Body», that is, the material
properties are automatically obtained from the product part's solid model. This is especially convenient
when a study includes bodies from different materials representing parts of assembly models. In our
case, the «Aluminum» material was defined at creation of the 3D model of the radiator, with its physical
and chemical properties contained in the T-FLEX CAD 3D database. Microchip is made of "Copper".

i i

R

&

Three-dimensional model of the microchip with a Resulting finite element mesh
passive cooling radiator
Step 2. Applying boundary conditions. Let us specify thermal loads for the model. We will apply the
«Heat power» load of 15 Watt to the volume of the microchip, and define the «Convection» boundary
condition on the external heat-sinking radiator surfaces with the convection parameter of 25 Watt/(m?
°C) and ambient temperature of (25°C). We can disregard in this study the heat exchange factor of
mutual and ambient radiation, since their radiation contribution is vanishingly small at the expected
temperatures (tens of degrees Celsius). Upon completing the commands of building the finite element
mesh and defining thermal loads, we get a calculations-ready finite element model.

Heat Power Paramet... & X Convection Parameters 1 X
v @ * 4 (@ *
Heat Power Parameters [#] Convection Parameters
- ~|[=
Face_63
Face_64
Face_65
Face_g6
= Fars A7 M
Value: 15 [ Value:
Uniits: w v 25 =ilA
Visual Scale: | 1 = Units: WmaeeC v
Temperature:
25 =
Units: nE w
Visual Scale: | 1 =

Defining "Heat Power" load Defining "Convection" load
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Step 3. Running calculations and analyzing results. We will start the thermal analysis by running the
command Analysis > Solve. In the appearing dialog of the study's properties, set the «Steady state»
option on the [Parameters] tab. Use the «Calculate using linear element» mode on the [Solve] tab to
speed up the calculations.

The list of calculation results is displayed in the | kesting [hermal stationary
«Studies» window and can be accessed by the 1215

context menu in the calculation results window. |
The maximum temperature according to the e
heat and analysis results is 42.15 °C at the
convection temperature equal to 25 °C. We will n
then edit the convection temperature using the
Edit command of the studies tree context menu,
setting the operational ambient temperature to
its upper limit (55°C), and then rerun I‘“g
calculations. We will obtain the maximum
temperature of the microchip equal to 72.15 °C.
The conclusion is the radiator does fulfill the
required temperature condition for the device in
the entire specified range of the device's
operational  temperatures. The study is
complete.

41.58

41.01

40.82

40,63

Calculating the Time of Heating up the Cooling Radiator. Transient Mode
Let us estimate the time required for the device to reach a steady thermal state. To do this, let's run a
transient thermal analysis of the «microchip+radiator» system.

Step 1. Creating study's copy. We will create a copy of the original study in a steady-state thermal
analysis using the Copy command of the studies tree context menu. On the General tab of the study's
properties, change the study name to «Heating time».

Heating time [Thermal nonstationary]

General | parameters | Solve | Results | Info

General
Mame: | Heating time| |
Type: Thermal nonstationary

Step 2. Defining parameters of transient analysis. We change the study type to the "Nonstationary
Thermal Process” using the Edit button from the context menu of the 3D model window. On the
[Parameters] tab of the thermal analysis properties, we set the finite time— the modeling time of 30
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minutes and the modeling step of 0.5 minutes. We activate the Use preset temperature flag and enter
temperature 25 C.

Heating time [Thermal nonstationary]

General | Parameters | sglye | Results | Info

Process time: a0 = minute v

4

]

0.5 = |minute W
[ ]study on thermodynamic equilibrium
1 - | second
0.01
Initial temperature
(®) Use preset temperature
Default value:
25 = | | Celsius v

() Use Thermal Study Results:

Defining calculation parameters of transient heat analysis — time and initial temperature
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Step 3. Running calculations and analyzing results. After the completion of calculations, you can
examine results at each time step. To view such results, we use a floating «Time process» bar that allows
the user to quickly switch to the time instant of interest using a slider. With the help of these tools, we
determine that a heating of the microchip to the temperature of 42.15°C will occur after approximately
27 minutes.

Heating time [Thermal nonstatiohary]
Temperature, Celsius
Time: 1590 s

42145

41.96

+ 4177

+ 41.58

41.39

41.2

41.01

40.82

Time process n

toal] fstd ] [ 1] | 1590 c v

40.63

Result of thermal analysis at time 1590 sec (27 min.)

Then we change the ambient temperature in the study parameters and Convection load to the 55°C. We
found that the microchip heating to the temperature of 72.15°C after the same 27 minutes.
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Calculating Time of Cooling Down the Cooling Radiator. Transient Mode

Now, let's evaluate the time required for the device-cooling radiator to cool down after an extended
work.

Step 1. Creating study's copy. Adjusting boundary conditions. Let's create a copy of the study of the
Nonstationary Thermal Process. A «Study Copy» dialog appears when creating a copy of the study. By
clearing the flag «Create Copy of Mesh», the different studies will be made to use the same mesh. This
copying mode provides identity of finite element meshes two or more studies. Let's call the new study
«Cooling time».

Adjust the boundary conditions of the «Cooling time» study. For this, delete the «Heat power» load from
the «Cooling time» study by the studies tree context menu command Delete. Now, the «Cooling time»
study is ready for defining calculation parameters.

Step 2. Defining parameters of transient analysis. On the Properties tab we left the time analysis
parameters without changes— the modeling time of 30 minutes, the modeling step of 0.5 minutes. Let's
use already calculated thermal study results as initial model temperature. In our case, we select the
"Heating"” study from the drop-down list.

Cooling time [Thermal nonstationary]

General | Parameters | sglye | Results | Info

Frocess time: 30 = | minute
0.5 | minute v
[ ] study on thermadynamic equilibrium
1 + | second
0.01
Initial temperature
() Use preset temperature
25 = | Celsius
(®) Use Thermal Study Results:
Heating w7

Setting up study parameters for calculating cooling process
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Step 3. Analyzing calculation results. Let's run calculations and analyze the results. Using the «Time
process» bar, we can determine that nearly complete cooling of the radiator will occur in approximately
26 minutes after turning the device off. The device has been working in a stationary mode. The chip
temperature will differ from the ambient temperature on 0.1°C.

Cooling time [Thermal nonstationary]
Temperature, Celsius
Time: 1470 s

25.01
Izs 01
26.01

2501

I25m

250

250

#mn Time process

| b b | -] | 1470 C W

2501

Device cooling calculation.
Temperatures distribution at 1470 seconds of the calculation time
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VERIFICATION EXAMPLES

In this chapter we review the results of solving several model studies that have an analytical solution, in
order to assess the accuracy of the finite element analysis system output. All examples brought up here
can be found in the "Verification examples” library of files.

Each verification example contains description of the formulation of the physical study, description of its
finite element formulation, and also results of the finite element modelling with the estimate of the
relative error of the obtained results as compared to the analytical solution taken as “exact”. In several
studies we show the plots of the relative errors depending on the degree of refinement of the finite
element discretization.

The files of verification examples contain the solved studies that correspond to the given description. For
several studies, having a large quantity of results (for example, forced vibrations), the results cannot be
saved in the library of verification examples (to decrease the size of the file). In this case, in order to view
the results of the finite element modelling, it is necessary to recalculate such studies.

Remark. It should be noticed that the results of the finite-element calculations depend on the
finite element mesh, and therefore, the numerical results of calculations shown in the tables
and also their relative errors can be somewhat different from the results saved in the files. This
is a normal event for approximate numerical calculations.

EXAMPLES OF SOLVING STUDIES IN STATICS

Bending of a Cantilevered Beam under a Concentrated Load

Consider a cantilevered beam of length L, loaded with the p \l,
force P at the right-hand end. The beam cross-section is a [ h
rectangle of width b and height h. - —>I\

Sought is the maximum beam deflection.

Assume P=2000 N, L=0.5 m, b=0.05 m, h=0.02 m. Material characteristics assume default values: the
Young's modulus E = 2.1E+011 Pa, Poisson's ratio v = 0.28.

The left-hand end of the beam is fixed, and the right-hand end subjected to the load of amount P,
directed vertically downward.

Finite-element model of the beam with loads and restraints
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The analytical solution appears as:

3
_ P 1 1005x10°
3 m,
_b-h?
where P —is the force, [ - the beam length, £ — the material Young's modulus, 12— the section's

moment of inertia.
After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
Finite Element Type Number of Nodes Number of Finite Elements
quadratic tetrahedron (10 nodes) 315 764
Table 2.

Result «Displacement»

Numerical Solution Analytical Solution ‘w—w*‘
) , = 1x100%
Displacement W , m Displacement W, m Error W
1.1826E-002 1.1905E-002 0.66

Displacements of beam points

Conclusions:

The relative error of the numerical solution compared to the analytical solution is equal to 0,7% for
quadratic finite elements.
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1.5 A

05 4
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0 300 1000 1500 2000

Dependence of the relative error on the number of finite elements

Static Analysis of a Round Plate Clamped Along the Contour

We need to find the maximum deflection of a round plate of radius R
and thickness h, which is clamped (fixed) along the contour and is '
loaded with a uniform pressure q distributed on the top face of the

plate. \ g
Because of the symmetry in this study, we will work with one quarter

of the plate.

> |«

Assume that the plate radius is R=0.2 m, thickness h = 0.003 m, and the pressure g = 10 kN/m2. Material
characteristics assume default values: the Young's modulus £ = 2.1E+011 Pa, the Poisson's ratio v = 0.28.

Next, we need to apply boundary conditions. The side surface of the plate will be fully restrained,
whereas the free faces introduced after discarding ¥ of the plate are subjected to partial restraints in the
direction normal to the faces direction, because the points in the sections cannot have extra
displacements in the normal direction due to the symmetry. Pressure in the amount of 10 KN/mZ2 is
applied to the top face of the plate.

T, |
i M [ I
kN L O
AT e W ey g e P e
E iy o AT Tl et ey et e i e e i e Yy
SR e PN e T e, A Ao i Y
e e e o | ¥
= e o e A

Finite element model of the plate with loads and restraints
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There is an analytical solution to this study. The deflection at the plate center is calculated by the

formula:
4
w=TR_ _ 4876210
64D m,
_ ER°
12(1-v?) _ - . 3 .
where flexural rigidity, g — is the pressure amount, R — the plate radius.

The stress on the plate contour is calculated by the formula:

2
o= 0.75q(%] ~3.3333x10’

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.

Finite element mesh parameters

Finite Element Type Number of Nodes

Number of Finite Elements

quadratic tetrahedron (10 nodes) 3981

11794

Table 2.

Result «Displacement»

Numerical Solution Analytical Solution

w—w]
= x100%

Displacement W, m Displacement W, m Error ]
4.8681E-004 4.8762E-004 0.16
Table 3.
Result «Stress»
Numerical Solution Analytical Solution | o
N N J= | | x100%
* — — o
Stress 0, m’ Stress 0, m’ Error
3.0057E+007 3.3333E+007 9.83
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Displacements of plate points

Conclusions:

The relative error of the numerical solution compared to the analytical solution was 0,16% for
displacements and 9,8% for stresses when using quadratic finite elements. The change in the relative
error versus the number of quadratic finite elements is shown on the Figure below.

25 4

1.5

05 A

0 T T T 1
0 20000 40000 60000 80000

Dependence of the relative error on the number of finite elements
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Analysis of a Spherical Pressure Vessel

Given is a spherical vessel with the inner radius r and outer radius y
R. The vessel is subjected to the internal pressure p, and external ¢
pressure p;. Sought are the displacements of the inner vessel \ s P

wall.
Due to the symmetry of this study, we will consider the 1/8 of the o % r
sphere. Assume the following source data:

Po =
Inner radius r=0.4 m, YR
Outer radius R=0.415 m, e R\
Inner pressure pp=200 MPa, % \

Outer pressure p1=120 MPa.

Assume the material properties as E = 2.1-10" Pa, V=028,

As in the previous study, we need to apply the boundary conditions to account for the discarded portion
of the sphere. In this case, we need to restrain normal displacements of all flat face points. The pressure
in the amount of 200 MPa and 120 MPa is applied at the inner and outer faces, respectively.

N
SNty

Finite element model of 1/8 of a sphere with loads and restraints

Displacement of internal surface of the sphere can be evaluated using the formula:

U= A-r+£2:1.4063 mm,
r

R_R
A-— ' R -1 h . E ,_Ev
(2‘”3’1)'[13_13} [13_13J 2-(1+v) AL+v)-(1-2v)
where R R r

In the spherical coordinate system the stresses can be expressed as follows:
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-3 -3 -3 -3
TR-RTR (BB g R -RTR (R-Py) 3

0, (p)=——3— 3 3. P =——F gt 3 3

P (R°-r) (R°-r7 (RP-r) 2.(R°-r")

The equivalent stresses are found by the formula:

S (P) = (0, (P)) + (1 (P)) ~2-0,(p)-0(p)

The equivalent stresses on the inner surface of the sphere are Oequi () =1148 MPa.

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.

Parameters of finite element mesh

Finite Element Type Number of Nodes Number of Finite Elements

quadratic tetrahedron (10 nodes) 1846 5338

Table 2.

Result «Displacement»

Numerical Solution Analytical Solution ‘W—W*‘
. , W 5= «100%
Displacement W , m Displacement W, m Error W
1.4068E-003 1.4063E-003 0.03

Table 3.

Result «<Equivalent stresses»

Numerical Solution Analytical Solution | -
N N 5= x100%
Stress 0'*, m? Stress 0, m’ Error o]
1.1508E+009 1.1480E+009 0.24

Square Plate Subjected to Force at Center

Consider a rigidly supported plate subjected to a force applied at the center. wLF
The study of static analysis is solved by using plate finite elements. Only a ~  ~---------- 7
quarter of the plate is analyzed due to symmetry conditions on the ol

corresponding edges (restrained displacements in the direction of axis of the 4——5——=
local coordinate system normal to the face plane; restrained rotations).
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Finite element model of plate with loads and restraints

Analytical solution for the deflection at the point under the force is given by formula:
2 3
w=00224P% p- EM__
D 12(1-v7) '

Let us use the following data: the length and width of the plate @ =900MM  plate thickness is h =3mm,

applied concentrated force is P = 90K3S (or P =490.3325N )

_ 11
Elastic properties of the material are taken as: E=21x10 Pa, v=028

_ -3
Analytical solution can be expressed as: W=5.3557x10" m

After carrying out calculations with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
Mesh Number Finite Element Type Number of Nodes | Number of Finite Elements
1 quadratic tetrahedron (10 nodes) 8083 24222
2 linear triangle (6 nodes) 3818 7426
3 quadratic triangle (6 nodes) 3818 7426
Table 2.

Result «Displacement»

Numerical Solution Analytical Solution ‘ —w
Mesh Number . . W o= x100%
Displacement W, m Displacement W, m Error W
1 5.3702E-003 5.3557E-003 0.27
2 5.4078E-003 5.3557E-003 0.97
3 5.3763E-003 5.3557E-003 0.38
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Cylindrical Reservoir with Walls of Constant Thickness

The reservoir undergoes the pressure of liquid, as shown on the picture. The bottom of reservoir is

embedded into an absolutely rigid foundation.
Z

X\F

In most cases in practice the thickness of reservoir wall h is small compared to both the radiusR, and

the depth of the reservoird . Taking into consideration this and the fact that the bottom of the reservoir
does not experience any deformations, it is feasible to model the reservoir as the cylindrical shell whose

bottom edge is clamped.

Finite element model of structure with loads and restraints
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Analytical solution of the study takes the form:

w =e**(C, cos(f%)+C, sin(ﬂ?))—M

where:

2 2
c - PRd o PRy 1 /;4:3(1—V2)
3= 74d Eh en (5 R

! ! !

P — density of liquid,

. . ~ 9. n/z
9_ gravitational acceleration ( ST
Let us use the following data: depth of reservoir d =1000mm radius R =200Mm  thickness of reservoir

=1ooo’<y
h=3mm  density of liquid r m’.

_ 11
Elastic properties are taken as: E=2.1x10 Pa, v=028

_ 7 5_
Thus, W= 6.1366x10" m (maximum is at £~ 0.134.% £rom the foundation — see the graph).

—6

210
0 /| —
[ A A A B

-2.107°

-4107° \ /

-6-10°° \ /

-3.10°° U

-1107° -
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Dependence of displacement of the height of the vessel, m
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After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.

Parameters of finite element mesh

Mesh Number Finite Element Type Number of Nodes | Number of Finite Elements
1 quadratic tetrahedron (10 nodes) 24325 74887
2 linear triangle (6 nodes) 4549 8864
3 quaderatic triangle (6 nodes) 4549 8864
Table 2.
Result «Displacement»
Numerical Solution Analytical Solution ‘W—W*
Mesh Number . ) o= x100%
Displacement W , m Displacement W, m Error W
1 6. 8665E-007 6. 7327E-007 1.98
2 6. 9118E-007 6. 7327E-007 2.66
3 6. 9023E-007 6. 7327E-007 2.52

Displacement, magnitude, meters
Displacement scale: 72938.59

f.8665E-007

6.0082E-007

5.1498E-007

4 2916E-007

3.4333E-007

2.5748E-007

1.7166E-007

8.5832E-008
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Conclusions:

The relative error of the numerical solution compared to the analytical solution for displacements was 2%
for quadratic tetrahedral finite elements and 2,6-2,5% for triangular linear/quadratic finite elements — but
the required number of finite elements was 8,4 times smaller.

Torsion of Shaft with Circular Cross-section

Consider a shaft with circular cross-section of radius R. Length of shaft is | (see figure).

Select the coordinate system with the Z -axis directed along the axis of the shaft, and the coordinate
2 =0 |ocated at the left edge of the shaft.

The shaft is subjected to the externally applied torque 7. The torque is applied at the right end of the
shaft, the left end of the shaft is rigidly clamped.

Let us use the following initial data: length | of the shaft is 0.-6M | radius of cross-section R of the shaft
=100 N-m

is 0.02m  the magnitude of the applied torque is
Material characteristics: E = 2.1x10" Pa v= 0.28
To find the angle of twist, let us use the following relation:
coT
=|—dz+
2 ‘([GJ Py

p

1
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G= E J R’
where %o — angle of twist of the cross-section Z = 0, 21+v) _shear modulus, P 2 _polar

moment of inertia of the circular cross-section.

Since, by formulation, the left end of the shaft is clamped, Po = O. Then, at a distance Z= 0.5 from the
clamped edge of the shaft, the angle of twist ¢ is given by the formula:

3 0.571
Do 51 GJp
Thus Posi =1.4551x10rad

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.

Parameters of finite element mesh

. Number of main Number of nodes for study Number of Finite
Finite Element Type .
nodes calculation Elements
quadratic tetrahedron (10 4509 89457 18264
nodes)

Absolute value of displacement (at £ = 0.5y Au = 2.9139E-005 m.

Table 2.
Result «Angle of twist»
Numerical Solution Analytical Solution 5= \(/J—V/\ «100%
Angle of twist Y= arcsin(ﬁjl ad Angle of twist ?, rad Error o
1.4547E-003 1.4551E-003 0.027

Conclusions:
The relative error of the numerical solution compared to the analytical solution was 0.027%.
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Bar Subjected to Self-Weight

Consider a bar of radius R and length I suspended at the upper edge and stretched under the
action of self-weight (see figure).

Let us use the following data: length of bar lis equal to v, radius of cross-section of the bar R
is equal to 0.02m
kg

p=T7800_<

Material characteristics: E = 2.1x10" Pa, V= 0-28,

Total elongation of the bar under the action of the self-weight can be determined from the
formula:

2
A=l
2E

g =9.8066512

where 7 — specific weight of the bar's material, thatis 7 =29, ¢,

The stress in the cross-section of the bar located at a distance X from lower (unconstrained) edge
can be evaluated from formula:

o=y-X

I

N
Thus’ Al =1.8212%10 m’ m® at 2 .
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After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
. Number of main Number of nodes for study Number of finite
Finite Element Type .
nodes calculation elements
quadratic tetrahedron (10 2482 16089 9518
nodes)
Table 2.
Result «Displacement»
Numerical Solution 7 7 w-w
i A‘nalyttcal Solution 5= ‘ «100%
Displacement W , m Displacement W, m Error W
1.8177E-007 1.8212E-007 1.9470E-001
Table 3.
Result «Stress»
Numerical Solution Analytical Solution | -
N N o= | | x100%
ey — o
Stress 0 , m’ Stress O, m’ Error
3.8249E+004 3.8246E+004 8.0139E-003

Conclusions:

The relative error of the numerical solution compared to the analytical solution was 0.19% for
displacements and 0.008% for stresses when using quadratic finite elements.

Analysis of Rotating Solid Disc of Constant Thickness

Consider a disc of radius R and thickness N (see figure).
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In analysis we consider only % th part of the disc with application of symmetry conditions at the
corresponding edges (restraint of displacements in the direction of the axis of the local coordinate
system perpendicular to the plane of the edge).

. 2
The disc is subjected to the centrifugal force F=p-@°R \yhere # - is the mass of the unit volume of

the disc's material, @ - angular velocity of rotation.

Let us use the following data: radius of disc R is equal to 0.457m  thickness of disc N is equal to 0.0Im,

rad
300—
magnitude of angular velocity of rotation @ is equal to c
ki
. p=T800—2
Material characteristics: E =2.1x10"Pa v =0.28 m
For this study, displacements U can be determined from the formula:
1 1 (1-v2
u= E((l—V)Clr —(:l.—V)C2 F—%pwerJ
C, = 3+V,0a)2R2 C.-0
where constants 8 , “2 % are determined from boundary conditions.
_(1-v) po’R®
The maximum displacement Umax s expected to be at I =R, that is i 4E
Stress components Zr, 99 are found as:
o, = 34_‘/,0602(R2 —r2)
8 1
+ +
o, = 3 8V o?R? 1T po’r?

These stresses take the maximum value at the center of the disc where:
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Thus, Unnax

_3+v

o, =0, =

=5.7430x107°m

po’R?

o =0,=0= 6.0111x107l
r o m2

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.

Parameters of finite element mesh

Finite Element Type

Number of main nodes

Number of arguments| Number of finite elements

quadratic tetrahedron (10 nodes) 1545 26874 4340
Table 2.
Result «Displacement»
Numerical Solution i i w-w
i Afva[yttca[ Solution S5 ‘ ‘ «100%
Displacement W, m Displacement W, m W]

Error

5.8036E-005

5.7430E-005

1.0390E+000

Table 3.

Result «Stress»

Numerical Solution Analytical Solution |0'—o-*
H H s=1""1x100%
Stress 0'*, w? Stress O, M’ Error |G|
6.4858+007 6.0111E+007 7

Simply-Supported Rectangular Plate Subjected to Sinusoidal Load

Consider a rectangular plate with the sides &, b and thickness N (see figure).
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a

h

b

Thickness of plate his considerably smaller than length of its sides &, b.
Plate is subjected to the load distributed across the surface of the plate according to the law:

q=0, sin(”—xjsin (” y)
a b/, where % is the intensity of the load at the center of the plate.
Consider the case when edges of the plate are simply-supported.

Let us use the following data: length of side @ of the plate is equal to 0.5m, length of side of the plate is
equal to 0.4m | thickness of the plate h=0.003m, intensity of the load at the center of the plate

o =100%.
Material characteristics: E=2.1x10"" Pa, V =0.28,
Analytical solution of the study has the form:
W= % - -sin(”—xj-sin(”—y]
7Z4D(;2+;'2j a b
D Eh®
where 12(1_"2) — cylindrical stiffness of the plate.
& b
The maximum deflection takes place at the center of the plate. Substituting 2 and 2 into the
equation above we obtain:
Qo

Wmax_ 1 1 2
7Z'4D(a2+b2]

_ -5
Thus, Wmex =1.9059x%10 m
In analysis we consider only %th part of the plate with application of symmetry conditions at the
corresponding edges (restraint of displacements in the direction of the axis of the local coordinate
system perpendicular to the plane of the edge; restraint of rotations).
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Symmetry
conditions

4

Symmetry
conditions

\
L

Simply-supported
edge

g

Simply-supported edge

Model of plate with loads and restraints

After carrying out calculation with help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
Mesh . Number of main Number of Number of finite
Finite Element Type
Number nodes arguments elements
1 quadratic tetrahedron (10 5836 104094 17318
nodes)
2 linear triangle (6 nodes) 2747 16472 5304
3 quadratic triangle (6 nodes) 10797 64782 5304
Table 2.
Result «Displacement»
Numerical solution i ; wW—w"
Mesh Number ; A‘nalytzcal solL\lAt;ton 5= | | «100%
Displacement W , m Displacement W, m Error W
1 1.8742E-005 1.9059E-005 1.671
2 1.8798E-005 1.9059E-005 1.37
3 1.8752E-005 1.9059E-005 1.61
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Displacement OZ, meters
Displacement scale: 666.97

2.587E-009

-1.8742E-005

Conclusions:

The relative error of the numerical solution compared with the analytical solution for displacements was
1.67% and 1.60% for quadratic tetrahedron and triangular finite elements, respectively.

Semi-infinite beam on an elastic foundation

Let us consider a beam on an elastic foundation. The length of the beam is L. The cross-section of the
beam is a rectangle of width b and height h.

P q

Z, b

The beam is subjected to a uniformly distributed load g. In addition, the force P is applied at the left end-
face of the beam.

Let us find the maximum displacement. Let us take the following input data: g, = 200 N/m, P= 1000 N,
L=5m, b=0.05 m, h=0.02 m. Material properties (steel): E = 2.1E+011 Pa, v = 0.28.
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Finite-element model for specified load and constraints.

Analytical solution can be found by the formula:
wo™ =(2B-P - qi) / kb,
where J = bh?/ 12 — moment of inertia, k — stiffness coefficient of the supporting layer (k= 3e+06 N/m°),

B = (kb/4E-J)"* = 1.52136. The edge effect can be observed up to a distance of L, ~ /B = 1.381m
measured from the left edge of the beam.

Therefore, wo™* = (2*1.52136 *1000-200)/(3*10°%0.05) = 18.95147 mm.
Deflection of the beam: - q. / k'b =-1,333 mm.

Before carrying out numerical calculations, let us determine the following quantities: area of the face over
which the load q is distributed: S=bL = 0.25 m% therefore, pressure acting on this plane face is: q=
q.*L/S=4000 Pa. The input value of the total stiffness applied to the lower face is: k;=k*S=3*10°%0.25=
750000 N/m.

After carrying out calculations with the help of T-FLEX we obtain the following results:

Table 1. Parameters of the finite-element mesh

Finite element type Number of vertices | Number of arguments | Number of finite elements

quadratic tetrahedron (4 nodes) 10100 30300 4821
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Table 2. Result "Displacement”

Numerical solution w* mm

Analytical solution w, mm

Error § =100%* |w* - w | / |w]|

18.9523

18.9515

0.004

Displacement OZ, millimeters
Displacement scale: 21.11

I 18.9523

-2.69328

Nfax 18.9523

18:

-1.31607

19:
-1.33224

20:
-1.34794

Results of calculations in T-FLEX Analysis (displacements along the Z-axis)
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T T T T
18952
17.32 1
1232 1
¥
— 133 1
232 —
miry W) = —2685 mm
— 2685 /—

-248 | | | | | | |

a 0.5 1 1.5 2 25 3 35 4 4.5 5

Plot of deflection of the semi-infinite beam (analytical solution)
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_E ........................................................................................................................................ |‘u'ari,abla~:| Values |
E \ NS X Q. Y, meters
=E 1 0 0.0183523
== \ 2 1 o0ousey
=l= 3 2 0.00500785
SE \ 4 3 0000872251
= 5 4 -0.00145842
—a 6 5 -0.00247806
£ oS 7 6  -D.00268995
w00 =
g3 \ g 7 -0.00249368
> 23 9 B -0.00215626
w0 5
g 83 \ 10 9 000182789
E 2 11 10 -0.00157402
5= 12 1n -0.001408
=3 13 12 -0.00131694
5= \ 14 13 -000127898
=3 15 14 -0.00127307
= \ 16 15 -000128318
= \ 17 16 -0.00129919
== 18 17 -0.00131607
23 ., e il
S P ™ U M SO GO = - = s S O O O = U =~ Y [
= 20 19 -0.00134794
& 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Sensors, X (index)
Polyline (preview only), Nodes: 20 X =19.4504, ¥ = -0.00182789
W &

Plot of deflection of the semi-infinite beam (numerical solution)

Conclusion:

The relative error of the numerical solution compared to the analytical solution is equal to 1,3% for
guadratic finite elements.

Large deformation of a circular plate

Let us consider a circular plate of radius a and thickness h. The plate is fixed and subjected to the action
of distributed load qg.
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Finite element model for specified loads and constraints.

Let us use the following input data: radius of plate a is equal to 0.25 m, thickness of plate h is equal to
0.005 m, intensity of load q is equal to TE+011 Pa.

Material properties (steel): E=2.1E+05 MPa and v=0.28.
Let us use the following approximate formula for calculation of the displacement at the center of the

plate:
3 ga® 1
"0 =D we
1+ 0.488—3
ke,
where
3
Do B _
1211 -1 |

flexural stiffness of the plate.

By solving this equation for w0, we obtain the value of the maximum deflection which must occur at the
center of the plate: wO= 2.3258E-003 m.

After calculations are performed with the help of T-FLEX, we obtain the following results:
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Table 1.Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements

guadratic tetrahedrons 42624 7421

Table 2. Result “Displacement"

Numerical solution w,* m Analytical solution w,, m Error § =100%*|w,*- w,|/| w, |

2.2926E-003 2.3258E-003 1.3

Displacement, magnitude, meters
Load facter: 1.00
Displacement scale: 10.90

I 2.2926E-003

0.0000E+000

Conclusions:

The relative error of the numerical solution compared with the analytical solution was 1.3% for quadratic
finite elements.

Fixed square plate under the action of distributed load

Let us consider fixed square plate subjected to pressure.

Due to the symmetry we consider only a quarter of the plate (we constrain displacement along the axes
perpendicular to lateral faces).
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Finite element model with applied pressure and constraints

Analytical solution for the displacement at the center of the plate can be found from formula:
Bl
1201-v*)

4
w, =000126%% p=
D

Let us consider the following input data: length and width of the plate a = 500 mm (for this example, we
take the length of the side equal to 250 mm since only a quarter of the original plate is modeled),
thickness of plate h = 3 mm, applied pressure q = 800 Pa.

Material’s characteristics (steel): E = 2.1E+011 Pa, v = 0.28.
Analytical solution can be expressed as: w = 1.2288E-004 m.

After calculations are performed with the help of T-FLEX, we obtain the following results:

Table 1.Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements
quadratic tetrahedrons 32115 5425
Table 2. Result "Displacement"
Numerical solution w*, m Analytical solution w, m Error 5 =100%*|w,*- wy|/| w, |
1 2274E-004 1.2288E-004 0.15
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Displacement OZ, meters
Displacement scale: 203.68

2.4482E-010

bin-1.2274E-004

-1.2274E-004

Conclusions:

The relative error of the numerical solution for displacements compared to the analytical solution is equal
to 0.15% for quadratic finite elements.

Bending of a beam under the action of 3 forces

Let us consider a beam of length L, loaded with a force P in the middle and reaction forces R1, R2 at the
ends. The cross-section of the beam is a rectangle of width b and height h.

L 4

R1 R7
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The value sought — maximum displacement of the beam.
Assume: P = 1000 N, R1=500 N, R2=500 N, L = 0.5 m, b = 0.05 m, h = 0.02 m.
Material’s characteristics (steel): E = 2.1E+011 Pa, / # 0.28.

Both ends of the beam are not constrained and they are subjected to loads R1, R2 directed vertically.
The force P is applied in the middle of the beam.

Calculations are carried out with the enabled option «Stabilize the system » with additional stiffness
equal to 1.

Finite element model for indicated loads and constraints.

Analytical solution is given by:
w=(P-13)/ (48 E-J)= 3.720E-004 m

where P — force, L — length of a beam, E — Young’s modulus for the material, / = b - h3 / 12 — moment of
inertia.

After calculations are carried out with the help of T-FLEX, we obtain the following results:
(displacement is equal to (2.2283E-004)-(-1.5386E-004)=3.7669E-004 m)

Table 1. Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements

quadratic tetrahedrons 40626 8622
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Table 2. Result "Displacement"

Numerical solution, m

Analytical solution, m

[Error 5 =100%* |0Z* - 02|/ 0Z]

3.767E-004

3.720E-004

1.26

Displacement OZ, meters
Displacement scale: 11218

I 2.2283E-004

-1.5386E-004

flax 2.2283E-004

Wlin -1.5386E-004

Conclusions: The relative error of the numerical solution compared to the analytical solution for
displacements is equal to 1.3% for quadratic finite elements.Bending of a T-shape beam

Consider a T-shape beam.

[ |
hl

hz

151

The length of the beam is equal to L. The beam is rigidly constrained at the left edge, and the force P is

applied at the right edge.

Let us analyze the beam for the following input data: length L of the beam is 1 m, the length of the sides
b1,h1,b2,h2 is 0.01 m, 0.1 m, 0.006 m, 0.05 m, respectively, the force P is equal to 100 N.

Material’s characteristics (steel): E = 2.1E+011 Pa, v = 0.28.
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Finite element model for indicated loads and constraints.

Analytical solution of the study is sought with the help of the following equation:

Pr?

W= —

3ET
where

Sy = ("J?}’l +—"113§1)+ (JM + -’49252) - moment of inertia with respect to the central axis of inertia;
b . bk
12,0 1z
A =E3'1";"31,1'32 = b, "33:4;
z,,,2,, —distance between the axes Y, and Y, Y, and Y, respectively.
Therefore, w= 5.6989E-004 m.

After calculations are carried out with the help of T-FLEX, we obtain the following results:

Sy =

Table 1. Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements

quadratic tetrahedrons 49053 7905

Table 2. Result "Displacement”

Numerical solution w*, m Analytical solution w, m [Error 5 =100%* W -w| !/ |w]|

5.7335E-004 5.6989E-004 0.62
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Displacement OZ, meters
Displacement scale: 87.22

2.1803E-008

Min -5.7329E-004

-5.7329E-004
Conclusions:

The relative error of the numerical solution compared to the analytical solution for displacements is equal
to 0.62% for quadratic finite elements.

Torsion of a beam with a square cross-section

Let us consider a beam with a square cross-section. The length of the side of the square is a. The length
of the beam is L.
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The beam is subjected to the torque M, which is applied at the right edge perpendicularly. The left edge
of the beam is rigidly fixed.

Finite element model for indicated loads and constraints.

Let us use the following input data: length L of the beam is 1.5 m, length of the side of the square a is
0.050 m, the magnitude of the applied torque is M, is 1000 N-m.
Material’s characteristics (steel AlSI 1020): E = 2.0E+011 Pa, v = 0.29.
In order to find the angle of twist, we use the following relationship:
ML
GJ, ,

&

where G=E/2(1+v) - shear modulus, J,=Ba*-polar moment of inertia of a square section, p= 0.1406.

Therefore, ¢= 2.2168E-002 rad.
The maximum deflection is calculated from the formula:

L = sinfe) %a

Therefore, Au = 7.8371E-004 m.

The maximum shear stress /_¢an be obtained from the following formula:
M

T ¥

Max

Caa
where o= 0.208.
Therefore, [ # 3.8462E+007 Pa.
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After calculations are performed with the help of T-FLEX, we obtain the following results:

Table 1. Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements

quadratic tetrahedrons 91878 19876

Table 2. Result "Displacement”

Numerical solution Au* m Analytical solution Au, m Error § =100%* | Au™ - Au |/ | AU |

7.7647E-004 7.8371E-004 0.92

Table 3. Result "Shear stress"

Numerical solution //* Pa Analytical solution Error § =100%*| [ /¢ /[ V/ | [T/
[ ] Pa
4.0591E+007 3.8462E+007 5.5

Displacement, maghnitude, meters
Displacement scale: 136.60

I 7.7647E-004

Mz 7. TE47E-004

0.0000E+000
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Conclusions: The relative error of the numerical solution compared to the analytical solution is equal to
0.92% for displacements and 5.5% for stresses when using quadratic finite elements.

Torsion of a shaft by two torques

Let us consider a shaft of length L, diameter d, loaded with two torques T, oriented perpendicularly with
respect to each other and applied at the opposite edges of the shaft.

The sought value — maximum value of angle of twist.
Let ustake T = 100 N*m, L = 0.5 m, d = 0.06 m.
Material’s characteristics (steel): G = 8.203E+010 Pa, / # 0.28.

Both ends of the shaft are not constrained and are subjected to the action of the moments T, the axis of
rotation of which coincides with the axis of the cylinder, but the directions are opposite.

Calculations are carried out with the enabled «Stabilize the system» option with additional stiffness
equal to 1.
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Finite element model for indicated loads and constraints.

Analytical solution is given by:
o= (T*L)/(G*Jp) = 4.791E-004 rad
w = d*sin( 92) = 1.4372E-005 m

where @ — angle of twist, w — displacement of a point, T — torque, L — length of the shaft, G — shear
modulus for the given material,

,= nd*/ 32 —polar moment of inertia for the circular cross-section.

After calculations are carried out with the help of T-FLEX, we obtain the following results:
displacement is equal to 7.124E-006+7.174E-006 = 1.429E-005 m

Table 1. Parameters of finite element mesh

Finite element type Number of arguments Number of finite elements

quadratic tetrahedrons 69363 15348

Table 2. Result "Displacement”

Numerical solution w*, m Analytical solution w, m Error § =100%* [w" - w|/ |w|

1.4298E-005 1.4372E-005 0.513
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Displacement, magnitude, meters
Displacement scale: 3482.33

T.18E-006
I Sensor_2:

T AT4E-006

Sensor_1:
7. 124E-006

5.753E-011

Conclusions:

The relative error of the numerical solution compared to the analytical solution for displacements is equal
to 0.5% for quadratic finite elements. The plot of dependence of the relative error on the number of finite
elements shows that influence of stabilization changes the shape of the curve.
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Dependence of relative error on the number of finite elements

Deflection of a simply supported beam under uniformly distributed load

Let us consider a beam under uniformly distributed load q. Length of the beam is equal to L. The cross-
section of the beam is a square. The length of the side of the square is a.
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The sought value is the maximum displacement along the Z-coordinate.
Let us take the following input data: g = 3000 Pa, L = 0.5 m, a = 0.02 m.
Material's characteristics (steel): Young's modulus E = 2.1E+011 Pa, Poisson's ratio v = 0.28.

Finite element model for indicated loads and constraints

Analytical solution is calculated from the formula:
g-d 4 3
w=——Af-x*+2.ix - *x
2455( ],"‘E[D’L]-
Maximum deflection of the beam takes place atx =L/ 2:
5 g-a-L
234 E-J

W

B3] by

where J = a4/ 12 -moment of inertia.
Therefore, | w | = 1.7439E-005 m.
After calculations are carried out with the help of T-FLEX, we obtain the following results:

Table 1. Parameters of finite element mesh

Finite element type Number of vertices [Number of arguments Number of finite elements

guadratic tetrahedrons 695 12003 2169
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Table 2. Result "Displacement”

Numerical solution | w* | m

Analytical solution | w | m

Error 3 =100%* w*-w |/ | w |

1.752E-005

1.7439E-005

0.4

Displacement OZ, meters

Displacement scale: 1426 93

il

-1.74520E-00%

Mtin -1.7520E-005

* Results of numerical solution depend on configuration of the mesh and can be somewhat different from those given in the table.

Deflection of a beam with the load

Let us consider a cantilever beam the right edge of which is loaded with the weight.

w

RN
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The length of the beam is L. The cross-section of the beam is a rectangle of width b and height h. Mass
of the weight is M. Mass of the beam is m.

m=pF,
where F=b
h, - dimensions of the cross-section, p - density of the material of the beam.

Finite element model for indicated loads and constraints.

Let L be 0.5 m, b is equal to 0.02 m, h is equal to 0.05 m.
Material's properties: E = 2.1E+011 Pa, v=0.28, p = 7800 kg / m3.
Mass of the weight M is equal to 20mL kg (i.e., 78 kg).
Analytical solution can be obtained from formula:

E 3
| =£[M+£mﬁ];:£
me g T a0 )Y T g

Therefore, |z|max= 4.6067E-003 m.
After calculations are carried out with the help of T-FLEX, we obtain the following results:
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Table 1. Parameters of finite element mesh

Finite element type | Number of vertices | Number of arguments

Number of finite elements

quadratic tetrahedrons 2060

40992

8766

Table 2. Result "Displacement"

Numerical solution |z]*, m Analytical solution |z|, m Error
§ =100%*| |z|* -|z] | / |2|
4.6128E-003 4.6067E-003 0.13

Displacement OZ, meters
Displacement scale: 5.42

I 5.1864E-007

-4 6128E-003

Conclusions:

hin -4.6128E-003

The relative error of the numerical solution compared to the analytical solution for displacements is equal

to 0.13% for quadratic finite elements.

296




Verification Examples

Stretching of a beam under the action of two forces

Let us consider a beam of length L, loaded with two forces F, directed perpendicular to both ends of the
beam. The cross-section of the beam is a rectangle of width b and height h.

" | r j“
| .L TN

The sought value — maximum stretch.
Let ustake F=1000N,L=0.5m,b =0.05m, h =0.02 m.
Material’s characteristics (steel): E = 2.1E+011 Pa, / # 0.28.

Both ends of the beam are not fixed and subjected to the action of the forces F, directed perpendicular
to the faces.

Calculations are carried out with the enabled «Stabilize the system» option with additional stiffness
equal to 1.

Finite element model for indicated loads and constraints.

Analytical solution is given by:
w=(F-L)/ (A-E)= 2.381E-006 m
where P — force, L - length of a beam, £ -Young's modulus for the material, A=b - h - area.
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After calculations are carried out with the help of T-FLEX, we obtain the following results:

(displacement is equal to (1.199E-006)+(1.182E-006)=2.381E-006 m)
Table 1. Parameters of finite element mesh

Finite element type

Number of vertices

Number of arguments

Number of finite elements

guadratic tetrahedrons

2030

40821

8712

Table 2. Result "Displacement"

Numerical solution 0Y*, m

Analytical solution 0Y, m

Error 5 =100%* |0Y" - OY|/ |0Y]|

2.381E-004 2.381E-004 0.1
Displacement OY, meters
Displacement scale: 20845.11
I 1. 199E-006
-1.182E-006
Conclusions:

The relative error of the numerical solution compared to the analytical solution for displacements is equal
to 0.1% for quadratic finite elements.
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Stresses and deformations of an orthotropic plate in biaxial tension

Consider a square plate, whose side length is equal to L, made of
an orthotropic material. The plate is loaded with the forces Fy, F;
applied at the edges. The thickness of the plate is h.

It is required to determine stresses and deformations of the plate.
Let us take F1=20000 N, F,=10000 N, L=0.1 m, h=0.005 m.
Having built up the model, we create the study of the «Static f;

analysis» type and discretize the model into finite elements.
Material's parameters are the following: Young's modulus

E;=5.59-1010 Pa, E,=1.373-1010 Pa, E3=1.373-1010 Pa, sheary /

modulus G1,=5.59-109 Pa, G,;=4.904-109 Pa, G3=559-109 Pa, ;" — |

Poisson’s ratios v1,=0.277, v,3=0.4, v3;=0.068. The principle axis of
symmetry makes an angle a=45° with the horizontal axis.

X

Aefhee
A o [/
i I e
. 1 }4/>
VI

Let us place the plate in such a way that the principle axes of orthotropic symmetry coincide with the

axes of the global coordinate system.

Apply partial constraint of the displacement along the Z-axis on the bottom face. To stabilize the model,
let us apply the elastic foundation on the upper face of the plate with additional stiffness equal to 1 H/m.
We apply the normal loading of magnitude F1 on one pair of parallel lateral edges of the plate, and the

normal loading of magnitude F, on another pair.

Finite element model of an orthotropic plate with the loads and constraints

299



T-FLEX Analysis User Manual

With the help of the

«Analysis» command, let us carry out the static analysis of the plate. We obtain
the results in the for

m of deformations and stresses.

Normal Strain OX
Displacement scale: 98.21

3.8801E-004
3.8801E-004
3.8801E-004
3.8801E-004
3.8801E-004
3.8801E-004
3.8801E-004

3.8801E-004

3.8801E-004

Deformations OX of an orthotropic plate
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Mormal Strain OY
Displacement scale: 98.21

2.0363E-003
2.0363E-003
2.0363E-003
2.0363E-003
2.0363E-003
2.0363E-003
2.0363E-003

2.0363E-003

2.0363E-003
Deformations OY of an orthotropic plate

Normal Stress OX, N/m*2
Displacement scale: 98.21

3.0000E+007

3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007

3.0000E+007

3.0000E+007

Stresses OX of an orthotropic plate
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MNormal Stress OY, N‘'m*2
Displacement scale: 98.21

3.0000E+007

3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007
3.0000E+007

3.0000E+007

3.0000E+007

Stresses QY of an orthotropic plate

Main nermal stress 1, N/m*~2
Displacement scale: 98.21

4.0000E+007
4.0000E+007
4.0000E+007
4.0000E+007
4.0000E+007
4.0000E+007
4.0000E+007
4.0000E+007

4.0000E+007

Principle stresses 1 of an orthotropic plate
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Main normal stress 2, N‘/m*2
Displacement scale: 98.21

I 2.0000E+007
+ 2.0000E+007
+ 2.0000E+007
+ 2.0000E+007
+ 2.0000E+007 </K
+ 2.0000E+007

+ 2.0000E+007

2.0000E+007

2.0000E+007
Principle stresses 2 of an orthotropic plate
Conclusions:

We obtained a realistic picture of stress distribution. The relative error of the numerical solution
compared to the analytical solution for strains is equal to 0.015% for quadratic finite elements.

Thermal Stresses in Bimetallic Element

Bimetallic elements are used in different thermal sensors. Bimetallic element consists of two rigidly

connected plates with different coefficients of thermal expansion %1%z, Upon heating, the bimetallic
plate is bended due to different elongation of its components (see figure). If one edge of the plate is
clamped rigidly, the second edge (free) will have a translation of some magnitude.

s,
B

Let us compute how the curvature of the surface of seam of the bimetallic element changes depending

on the temperature of heating.
Let the bimetallic element consist of plates having thicknesses h = 5mm, h, =3mm and be made from

different meta|S (aluminum (Zl = 2.4)(10_5 K_ll El = 69)(104 N /mm2 , Vl = 033
@, =13x10" K™ E, =2.1x10°N/mm* v, =0.28,

and steel

. The plates have equal length L =290MM 414 width

- _ 950 - _ 0
T, =298.15K (or T,=25"C oT =498,15K (orT_225 C)‘

b=40MM The element is heated from A
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1 1

Let #o — be the initial curvature of the seam's surface equal to O,' P —the curvature of the seam's
surface after heating. The change of the curvature can be found with the help of the following formula:
1 1 _ 6(T—T0Xal—a2)
P Po ) [ (Elhlz - E2h22 )2
ElEZhth(hl + hZ)

+4(h, +h,)

The curvature of the seam's surface after heating of the given bimetallic element

1 4123x107*; p=2425.43 mm

0

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
. Number of main Number of nodes for study Number of finite
Finite Element Type .
nodes calculation elements
quadratic tetrahedron (10 7932 165231 35667
nodes)
Table 2.
Result «Curvature of seam's surface»
Numerical solution | Analytical solution ENE S
P Pn
Surface Sij of separation of plates i and j 1 1 6= 1 x100%
Curvature Pn, MM~ |Cyrvature Ao mm™ (pj
Error
S12 125E-004 123E-004 0,049
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Displacement OZ, meters
Displacement scale: 0.93

K=L4106709x10™

Ke=b Mk 266107

2.4017E-005
Sensor_9:
gen| ~3-4965E-003
Ser -3.4749E-003
-3.4
Sensor_10:
gen|-1.3390E-002
Ser -1.3309E-002
-1.3
-1.3390E-002
250
L
- —
—_—_—
T _‘—-——-_______h_
- -“_'—-—___-
Rier=2b24 012
-4
Kpee=le 125*10
R243504
R241298
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Thermal deformation of a 3-D brick

Let us consider a brick. The length of the brick is L, width is b, height is h.

The sought values — absolute values of deformations along the X, Y, and Z axes caused by the change in
temperature.

Let us consider the following input data:L =03 m,b=02m, h =0.1m.

Material's characteristics (steel): E = 2.1E+011 Pa, v = 0.28, coefficient of thermal linear expansion a =
1.3E-005 K.

The change of temperature AT is equal to 100°.

Analytical solution is calculated from the formulas:
Ax=al AT
Ay=ab AT
Az=ah AT

Therefore,
AX = 2.60000000E-004 m
Ay = 3.90000000E-004 m

Az = 1.30000000E-004 m .
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After calculations are carried out with the help of T-FLEX, we obtain the following results:

Table 1.
Parameters of finite element mesh
Number
Finite element type Number of main nodes Number of arguments of finite
elements
quadratic tetrahedron 1730 35775 2565
(10 nodes)
Table 2.
Result "Displacement"
Numerical solution, m Analytical solution, m Error
5 =100%*A* - A /| A |
2.60000001E-004 2.60000000E-004 0.27E-007
3.90000007E-004 3.90000000E-004 0.26E-007
1.300000004E-004 1.30000000E-004 0.30E-007
Displacement, maghitude, meters
Displacement scale: 3848
I 0.0004864
I 2.58E-030
Conclusions:

The relative error of the numerical solution compared to the analytical solution for displacements is equal
to 0.001% for quadratic finite elements.
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EXAMPLE OF SOLVING STUDIES WITH CONTACTS

Contact of a flat spring

Let us consider a flat spring composed of two parts. The length of the first plate is 3L, the length of the
second plate is 2L. The plates have equal width b and equal height h. The plates are fixed at the left and
loaded at the right by a load P. It is assumed that the plates are not bonded. Each plate can move freely
with respect to another one (without friction).

p

NNANNRNNN

e g

A
e~
i
[ =

—'l-—r-—'f-i——lln-

Finite element model for indicated loads and constraints.
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Let us take the following input data: length L is equal to 0.05 m, width b is 0.05 m, height h of each plate
is 0.005 m and the magnitude of the applied force Pis 100 N.

Material’s characteristics (steel): E = 2.1E+011 Pa, v= 0.28.

The maximum vertical displacement Az can be calculated as follows: Az= 118*P*L3 / 24*E*) , where P-
applied force, L - length, J — axial moment of inertia.

J=b*h®/ 12, where b - width and h - height of each plate.
Calculations obtained from the formulas given above yield the following results: Az = 5.6190E-004 m.
After calculations are carried out with the help of T-FLEX, we obtain the following results:

Table 1. Parameters of finite element mesh

Finite element type Number of vertices Number of finite elements

guadratic tetrahedrons 2143 7632

Table 2. Result "Displacement"

Numerical solution Az*, m Analytical solution Az, m Error 6=100%*|Az - Az*|/|Az|
5.4829E-004 5.6190E-004 2.42

Displacement, magnitude, meters
Displacement scale: 13.68

I 5.4851E-004

hax 5.4551E-004

0.0000E+000
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Conclusions: The relative error of the numerical solution compared to the analytical solution is equal to
2.4% for quadratic finite elements.

Contact between axis and sleeve

Let us consider the contact between the axis and sleeve along the cylindrical surface; friction is not taken
into account (see the figure). At the free edge of the sleeve the normal force is applied P = 100 KN.

Let us take the following input data: diameter of the axis d = 30 mm, length of the axis H = 40 mm,
external radius of the sleeve R = 25 mm, thickness of the sleeve h = 10 mm, width of the sleeve’s bar b =
20 mm, length of the sleeve’s bar by = 40 mwm, radius of rounding of the sleeve is ry= 10 mm.

Material's characteristics: E = 2.1x10" Pa, V= 0.28,

The normal stress in the cross-sections of the bar can be determined from the semi-empirical formula [1,
p. 190]:

P
h(2R-d) ’

where P — normal force, N; k — stress intensity factor, k = 3.6.

Calculation performed from the formulas given above yields the value ¢ = 1.029-10° p,,
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After calculations are carried out with the help of T-FLEX (it is possible to estimate the magnitude of o
from the principle stresses o;), we obtain the following results: the value of o, = 1.024-10° N/m”.

Normal 5tress 0X, N‘'m*2
Displacement scale: 239.19

1.024E+0048

-7.482E+007
Results are shown in the table.
Table 1. Parameters of finite element mesh

Finite element type Number of vertices Number of finite elements
Quadratic tetrahedrons 2241 10368
Table 2.
Result of calculations, Stress g, N/m2
. . , ‘W -w
Numerical solution, W Analytical solution, W, m 5, =——x100%

Error W
1.024-10% 1.223-10% 19 %
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EXAMPLES OF SOLVING BUCKLING STUDIES
Buckling Analysis of a Compressed Straight Beam

Let's review the buckling analysis of a straight beam compressed with an axial P
symmetrical load (the Euler's study). A straight beam of the length |, width and
height of the cross-section — b and h respectively, is cantilevered at one end,
and a compressing load P acting on the other end. Sought is the load factor v
corresponding to the start of the beam buckling. L A

Assume the beam length equal to 0.5 m, and the cross-section dimensions
b=0.05 m, h=0.02 m.

Material characteristics assume default values: Young's modulus E =
2.1E+011 Pa, Poisson's ratio v = 0.28.

Let's define the boundary conditions as follows. The bottom face is fully
restrained, and the upper one is subjected to the distributed load in the
amount of 1 N.

Finite element model of the beam for buckling analysis
The analytical solution to determine the critical load appears as:

2
Py = LY —6.9087x10° N
(ul)

1

where E — the Young's modulus, J — the moment of inertia, [ — the beam length, i — the length factor that
depends on the support arrangements and the beam loading method. In this case, u=2.

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.

Parameters of finite element mesh

Finite Element Type Number of nodes Number of finite elements

quadratic tetrahedron (10 nodes) 839 2183

312



Verification Examples

Table 2.
Result «Critical load»
Numerical solution Analytical solution P — O
N N 5 — pkl’|it O|-kl'it ><100(:%)
_ —_— p ri
Critical load O krit, m? Critical load pkril‘, m’ Error o
6.9341E+004 6.9087E+004 0.37

First buckling mode of the beam

Conclusions:

The relative error of the numerical solution compared to the analytical solution is equal to 0.4% for
quadratic finite elements

Buckling of Square Plate (+Plate FE)

Consider a square plate with a side @ and thickness h (see figure).

A
A 4

a
The thickness of plate h'is much smaller than the length of its side@.
The plate is uniformly compressed in a transversal direction.

Consider the case when the loaded edges of plate are simply-supported; non-loaded edges are clamped.
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3

PRELELLL
e

<
<

€ N
< g

5\ C|amped edge
—_— simply-supported edge

Let us use the following data: plate side length @=500mM thickness of plate N =3MM applied

N
distributed force m- .
_ 11
Elastic properties are taken as: E=21x10"Pa =028
2
Gcrit =K 7[2D
Analytical solution for this study is given by: ah

Eh®
D=
where 12(1_‘/2) — cylindrical stiffness of plate, E — Young's modulus, K — coefficient whose value
depends on the type of the supports of the plate edges (in this case K=7.69)

o =K ﬂZTD =0.5188x10° {ﬁz}
Thus, a’h m
After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.
Parameters of finite element mesh
Mesh Number Finite Element Type Number of nodes | Number of finite elements
1 linear triangle (6 nodes) 2238 4306
2 quadratic triangle (6 nodes) 2238 4306
3 quadratic tetrahedron (10 nodes) 4594 13345
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Table 2.
Result «Critical load»
Numerical solution Analytical solution |O'km —q|
Mesh Number N N 6 =-—"—7x100%
Critical load q, m? Critical load O-krit, m? Error |O_km|
1 0.5260E+008 0.5188E+008 1.39
2 0.5281E+008 0.5188E+008 1.80
3 0.5277E+008 0.5188E+008 1.72

Buckling Mode 1 - Load Factor: 52774668.00
Displacement scale: 15.51

I 1.6119E-003

The relative error of the numerical solution compared to the analytical solution did not exceed 2% for
quadratic finite elements.

0.0000E+000

Conclusions:

Buckling of Rectangular Plate (+Plate FE)

Consider a rectangular plate with sides &, b and thickness N (see the figure).

h o=
[ :

Plate thickness N is considerably smaller than two other dimensions & and b.

A
A\ 4

The plate is uniformly compressed in a transversal direction.

Consider the case when the loaded edges of plate are simply-supported; one of the non-loaded edges is
clamped, another non-loaded edge is free.
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AR cIamZed edge
—_— simply-supported edge
------ free edge
Let us use the following data: length and width of the plate & = 800mm b =500mm plate thickness
N
h=3mm applied distributed load m
Elastic characteristics: E = 2x10" Pa, v =025
2
Ocrit = K ﬂ-zD
Analytical solution for this study is given by: b*h
B Eh’
- 2
where 12(1_‘/ ) — cylindrical stiffness of plate, E — Young's modulus, K - coefficient whose value
a
depends on the type of the supports of the plate edges and the ratio b (in this case K =1.33),
2
o = K2 = 0.8401x107 {ﬁz}
Thus, bh m
After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.
Parameters of finite element mesh
Mesh Number Finite Element Type Number of nodes | Number of finite elements
1 linear triangle (6 nodes) 2105 4040
2 quadratic triangle (6 nodes) 2105 4040
3 quadratic tetrahedron (10 nodes) 4450 12833
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Table 2.
Result «Critical load»
Numerical solution Analytical solution |O_krit _q|
Mesh Number N N 0 =——x100%

Critical load 9, m? Critical load Ckit, m? Error |O_km
1 0.8370E+007 0.8401E+007 0.37
2 0.8391E+007 0.8401E+007 0.12
3 0.8388E+007 0.8401E+007 0.15

EXAMPLES OF FREQUENCY ANALYSIS STUDY

Determining Natural Frequencies of Beam Vibration

Given is a cantilevered beam of length L with a
rectangular cross-section of width b and height h.

I 0.006873

IIZI

Buckling Mode 1 - Load Factor: B387677.00
Displacement scale: 5.82

{'n

Sought are the three natural frequencies of the beam.

Assume L=0.5 m, b=0.05 m, h=0.02 m.

The material properties are: the Young's modulus E=21.10" Pa, the Poisson's ratio ¥ =0.28 the

_ ky
=7800
density P m*
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Finite element model of the beam with restraints

The analytical solution is given by:
M=)
"\ p-F 2zl

where fi . natural frequencies, E — the material Young's modulus, J — the moment of inertia, p — the

material density, F — the area of the cross section, [ — the beam length, ki the factor that depends on
the vibration mode (K1 =1:875, K, =4.694,k; =7.855,
The results are as follows:
Vibration mode T-FLEX solution, Hz Analytical solution, Hz Error, %
q ___—] 673 67.0 04
Ny
ﬂ
§ <3 4191 420.2 0.3
3— —— 11624 1176.7 1.3

Conclusion:

The relative error of the numerical solution compared to the analytical solution is equal to 0,4-1.3% for
the first and third forms when using quadratic finite elements and grows with the increase in the form
number.

Determining the First Natural Frequency of a Round Plate

Sought is the natural frequency of the first vibration mode of a round '

plate of radius R and thickness h, clamped along the contour.
Assume the plate radius equal to R=0.2 m, the plate thickness h=0.01 \ / A h

m. The material properties are: the Young's modulus E=2110" Pa, '

é

= 7800’<g/
the Poisson's ratioV = 0-225, the density r m®.

Due to the symmetry, we will consider the quarter of the plate and apply the appropriate boundary
conditions.
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Let us calculate the first natural frequency using, first, tetrahedral finite elements and then — triangular
elements. Obtained results are compared with the analytical solution which is given by:

F=222l 1D _6o45Hs
R°-2z\ p-h

1

where R — plate radius,

Finite element model of the plate with restraints

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
Mesh number Finite element type Number of nodes | Number of finite elements
1 linear triangle (6 nodes) 1865 3580
2 quadratic triangle (6 nodes) 1865 3580
3 quadratic tetrahedron (10 nodes) 3938 11549
Table 2.
Result «Natural frequencies»
Numerical solution Analytical solution |, — 4
Mesh number 0 =———x100%
Natural frequency 2’1, Hz Natural frequency fl, Hz Error |f1|
1 623.0 624.5 0.24
2 621.5 624.5 0.48
3 622.1 624.5 0.39

319



T-FLEX Analysis User Manual

First vibration mode

Conclusions:

The relative error of the numerical solution compared to the analytical solution for the first form is equal
to 0,5-0.3% for quadratic triangular and tetrahedral finite element, respectively, however, calculation with
the tetrahedral elements required 3 times larger number of finite elements.

Natural Vibrations of Spherical Dome (+shell FE)

Consider a spherical dome of radius R, clamped along the contour (see figure)

4

Thickness of dome Nis considerably smaller than its radius R.

Only one quarter of spherical surface was modeled. The bottom edge was fully restrained, the symmetry
boundary conditions were applied to the side faces.
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L AVAVAVAVAY 4
SOV
;, < ‘%xe‘%mg:s
Iaﬁe‘v&-‘
"}""%Xﬁﬁf%v‘ SO CERRRA

‘0 vﬂ%»
1

Finite element model of spherical shell with restraints

R
— =100
Let us use the following data: radius R =300mm  thickness ' =3mm (h ).
kg
_ 11 P = 7800
Elastic properties: E=21x10 Pa, v=0.28 .
f = kl @
Analytical solution of this study is given by: 2,

E - Young's modulus,

E
@y :ﬂ 2( 2)
where PRIV
k.

i — coefficient whose value for the first five natural frequencies is: 0.5457 0.7377,
0.8563

0.8598, 0.9034
Thus, :=1564.7 Hz f,=21153Hz f,=24554Hz f,=24654Hz f;=2590.4 Hz

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.
Parameters of finite element mesh
Mesh number Finite element type Number of nodes | Number of finite elements
1 linear triangle (6 nodes) 2840 5510
2 quadratic triangle (6 nodes) 2840 5510
3 quadratic tetrahedron (10 nodes) 5507 16387
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Table 2.

Result «Natural frequencies». Mesh N°1

| Numerical solution Analytical solution | = 4]
Natural frequency number i _ ¢ 0= _ x100%
Natural frequency 4 , Hz|Natural frequency i, Hz|grror |f||
1 1574.1 1564.7 0.59
2 2107.0 21153 0.39
3 2469.9 24554 0.59
4 2490.3 2465.4 1.01
5 2592.9 2590.4 0.10
Table 3.

Result «Natural frequencies». Mesh Ne2

| Numerical solution Analytical solution £, = 4]
Natural frequency number i _ ¢ 0= _ x100%
Natural frequency 4 , Hz|Natural frequency i, Hz|grror |f||
1 1573.8 1564.7 0.58
2 2105.4 21153 0.47
3 2466.7 24554 0.46
4 2488.5 2465.4 0.94
5 2586.7 25904 0.14
Table 4.

Result «Natural frequencies». Mesh N3

| Numerical solution Analytical solution |fi —li|
Natural frequency number i _ ¢ o= x100%

Natural frequency 4 , Hz| Natural frequency ', Hz|gppqp |fi|
1 1574.3 1564.7 0.61
2 2106.2 21153 0.43
3 2465.9 24554 0.43
4 2487.0 2465.4 0.88
5 2586.1 2590.4 0.17

Conclusion:

The relative error of the numerical solution compared to the analytical solution did not exceed 1%.
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Flexural vibrations of a circular ring

Let us consider a circular ring. Radius R of the central line is equal to 1 m.

The square cross-section of the ring is much smaller than the radius R. The length of the side of the
square is equal to 0.050 m.

The motion of the lower face is constrained along the normal.

Finite element model for indicated loads and constraints.
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Material’s properties: E = 2.0E+011 Pa, v=0.29, p = 7900 kg / m3.
Analytical solution can be found in the following way:
1 | ERM-Y ,_at
Therefore, f2 =31.015 Hz f3 =87.723 Hz f4 =168.201 Hz, f5 =272.017 Hz.
After calculations are carried out with the help of T-FLEX, we obtain the following results:
Table 1. Parameters of finite element mesh

Finite element type Number of vertices Number of finite elements

gquadratic tetrahedrons 1671 3722

Table 2. Result "Frequencies"

Numerical solution f’, Hz Analytical solution f, Hz Error & = 100%*| f*- f|/ | f|
31.0 31.015 0.05
87.5 87.723 0.25
167.3 168.201 0.54
269.5 272.017 0.9

Relative Displacement, magnitude
Mode Shape 4 - Frequency: 31.0 Hz
Displacement scale: 0.91

Fourth form of vibrations of a ring
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Conclusions:
The relative error of the numerical solution compared to the analytical solution did not exceed 0.9%.

Axial and transverse vibrational frequencies of the beam under the weight

Let us consider a cantilever beam whose right edge is subjected to the action of the weight.

W
/

‘_-
=

L -

=1

The length of the beam is L. The cross-section of the beam is a rectangle of width b and height h. Mass
of the weight is M. Mass of the beam itself is m.

m=pkF,
where F = b,
h — dimensions of the cross-section, p - density of the material of the beam.

Finite element model for indicated loads and constraints.

Let L be equal to 0.5 m, b is equal to 0.02 m, h is equal to 0.05 m.

Material's characteristic’s (steel): E = 2.1E+011 Pa, v=0.28, p = 7800 kg / m°.
Mass of the weight M is 2:-m-L kg (i.e., 7.8 kg).

Analytical solution can be obtained from the following formulas:
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a) Frequency of longitudinal vibrations

fA'LJE_ﬁg[fA'L*\J'{E]:m;L

Tz E )M
b) Frequency of transverse vibrations
1| 3EJ

fr =
2N a1 22 |
140

3
g
12

Therefore, f, = 1078.962 Hz, f; = 22.092 Hz.

After calculations are carried out with the help of T-FLEX, we obtain the following results:
Table 1. Parameters of finite element mesh

Finite element type Number of vertices

Number of finite elements
787

gquadratic tetrahedrons

314

Table 2. Result "Frequency"*

Numerical solution f, Hz

Analytical solution f, Hz

Error 5 = 100%*| f*- f| / | £ |

22.252

22.092

0.72

1080.462

1078.962

0.14

Relative Displacement, magnitude
Mode Shape 1 - Frequency: 22.3 Hz
Displacement scale: 0.07
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First natural frequency of cantilever beam under the action of longitudinal
tensile force

Let us consider a cantilever beam. The length of the beam is L. The cross-section of the beam is a

rectangle of width b and height h.
h
< - > gb 1

The beam is fixed at the left edge and loaded with a longitudinal tensile force P at the right edge.

Let us assume the following input data: length L of the beam is 0.5 m, width b is 0.05 m, and height h is
0.02 m, the magnitude of the applied force P is 50000 N.

Material's characteristics (steel): E = 2.1E+011 Pa, v = 0.28.
The sought value — first natural frequency of the beam.

Finite element model for indicated loads and constraints.

Analytical solution is expressed in the following way:

: | 5P
= #0114+
h=4 1457
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PR * (&7
Yooml L) Y or
where f, —first natural frequency of the beam, J-moment of inertia, p — density of the material, F —area of
cross-section, k; = 1.875.
Therefore, f,* = 85.804 Hz

After calculations are carried out with the help of T-FLEX, we obtain the following results:
Table 1. Parameters of finite element mesh

Finite element type Number of vertices Number of finite elements
guadratic tetrahedrons 314 787
Table 2. Result "Frequency"*
Numerical solution f, Hz Analytical solution f, Hz Error 5 =100%*| f*- f|/ | f|
86.218 85.804 0.48

Relative Displacement, magnitude
Mode Shape 1 - Frequency: 86.2 Hz
Displacement scale: 0.03
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First natural frequency of the system on an elastic foundation

Let us consider the mass that has a form of a cube located on an elastic foundation.

—_—
1,
A
"y

Ay
N

f
/I‘ et g
; j

>
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\ \ e
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3
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i
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N

Finite element model for indicated loads and constraints.

The length of the side of the cube is equal to L. Let L be equal to 0.1 m.
Material’s characteristics (steel): E = 2.1E+011 Pa, v=0.28, p = 7800 kg / m3,
Mass of the cube M is calculated from the following formula:

M=p L3

Therefore, M = 7.8 kg.

Stiffness of the spring k is equal to 1000 N/m.

Analytical solution can be obtained from the following formula:

1 |k
I =
Therefore, f = 1.802 Hz.
After calculations are carried out with the help of T-FLEX, we obtain the following results:

Table 1. Parameters of finite element mesh

Finite element type Number of vertices Number of finite elements
guadratic tetrahedrons 1722 7505
Table 2. Result "Frequency"*
Numerical solution f, Hz Analytical solution f, Hz Error 5 =100%*| f*- f|/ | f.|
1.802 1.802 0.00
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EXAMPLES OF FORCED VIBRATIONS ANALYSIS STUDIES

Forced vibrations of the weight on a spring (excitation by force)

Let us consider a weight of a cylindrical shape suspended at one end of the spring whose opposite end is
fixed (see figure). The vertical load changing as a sinusoidal function is applied at the free edge of the

spring.

EN#
R
A

i1}
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Let us assume the following input data: average diameter of the spring D = 30 mm, length of the spring
is H = 100 mm, diameter of the wire is d = 2.5 mm, the number of spring’'s winds n = 6. Parameters of
the weight: diameter D,, = 40 mm; height H, = 35 mm, mass m,, = 0.34306 kg, the amplitude of the
load P = 10 N and it changes as a sinusoidal function.

Material’s characteristics of the spring and weight: E=2.1x10" Pa; v = 0.28; p = 7800 kg/m’; G =
8.203x10" p,.

It is required to determine the amplitude of vibrations of the weight for the first natural frequency and in
the range of frequencies 4 — 20 Hz with an increment equal to 4 Hz. Rayleigh damping parameters: o =
0.02; B = 0.003531. Coefficient of damping for the frequency of the first mode is equal to 15% of the
critical value.

The first natural vibrational frequency of the weight is obtained from the formula [1, p. 11 (f. 4)]:

FO _ 19
© 2m\Azg

where g - gravitational acceleration, m/s% Az, — static displacement of the free end of the spring
caused by the mass of the weight. It can be found from the formula [2, p. 232, (f. 9.54)]:

8m,g-D%-n
where m,, — mass of the weight, kg; D — average diameter of the spring, mm; n — number of spring'’s
winds, d — diameter of the wire, mm, G — shear modulus, Pa.

The calculation performed from the last formula gives Azy_, =1.361 mm, finite element analysis gives

Az, , =1.4462
- mm

Az

the value
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Displacement OZ, millimeters
Displacement scale: 5.50

Mode Shape 1 - Frequency: 13.2 Hz

0.0054
Relative Displacement, magnitude
Displacement scale: 0.00

-1.4482

Now let us compute the first natural frequency: the calculation from the formula gives the value
f.7=13.511 Hz, finite element analysis gives the value f"=13.216 Hz

Displacement of the free end of the spring subjected to a static loading can be found the formula [2,
p. 232, (f. 9.54)I:

_8P-D°:n
where P — axial force, N; D — average diameter of the spring, mm; n — number of spring’s winds, d —
diameter of the wire, mm, G — shear modulus, Pa.

Az

!

Az, =4.045

Calculation performed from the formula given above yields the value mm. Finite element

static analysis gives Az, =4.172
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Displacement OZ, millimeters
Displacement scale: 1.49

I n.o1a

F-0.508
F-1.030
L-1.853
L-2.077
F-2.601

F-3.124

-3.648

-4.172

Now let us calculate the damped coefficient of amplitude magnification [1, p 74, (f.1.47)]:
1

SRR

¢ - circular frequency of the applied force and the natural circular

y=cley =015 _ damping coefficient. At the resonance for f; = f. the amplitude
magnification coefficient is

1
ﬂD - Z
With the knowledge of the amplitude magnification coefficient, the amplitude As of the forced vibrations
can be obtained from:

1

where =2r-f,, 0. =2r-f1

frequency, respectively;

Af = IBD ) Azst
Calculation performed for f, = 13.511 Hz from these formulas gives Pp = 3.333 and A¢ = 13.482 mm.

To perform analysis with the help of T-FLEX Analysis, let us determine the damping coefficients y in terms
of Rayleigh damping coefficients for the inertia o and stiffness B [1, 304, (f. 4.125)]:

a  po.

" 2w, 2
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For the frequency f.!” = 13.511, this formula gives the value y = 0.15.

The value of the displacement amplitude can be determined using the «Displacements, amplitude, Z»

result.
4.0 Hz - Form, Amplitude Z, millimeters 20.0 Hz - Form, Amplitude Z, millimeters

Displacement scale: 1.75 Displacement scale: 2.62
4538 3.034
I3.9? i 2,655
- 3.403 +2.276
L2836 + 1.896
I 2.264 I 1.4917
L1.702 +1.138
L 1.134 + 0.75845
05672 03793
1] a
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Results of the analysis are shown in the table.
Table 1. Parameters of finite element mesh and analysis results

Mesh parameters

Finite element type quadratic tetrahedron (10 nodes)
Number of nodes 7614
Number of finite 30846
elements
Calculation results
Forced vibration A * A Error
frequency Numerical value, * " , | Analytical solution” ", ‘Af —A4;
! f
4 4.538 4412 2.852
8 6.295 6.007 4.792
12 12.98 11.896 9.117
13.511 13.65 13.482 1.245
16 7.068 7.536 6.209
20 3.034 3.182 4.643
16.000
14.000
12.000
10.000
8.000 - —4—  Analytical

—— Mumerical
6.000 -t

4.000
2.000

0.000
0.00 4.00 8.00 12.00 16.00 20.00 24.00

Plot of comparison of results
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Conclusion:

The relative error of the numerical solution compared to the analytical solution on the resonance
frequency is 1.25%, however, in the neighbourhood of the resonance the error reached 10%.

Forced vibrations of the weight on a spring (kinematic excitation)

Let us consider a cylindrical weight suspended at one end of the spring. The other end of the spring is
fixed on a moving foundation that vibrates according to the sine law (see the Figure). The amplitude of
vibrations of the foundation is equal to 1.0 mm.

P 12

Figure 1 — A numerical model with boundary conditions and a sensor
Let us take the following input data: average diameter of the spring D = 30 mm, length of a spring H =
100 mm, diameter of a wire d = 2.5 mm, number of coils in a spring n = 6. Parameters of the weight:
diameter D,, = 40 mm; height H, = 35 mm, mass m, = 0.34306 kg.
Material properties of the spring and the weight: E =2.1x10" Pa; v = 0.28; p = 7800 kg/m3,'
G = 8.203x10" pg.
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It is required to determine the amplitude of vibrations of the weight for the first natural frequency and in
the range of frequencies 4 — 20 Hz with an increment equal to 4 Hz. Rayleigh damping parameters: o
=1.25; B = 0.000297732. Coefficient of damping y for the frequency of the first mode is equal to 2 % of
the critical value.

To start FEM analysis, let us create the mesh with a size of an element equal to ~3 mm. On the top end
of the spring let us apply the load «oscillator» with an amplitude, along the Z-axis, equal to 1.0 mm; the
remaining amplitudes are set equal to zero (by default). The cylindrical face of the weight will be partially
constrained with a possibility of displacement along the Z-axis.

The first natural frequency of the weight is determined by the formula [1, p. 11 (f. 4)]:

fo_ 119
" 2m\[Azg

where g — gravitational acceleration, m/s? Az , — static displacement of the free end of the spring under
the action of the weight. The latter can be determined by the formula [2, p. 232, (f. 9.54)]:

~8m,g-D°-n
cm_zp W
where m,, — mass of the weight, kg; D — average diameter of the spring, mm; n — the number of coils in
the spring, d — diameter of the spring, mm, G — shear modulus, Pa.
Az

Calculations carried out by this formula give g = 1361 mm; FEM result is

Displacement OZ, millimeters Displacement OZ, millimeters
Displacement scale: 5.71 Displacement scale: 6.01

I 0.00449 I 0.0043

!

Az

AZ, ,=-1388

st_

Sensor_1.

c -1.3876

Mir-1.0317

-1.3925 -1.0317
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Now, let us calculate the first eigenfrequency: calculation by the formula gives the value f,"= 13.511 Hz,
FEM calculation gives the value f,("=13.216 Hz.

Equivalent exciting force can be found from the displacement of the foundation attached to the upper
end of the spring:

Az, d*-G
- 8D%*n
where P — equivalent exciting force, N; D — average diameter of the spring, mm; n — number of coils in
the spring, d — diameter of the spring, mm, G — shear modulus, Pa.
Calculation by the aforementioned formulas gives us the value P=2472 .
Now let us calculate the damped coefficient of the amplitude magnification [1, p. 74, (f.1.47)]:
1

a)e]

" - circular frequency of the exciting force and the natural circular
y=clc,, =0.02

where =2r-f,, w,=2n-f
crit - damping coefficient. At the resonance when f; = f, the

maximum magnification coefficient is
1
Py = 2
Then, the amplitude As of the forced vibrations can be determined as:
A; =By - Az
To perform calculation with the help of AutoFEM Analysis, let us determine the damping coefficients y in
terms of Rayleigh damping parameters by inertia a and by stiffness 3 [1, 304, (f4.125)]:
a  po,
=——+
" 20, 2
For the frequency f,(" = 25.00 Hz, this value is y = 0.02;

eigenfrequency, respectively;

The magnitude of the amplitude can be inferred from the result «Displacements, amplitude, Z»
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4.0 Hz - Form, Amplitude Z, millimeters 13.2 Hz - Form, Amplitude Z, millimeters

Displacement scala: 7.21 Displacement scale: 0.31
1.102 256
I1_usg I 27.43
L1077 L1937
L 1.064 11621
[ {1051 C__ [ {1325
1,038 Sensor_1: L1019 Q::'
1.102 Sensor_1:
25 41
L1.025 17124
1.012 4.062
0.099E 0.9994
Results of calculations are shown in the Table.
Mesh parameters
Finite element type Quadratic tetrahedral (4 nodes)
Number of nodes 7614
Number of finite 30846
elements
Results of calculations
ot A * A Error
Forcing frequency Numerical solution, ", | Analytical solution ", ‘Af — A,
f
4 1.096 1.102 0.554
8 1.538 1.584 2.907
12 4.671 5.633 20.5
13.126 25.41 25.00 1.66
16 2.466 2.169 -12.05
20 0.838 0.794 -5.17
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30

25

20

15 —— fnahstical

—@— Mumerical

10

0 4 8 12 16 20 24

Plots of comparison of results

Conclusion:

The relative error of the numerical solution compared to the analytical solution for the resonance
frequency is 1.66 %, however, in the neighbourhood of the resonance it varies from +20% to -12%.
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EXAMPLES OF THERMAL ANALYSIS STUDY

Steady-State Temperature

Consider a study of steady-state flow of heat in a plate of thickness h with thermal conductivity K, the

4 and t, (see figure).

I

1|.|| L. I l
Ik

! ¢l Z
=

%)

surface of which is held at temperatures

The change in temperature along the thickness of the plate h'is defined by relation:
oT t2 -,
oz h

1<t

Thus, the heat flux at any point is equal to:
f =_k8l k(tz_tl) (tl_tz) R h

= , R=—,1 <t
oz h R k't
Now, let us assume that the plate is a composite, that is, consists of N layers with thicknesses
h,h,,....h ki, K,,...,K

"' and coefficients of thermal conductivity n, respectively. Then, the heat flux for

f,i=12,...,n

each layer i can be found from the formula:

f :_ki(ti+l_ti)_(ti_ti+l) R E t <t =12,...,n

- ' |+11 -

i h R.

Let the layers have ideal thermal contact across the interfaces; then the heat flux will be continuous when
going from one layer to another, and for this particular study, it will be the same at any point (that is,

h="f=.=1f=f ). The change in temperature between the opposite external surfaces of the whole
composite plate is equal to the sum of temperature changes in each single layer:

(tl _t2)+(t2 _t3)+---+(ti _ti+1)+"'+(tn _tn+1):t1 _tn+1
Then:

t,—t,,=fR +fR, +...+ f R =(R +R, +...+ R )f, R =
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f = tl _tn+1
hogley oM
k, K, Ky

Let us use the following data: number of layers N = 3, length and width of each layer are 0.5m and 0.3m
respectively, thicknesses of layers hl, hZ, My are equal to 0.007m 0.0Im ang 0.003m  Applied

temperatures U and U are equal to 273.15K (or 00C) and 373.15K (or 1000C) respectively.
W

k1=200L k2=390L K, =43——
m-K m-K m-K

Coefficients of thermal conductivity:

W
—_— 5_
f =-7.6682x10 m? t,=—Rf+t=299.9887 K t;=—(R+R,)f+t =319.6508 K

Thus,
After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.

Parameters of finite element mesh

- Number of main Number of nodes for study Number of finite
Finite element type .
nodes calculation elements
linear tetrahedron (10 3230 3230 13300
nodes)

Table 2.
Result «Temperature»

Numerical solution | Analytical solution ‘T -T"
o= ‘ ‘ x100%

Surface Sij of separation of layers i and j
Temperature T* K | Temperature T, K Error

3.04589000E+02 | 3.04588978E+02

S12
523 3.23015000E+02 | 3.23014753E+02

7.2188E-006
7.6569E-005
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Table 3.
Result «Heat flux»
Numerical solution Analytical solution ‘f -t
. ) f W/ 0= . x100%
Heat flux f * W/m Heat flux f, W/m Error | |
-7.18605000E+005 -7.18605212E+005 2.9461E-005
Flow of Heat in Sphere

the environment having temperature T

transfer is characterized by the heat transfer coefficient B

Consider a hollow sphere with the internal radius ", external radius 'z, having constant coefficient of
thermal conductivity A Internal surface of the sphere is held at temperature

Ti A heat exchange with

2 takes place on the external surface. Intensity of convective heat

X
R,
KRR
SR
00
= PIES
o XK
\'%V 5 ) (}1'
L ¢

RER

Analytical solution of the study has the form:

n T1'(ﬂ'r22 +r-(1—ﬂ~r2))+ﬂ~r22T2 '(r_rl)
T =
r~(,8-r22 +I’1-(1—,3'I‘2))

1

For numerical calculation consider 8 th part of the hollow sphere (see figure). On the lateral edges we

Let us use the following data: internal radius of the sphere f, =150mm
r, = 250mm

specify symmetry conditions (the heat flux across the lateral edges is equal to 0).

, external radius of the sphere

. Coefficient of thermal conductivity A of the material of the sphere is equal to
The temperature T

0
1 on the internal surface of the sphere is 3713.15K (or 100 C)

a N

m- K

. The temperature of
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0
ambient environment 12 is equal to 298.15K (or 25 C), heat transfer coefficient Z is equal to

100

W

m?.°C

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:

Table 1.

Parameters of finite element mesh

Mesh - Number of main | Number of nodes for study | Number of finite
Finite element type .
number nodes calculation elements
1 quadratic tetrahedron (10 4674 33357 21979
nodes)
2 linear tetrahedron (10 4674 4674 21979
nodes)
Table 2.
r=30t% 0175

Result «Temperature» at
Numerical solution Analytical solution ‘T -T"

Mesh number S = x100%
Temperature T *, K Temperature T, K Tl
3.66138000E+002 3.66138033E+002 8.9883E-006

2 3.66166000E+002 3.66138033E+002 7.6384E-003
Table 3.
r, +r.
r=-1_2_0.200n

Result «Temperature» at 2
Numerical solution Analytical solution ‘T -T"

Mesh number S = x100%
Temperature T *, K Temperature T, K Tl

1 3.60879000E+002 3.60879058E+002 1.5959E-005
2 3.60901000E+002 3.60879058E+002 6.0803E-003
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Table 4.
r=1%3% 0205,
Result «Temperature» at
Numerical solution Analytical solution ‘ -7
Mesh number o= x100%
Temperature T *, K Temperature T, K Error T
1 3.56788000E+002 3.56788743E+002 2.0837E-004
2 3.56824000E+002 3.56788743E+002 9.8816E-003
Table 5.
Result «Temperature» at " = 2= 0.250m
Numerical solution Analytical solution ‘T -T"
Mesh number o= x100%
Temperature T *, K Temperature T, K Error T
1 3.53482086E+002 3.53516492E+002 9.7325E-003
2 3.53476013E+002 3.53516492E+002 1.1450E-002

Thermal Conductivity of Cylindrical Wall

Consider infinitely long cylindrical wall (tube) with internal radius ", external radius 2, having constant

coefficient of thermal conductivity A Internal surface of the tube is held at temperature

Tl. Inside the

wall there are uniformly distributed sources of heat 9 The heat generated in the wall is dissipated to
the ambient environment through the external surface of the tube (see figure).

General solution of this study has the form:

The constants

C

T=C,In(r)+C, —Z‘Zrz

2 are determined from conditions prescribed on the internal (r - r1)and external
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dT
T‘ . ﬂa =q Clz"z(ququzJ
(" = T2)surfaces of the tube: '™=n %, r=re . Thus, A 2,
qr, 9,
C,=T,— 72 In(r,) — 41 (2r22 In(r,) - rlz)

Let us use the following data: internal radius of the tube L= 100mm, external radius of the tube

= 250mm’ length of the tube | =1000mm _ Coefficient of the thermal conductivity /1, of material of

sV

thetubeisequalto M-K.

Energy Q of sources of heat located inside the tube is equal to 4500W since the sources of heat v

w
q, = % =27283.705—
(r?2=r?). m
are uniformly distributed over the volume of the tube, d (r2 " )
q=-15000 ﬂz T
Specific heat flux on the external surface of the tube M~ Temperature 't on the internal

0
surface of the tube is equal to 3713.15K (or 100 °C ).

After carrying out calculation with the help of T-FLEX Analysis, the following results are obtained:
Table 1.

Parameters of finite element meshes

Mesh - Number of | Number of nodes for study | Number of finite
Finite element type .
number nodes calculation elements
] quadratic tetrahedron 13580 98620 66224
(10 nodes)
5 linear tetrahedron (10 13580 13580 66224
nodes)
Table 2.
Result «Temperature» at ¥ =2 = 0.250.5¢
Numerical solution Analytical solution ‘T -T"
Mesh number 0 =———x100%
Temperature T * K Temperature T, K |T|
Error
3.03077942E+002 3.03081513E+002 1.1782E-003
2 3.03014069E+002 3.03081513E+002 2.2253E-002
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Disk which is heated along the axis by a distributed heat source and which has
constant temperature on the external cylindrical surface

Let us consider a two-dimensional study of a steady-state temperature distribution on the end-face
cross-section of a disk. A heater of zero thickness (a line) with a power of P=100 W is situated on the axis
of the disk, and on the periphery a constant temperature of 0 °C is held.

Parameters of a disk: metal disk with thickness d=5 mm, radius R=100 mm and thermal conductivity
K=50 W/(m - °C).

Numerical model with boundary conditions and sensors

Solution of this study in which the source is regarded as distributed can be obtained by solving the study

for a point source of the heat. Let the origin of the coordinate system coincide with the center of the

circular surface of a disk. The differential equation that has to be solved for a point source has the form:
o°u  d%u
—+—|K=p-0(P,-P

[axg ayz J p ( 0 )
where p — density of a distributed heat source. For our case: p = P/ d. Solution of this equation is a
Green's function G (heat source function)
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u=G(P,R,)

G(P,Po)zi(ln(lj—m{ R D P, #0
2Kx r - r

G(P,P()):L(Inl—lnl : otherwise
2Kz r R

F)o = Po(xo'yo)
P="P(x,y)

R? ) R? )
L=l X=Xo— | +| Y-V —J
1 [ 0 rQZ] [ 0 r02

2 2
lh =4Xo +Yo

In this solution the zero point corresponds to the center of the disk. The Z-axis of the coordinate system,
in which the solution is sought, is directed along the axis of the disk.
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Temperature, Celsius

hax= 2718658
140.0000

131.2500

RE0: R50:
32.5657 | 44.2060

F112.5000

L 93.7500

75.0000

R40: R30:
86.2500 58.4744 | 76.8758
a7.4000

18.7500

-0.0000a

Temperature field on the end-face cross-section of the disk

Picture shows the distribution of the temperature field caused by a point source (quadratic element,
relative size 0.02). Color scale was changed as compared to the default values: the upper limit was
changed from 271.9 to 150 °C. This was done to better view the result away from the source of the heat
in the center. Due to the symmetry of the range of values, the analytical solution of the study with a point

source coincides with the solution for a distributed heat source.

Let us compare analytical solution with the solution obtained from T-FLEX analysis. Analytical solution is

calculated with the accuracy of up to 6 significant digits.

Table 1.

Parameters of a space mesh

Finite element type Number of mesh nodes used | Number of elements Relative
in calculation in a mesh size
Tetrahedron, 4 nodes. Linear finite 716 2123 0.04
elements.
Tetrahedron, 4 nodes. Quadratic 4247 2123 0.04

finite element.
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Table 2

Calculation using linear element

Distance from the center of the disk to the point of interest r, 30 40 50 60
mm
Analytical solution, °c 76.6472 | 58.3328 | 44.1271 | 32.5201
Numerical solution, °c 76.8758 | 584744 | 44.2060 | 32.5657
Relative error, % 0.30 0.24 0.18 0.14
Table 3
Calculation using quadratic element
Distance from a center of the disk to the point of interest r, 30 40 50 60
mm
Analytical solution, °c 76.6472 | 583328 | 44.1271 | 32.5201
Numerical solution, °c 76.6097 | 583095 | 44.1027 | 32.4983
Relative error, % 0.05 0.04 0.06 0.07

Temperature graph vir

1407
1205
100°
ané

B0

207

I:|:|||||||||||||||||||||||

20 40 =1u] a0
r
analytical

TFlex quadratic element

100

Dependence of steady-state temperature on radius (mm)

Conclusions:

Relative error of the numerical solution as compared to the analytical solution did not exceed 1% when
using linear element and 0.1% when using quadratic element on the edge of a disk. Accuracy of the
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calculation grows when moving away from the heat source because of the singularity of the analytical
solution at the point of heat source application (at the center of a disk).

The plot of dependence of the temperature on the radius shows that analytical and numerical solutions
practically coincide. This implies that distributions of temperature maximums and minimums are the
same, and hence, calculation of thermal heat fluxes and power will be carried out with the same degree
of accuracy.

Quadratic elements gave us one order of magnitude better convergence than linear elements. However,
it required approximately 6 times more nodes/arguments for the solution.

Distributed heat source applied to the cylindrical surface inside the disk

Let us consider a study of steady-state distribution of the temperature at the end-face of the disk inside
of which there is a heater in the form of a cylindrical surface with a radius rd=20 mm, power P=100 W; a
constant temperature equal to 0 °C is maintained on the periphery.

Properties of a disk: metal disk of thickness d=5 mm, radius R=100 mm and thermal conductivity K=50

W/(m - °C) — thermal conductivity of a disk inside and outside the cylindrical surface of the heater is the
same.

Numerical model with boundary conditions and sensors

Solution of this study, in which the source is considered as distributed, can be obtained by solving the
study for a point heat source (as in the previous example). Let the origin coincide with a center of a
circular surface of a disk. The differential equation that is to be solved for a point source has the form:
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o’u  o%u
(GX—Z'FW]K :p5(P0 —P)

where p - density of distributed power. Solution of this equation is known'. For our case:

p=P /(27[ T 'd): P/ S, where S — area of cylinder surface. By taking into account distribution of the
power around the ring of the cylinder, let us express the temperature as a total power of all applied point
sources by integrating the delta-function, on the right-hand side, over the point PO . As a result, we
obtain an equation:

ov 0% ,
(W+W]K :p-é[é‘(Po ~-PH(P, Q)
where Q — is a set of points on the surface of a disk, Q' — is a set of points that lie inside the surface of a
disk and bounded by a ring of a cylinder on which the power is prescribed (see Picture — 2D flat ring
inside the circle). Solution of this equation v is a linear combination (integral) of solutions for point
sources:

WP)=r, [G, (P.Ry(X(r, 0)(r, 0))d6

Py (x(ry,0),y(ry ,0))= Py(r, -cos(0).r, -sin(6))

where GII - is a Green'’s function for a power defined by the formula # = P/S for distribution on the
surface. After integrating, we obtain:

v(P)=G,(P0),PcQ\x
v(P) = const,P e O
0 x=0,y=0

Here G/ — is a Green's function for a power defined by the formula # = P/d for a point source
distributed on the edge. This implies that the magnitude of the temperature v will coincide with the
temperature from a point source (located at the center of a circle) for points that lie outside with respect
to the ring on which the distributed heat source is prescribed. In internal points, the temperature will take
the value equal to some constant. Note that v —is a continuous function and that is why the value of the
constant inside the embedded cylinder is always known.

' See example of a distributed power on the edge.
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Temperature, Celsius

104.3531

91.3090

79.2648

RE0: R0
32.5623 || 44.2021
F

B5.2207

521764

R30:

391324 76.8186

R40:
B

26.0883

13.0441

-0.00a0

Plot of a temperature field

Compare this plot with a field generated by the source distributed along the edge. We see that they
coincide (the plot is made based on calculations with a quadratic element).

Let us compare a numerical solution obtained in T-FLEX analysis with the analytical solution.

Table 1

Parameters of finite element mesh

Finite element type Number of mesh nodes used in | Number of elements Relative
calculations in a mesh size

Te’Frahedron, 4 nodes. Linear 691 1998 0.06

finite element.

Te’Frahedron, 4 nodes. Quadratic 4060 1998 0.06

finite element.
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Table 2

Calculation with linear element

r — distance from the center of circular surface of a disk to the point of interest

Radial coordinate r, mm 30 40 50 60
Analytical solution, °c 76.6472 58.3328 441271 32.5201
Numerical solution, °c 772111 59.5685 44.6908 32.6473
Relative error, % 0.735708 2.118362 1.277446 0.391143
Table 3
Calculation with quadratic element
Radial coordinate r, Mmm 30 40 50 60
Analytical solution, °c 76.6472 58.3328 441271 32.5201
Numerical solution, °c 76.8186 58.4227 442021 32.5623
Relative error, % 0.223621 0.154115 0.169963 0.129766
Termperature graph (1)
1DD;
y SDE

EDE

]

ZDE

D: T T T T T T T T T T T T T T T T T T T T T T 1
<0 G0 20 100
r
analytical

TFlex quadratic element

Coordinate r is given in millimeters
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Conclusions:

For a given study we obtained a realistic picture of the temperature field. The relative error of the
numerical solution compared to the analytical solution did not exceed 2% when using linear element and
0.2% when using quadratic element on the edge of a disk.

From the plot of dependence of temperature on the radial coordinate we can see that the analytical and
numerical solution practically coincide. This implies that distributions of temperature maximums and
minimums are the same, and hence, calculation of thermal heat fluxes and power will be carried out with
the same degree of accuracy.

Quadratic elements turned out to be more accurate than linear elements but required 5.8 times more
nodes.

In addition, we note that modelling of a study with distributed source by a point source was quite
possible. We do not claim that it is always possible. However, for certain geometries this can be done. For
example, in our case, the distributed heat source had a central symmetry.

Power of a point source inside the sphere

Let us consider a study of finding a temperature field inside the isotropic sphere with a point source in
the center. The temperature is held constant on the spherical surface.

Radius of a sphere that bounds the body is R=0.1 m; the temperature on the surface of a sphere is
t=20 °C. The center of the sphere coincides with the origin of the coordinate system. Let us assume that
at the center of the sphere a heat point source of power p=500 W is prescribed. Coordinates of the
point source are equal to PO=(0, 0, 0). Thermal conductivity is assigned the value equal to A=1 W/(m-°C).

For modelling we consider a 1/8th part of the sphere. In the numerical model we apply the power of 500
W, and thus we divide it by 8, i.e,, 500 / 8 = 62.5 W.
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?7\

Numerical model with boundary conditions

For a given study an exact solution at the point P=P(x, y, z) can be found as:

U(P):p[l_ R J+t,P0 #0

Ar\r r,-n
u(Py=" (1—1j+t,

dz\r R
Po:Po(Xo’YWZo)
P=P(x,y,2)

r= (=% +(y-vo ) +(z-2,)

rR?Y R?)’ rR?)’
= | X=X, | +ly-vy. — | +|z-2z,
1 ( 0 rozj [y Yo ron [ 0 rozj

2 2 2
r0:\/)(0 +Y, T2

The function u is a solution of the differential equation and can be written in the form:
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2 2 2
e e
oxX® oy° oz
u(P)=t,PeoQ

where & is Dirac &-function, Q — domain of our sphere, 0Q — boundary of the sphere.

Temperature, Celsius
Max= 259134766

19959.99494
l1?52.499
+ 125

.-1DEI

+ 7E2.44

614.5911

Sensor_3:
417 2729

Sensaor_d:
284.9311

+ 5145999

2B7.5000 ‘

20.0000

Temperature field inside the sphere obtained by the finite element analysis
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& x i

-

Isothermal lines of the analytical solution plotted using Maple software
The temperature field obtained using T-FLEX Analysis is shown on pucyHke 6.6-2. From pucyHke 6.6-3 we
can see that the isothermal lines of the analytical solution in the diametrical plane of the sphere are not
qualitatively different from those shown in pucyHke 6.6-2.
Let us compare the numerical solution obtained in T-FLEX Analysis with the analytical solution. Analytical
solution was obtained with the accuracy of up to six significant digits.
Table 1

Parameters of a finite element mesh

Finite element type Number of mesh nodes Number of finite elements Relative size

Tetrahedron, 4 nodes.

] o 5244 23877 0.06
Linear finite element.
Tetrahedron, 4 nodes.
o 5244 23877 0.06
Quadratic finite element.
Table 2

Calculation with linear element
r — distance from the center of a sphere to a point of interest

Radial coordinate r, mm 30 40 50 60

Analytical solution, °c 948.403 616.831 417.887 285.258
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Numerical solution, °c 970.479 631.200 424348 290.662
Relative error, % 2.32770 2.32948 1.54611 1.894425
Table 3
Calculation with quadratic element
Radial coordinate r, mm 30 40 50 60
Analytical solution, °c 948.403 616.831 417.887 285.258
Numerical solution, °c 948413 616.653 417.706 285.075
Relative error, % 0.001 0.03 0.04 0.06
Temperature graph v(r)
I2IDIIII4IDI IBIDIIIIEIIDIIII'160
r
analtical

Conclusions:

Radial coordinate r is in millimeters

TFlex quadratic element

The relative error of the numerical solution compared to the analytical solution did not exceed 2.3% for
linear elements and 0.4% for quadratic elements.

The method was proven to be effective for solving studies with point sources and singularities in the

solution.

The plot of dependence of temperature on radius shows that analytical and numerical solutions
practically coincided. This implies that the distributions of temperature maximums and minimums are the
same, and hence, calculation of the heat fluxes and power will be carried out with the same degree of

accuracy.
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Quadratic elements were proven to be one order of magnitude more accurate than linear elements but
the number of arguments was 6.75 higher. Furthermore note that near singular sources (concentrated on
the edge or at the point), the relative error is higher than at the points more remote from the sources.
This happens because the temperature at these sources is equal to infinity.

Temperature field of a thermal system of a radiator and a chip

Let us consider a system consisting of a radiator and a chip. The radiator has a thermal conductivity equal
to Krad=390 W/(m-°C), and a chip has a conductivity equal to Kchip=50 W/(m - °0)% The chip is a source
of heat which has a power of P=65 W. Along the entire interface between the radiator and the chip there
is a thermal contact with the thermal resistance equal to R=2-10* m? - °C / W. The radiator diffuses the
heat with the heat transfer coefficient equal to h=3000 W/(m? - °C) to the ambient environment that has
a temperature of T0=20 °C. It is required to find the steady-state temperature distribution in the radiator
and in the microcircuit. We assume the worst case scenario: the heat is dissipated only by the radiator,
i.e, all other heat losses are ignored. The thickness of the radiator is b-a=1.5 mm. The thickness of the
chip is a=1.5 mm. Both elements have rectangular shape with the volumes equal to Vrad=(b-a)-S and
Vchip = a-S respectively, where $=900-10° m? — area of the interface.

Numerical model with boundary conditions

Let us consider now the change in the field across the thickness of the system. Let z be the height
measured from the foundation of the chip. Then the differential equation takes the form:

2 Thermal conductivities of copper (radiator) and steel (microcircuit). Thermal conductivity of the chip was
approximated by conductivity of the steel.
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o°u
—Kl(z)—

( )822

where &chip — function of a heat source — microcircuit. In our case, this heat source — is a segment of

length a. p — power distributed on this segment. If in the volume Vchip we apply the power P, then on
the segment [0, a] p=P/Vchip.

= POy (2), 0<z<b

K(z) —is a function of thermal conductivity that can be defined in the following way:
K

ORP

For this equation, the boundary conditions have the form:

ou
- Krad g(b): h(u(b)_TO)’
yA
ou
0z
For a point source of the heat, the solution of a study with homogeneous boundary condition will take
the form: 3

Z>a,

rad !

chip,z<a

(0)=0

Z‘— P 7 p
" 2K(z) 2K(z)

g(Z,ZO)Z—

0
ag (0,2,)=0,2, >0,2=0

4Bfﬁ_
2K (z)

Solution u for a heat source has the form:

rad

a-C _p-z~a,z>a,ng,
Krad
2
a'Cchip_ pZ _ pa ,
2K 2K

chip chip

u=g(z,2,)dz, =

O ey

z<a,z20

Constants Crad and Cchip are determined from the following conditions:

Krad Kchip

2
Crad :1 E—i— Pa +TO
a h Krad

1 1
Cchip:Crad_R'p_p'a[ - J

* Solution was obtained on the basis of the Green’s function. Its form is described in the book by Ivanchenko D.
and Sokolov A. Classical field theory, Moscow 1951, Leningrad. p. 39
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Let us locate the sensors of the temperature along the thickness; in 3D model they are located along the
thickness of the plate. In the given points we will compare the numerical solution obtained using T-FLEX

Analysis with the analytical solution.

Analytical solution of this study is calculated with an accuracy of more than 6 significant digits.

Table 1

Parameters of finite element mesh

Finite element type Number of mesh nodes used in Number of finite Relative
calculation elements size
Tetrahedron, 4 nodes. Linear finite 5957 3518 0.08
element
Tetrahedron, 6 nodes. Quadratic 1030 3125 0.08
finite element
Table 2

Calculation with quadratic element

z - height from foundation of the chip in mm

Coordinate of a point z, mm 0 0.75 2.25 3
Analytical solution, °c 59.8796 59.6088 4421296 4407407
Numerical solution, °c 59.8796 59.6088 4421297 4407409
Relative error, % 3.34E-05 1.68E-05 2.26E-05 6.81E-05
Table 3
Calculation with linear element
Coordinate of a point z, mm 0 0.75 2.25 3
Analytical solution, °c 59.8796 59.6087 442129 44,0740
Numerical solution, °c 59.7295 59.3811 44.2086 44,0702
Relative error, % 0.25 0.38 0.0097 0.0086
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Temperature graphs vz)
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z
analytical

T-Flex quadratic

Coordinate z in meters, temperature in 0C.

In addition, let us check the magnitude of the heat flux on the interface between the materials of the chip
and radiator, and also on the upper boundary that diffuses the heat. The important fact for us is that the
heat flux, unlike the temperature, is a continuous function. The expression for the heat flux is given
below:

F= ou

ou
—Krad&’Z>a'23b’_{p-a,z>a,z£b,

—,2<a,220
0z

_K p-z,z<a,z>0
chip

We can see from the analytical expression for the heat flux that inside the body of a radiator (to which

the heat power is applied) the heat flux is equal to a constant value. On the boundary pa = pz for z=gq,

and hence the continuity of the heat flux is satisfied.

363



T-FLEX Analysis User Manual

Heat flow graphs F(z), comparisaon to gquadratic element
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Results of numerical analysis with quadratic elements
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Table 4
Calculation of heat flux F with linear element
Coordinate of a point z, mm 0.75 2.25 3
Analytical solution, w/m? 36111.(1)* 72222.(2) 72222.(2)
Numerical solution, w/m? 3.774E+4 7.167E+4 7.208E+4
Relative error, % 45 0.8 0.19
Table 5
Calculation of heat flux F with quadratic element
Coordinate of a point z, mm 0.75 2.25 3
Analytical solution, w/m? 36111.(1) 72222.(2) 72222.(2)
Numerical solution, w/m? 3.6111E+4 7.2222E+4 7.2222E+4
Relative error, % <10 <10 <10

*Digit enclosed in brackets signifies the period of a decimal, for example, 72222.(2)=72222.2222(2).
Conclusions:

The relative error of the numerical solution compared to the analytical solution did not exceed 5% for
linear elements and 10 for quadratic elements.

This study was solved very accurately because solution was a piecewise continuous function with linear
and quadratic parts.

We can see from Figure 2 that the plot showing the result obtained using quadratic elements coincided
with the plot of the analytical solution. The difference between the analytical solution and the numerical
solution obtained using linear elements was larger compared to the calculation performed using
guadratic elements. This can be explained by the fact that the solution itself constitutes a quadratic
function of temperature, and hence can be represented exactly using quadratic elements.

Orthotropic graphite plate under steady state temperature regime

Let us consider now the study of steady state temperature field distribution for a plate with orthotropic
thermal conductivities of a crystalline material one of the edges of which is held at a constant
temperature T;, and the remaining edges are at T,.

As an example, let us consider a rectangular graphite plate with the thermal conductivity of K;=278 W/(m
-9C) along the principle direction and K,=139 W/(m - °C) in a perpendicular direction. The dimensions are:
200 mm x 100 mm. Parameters are a=200 mm, b=100 mm. The plate is elongated along the principle
direction. Let us apply the temperature of T=80 °C to one of the edges of smaller size. In the steady-state
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regime the temperature is constant and does not depend on time. The temperature of 0 °C is applied to
the remaining of the edges. Over the entire surface (from both sides) a heat exchange with the ambient
environment takes place. The temperature of the ambient environment is 0 °C, the heat transfer
coefficient is H=400 W/(m? - °C). The thickness of the plate is D=2 mm.

[}

¥

Numerical model with boundary conditions and sensors

For the given study, the differential equation has the form:
Uk, 2u M,
OX oy D
u(0,y)=0
u(a,y)=0
u(x,0)=t
u(b,y)=0
This study can be solved in the OXY-coordinate plane, on a rectangular domain [0,a]x[0,b], associated

with the graphite plate.
Analytical solution of the study is expressed in terms of Fourier series and has the form*:

K,

* Source: H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, The «Science» publishing house, M. 1964,
p. 171.
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2 & sin(naéla)-shib— )k +n7 fa®
U(X, y) — 72 ( 5 ) ( é/) ( ]
a'a sh(bJ +n’z? )
The isothermal lines of the obtained solution have the form shown on the Figure (obtained with Maple
9.5):

1003

20 40 B0 a0

We can see similar distribution of the temperature field obtained in T-FLEX (see Picture below).
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Temperature, Celsius

I g0.0000
+ 70.0000

+ B0.0000
+ a0.0000
+ 400000
4 30.0000 Sensor_Y40:
16.1255
Sensor_Y30:
[ 200000 243138
Sensor_Y20:
10.0000 36.3956
Sensor_Y10:
54 0757
-0.0000

We locate temperature sensors as shown on the Figure and we make a plot for them at x=50 mm,
y=10,20,30,...60 mm. At these points we compare the plot with the analytical solution.
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Temperature graphics wiy)
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Coordinate y is in millimeters

Let us estimate this discrepancy numerically. Analytical solution was obtained with the accuracy of up to
6 digits.

Table 1
Parameters of a finite element mesh
Finite element type Number of mesh nodes used in Number of finite Relative
calculations elements error
Tetrahedron, 4 nodes. Linear finite 613 1756 0.05
element.
Tetrahedron, 6 nodes. Quadratic 3591 1756 0.05
finite element.
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Table 2

Calculation with quadratic elements

y — height of a plate from a side with the applied temperature, x=50 mm.

Coordinates of a point y, mm 10 20 30 40
Analytical solution, °c 54.1929 36.4593 24.3452 16.1382
Numerical solution, °c 54.0757 36.3956 24.3138 16.1255
Relative error, % 0.22 0.19 0.14 0.07
Table 3
Calculation with linear elements
Coordinate of a point y, mm 10 20 30 40
Analytical solution, °c 54.1929 36.4593 24.3452 16.1382
Numerical solution, °c 54.6211 36.5994 24.2631 16.1600
Relative error, % 0.79 0.38 0.34 0.13

Notice that the points that are closer to the boundary do not have to be selected (200 terms in a sum is
acceptable for 8-10 mm), since Fourier series will converge at these points with large oscillations. To
obtain better accuracy, it is necessary to increase the number of terms in a partial sum of a series.

To visualize the effect of orthotropy, let us change, in T-FLEX, the coefficient of thermal conductivity
along the OX-axis to K;=70 W/(m - %C). Then the temperature distribution has the form:
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5 K2=70 W/(m * 0C) on the left and K2=139 W/(m * 0C) on the right

We can see from picture that the isothermal lines shown on the left side will increase the slope if the
thermal conductivity along the OX-axis is decreased.

Conclusions:

The present method was proven to be effective when solving the studies with anisotropic distribution of
temperatures. The existence of orthotropic properties did not affect the computational efficiency of the
method.

The plot of dependence of the temperature on radius shows that the analytical and numerical solutions
coincided from a practical point of view. This implies that distributions of temperature maximums and
minimums are identical, and hence, the calculation of heat fluxes and power will be carried out with the
same degree of accuracy.

The relative error of linear elements on average twice larger than the error of quadratic elements.
However, the number of nodes for quadratic elements exceeded more than 5 times the number of nodes
for linear elements.
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Temperature field of a system of two embedded cylinders with a thermal
resistance at the interface

Let us consider a study of distribution of temperature field of a system of two embedded cylindrical
bodies with a thermal resistance on the contact surface. The radius of internal body is equal to r2=5 cm,
and the radius of external body is equal to r7=7 cm. Both cylinders are located on the same level and
have the height equal to D=7 cm. Zero heat flux is prescribed on the circular surfaces of these bodies. On
the lateral surface of the external cylinder there is a heat exchange with an ambient environment with the
heat transfer coefficient equal to H=120 W/(m?* - °C) and the temperature of the ambient environment
equal to T0=20 °C. Along the central segment of the cylinder along the entire height we prescribe the
heat power P=200 W. On the interface between two cylinders we prescribe the thermal resistance of
magnitude R=0.01 °C:m?/W. The thermal conductivity of the internal cylinder is equal to K2=50 W/(m -
°C), and external cylinder K7=50 W/(m - °C)°.

We consider only one quarter of the entire cylindrical system of bodies. The symmetry condition can be
satisfied by assuming zero heat flux on the rectangular boundaries of the structure. The power on the
central segment must then be divided by four (distributed between two bodies). P1/4=50 W = P/4. An
example of such construction is shown below.

> Here we intentionally select equal K; and K to show the influence, on the temperature jump on the interface, of
only the thermal resistance but not the difference in the thermal conductivities. However, analytical solution given
below includes the case when the thermal conductivities of the materials are not equal.
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Y

Numerical model with boundary conditions

The differential equation for a point source has the form:

o) et

where p — density of distributed power. For our case: p = P/ D. K —is a function of thermal conductivity
of the material of the cylinders. K(x,y)=K1 if a point (x,y) belongs to the external cylinder, K(xy)=K2 if a
point belongs to the internal cylinder, & —is a function of the heat source (called Dirac function in the
literature). Solution of this differential equation is a Green's function G (heat source function). Equation is
represented in the coordinates (x,y). But the solution will actually depend only on one variable — radial
coordinate (distance from the segment with the applied power), and will have the form®;

18(rauK<r>j:p-a<r>,

ror\ or
K,,r,<r<r

K(r): 1172 1
K, 0<r<r,

The boundary condition for this study corresponds to the heat transfer by convection

® Tikhonov A. N., Samarsky A. A. Equations of mathematical physics. P. 282 — form of a differential equation is
obtained
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Solution for this study has the form”:
o)

u(r)=4
L Inrj+Cr,<r<r
27K,

Inr+C,,0<r<r,

where the constants C7 and C2 are determined from the condition of the temperature jump on the
interface between two bodies and the boundary condition. Expressions that determine C7 and C2 have

the form:

C = 1(p+ H-T,+ len(rl)j

H{ 221, 27K,
CZ=Cl+RL+p'”(r2) 11
2nt, 2 (K, K;

Condition of the temperature jump has the form:

A0 J ), )-ut )

R = =
F F
where F — thermal heat flux on the boundary can be found by the formula
F= Iim—a—uK2 = Iim—a—uK1
r-n- Oor r-n+ Or

Let us compare the solution of T-FLEX Analysis with analytical solution of the study.
Parameters of the finite element mesh

.. Number of mesh nodes used in Number of mesh Relative

Finite element type . .
calculations elements size

Tetrahedron, 4 nodes. 2730 12060 0.09

Linear finite element.

Tetrahedron, 6 nodes. 18520 12427 0.09

Quadratic finite

element.

Calculation with linear element

’ Tikhonov A. N., Samarsky A. A. Equations of mathematical physics. P. 283 — the general solution is obtained
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Coordinate of a point r— \x\ﬁ - 28.28427 42.42640 56.56854
Coordinate x=y of a point in the plane of a cylinder 20 30 40
Analytical solution, °c 173.3214 169.6338 76.07186
Numerical solution, °c 173.428 169.712 76.0995
Relative error, % 0.061504 0.046099 0.036334
Calculation with quadratic element

Coordinate of a point r= \X\\E - 28.28427 42.42640 56.56854
Coordinate x=y of a point in the plane of a cylinder 20 30 40
Analytical solution, °c 1733214 169.6338 76.07186
Numerical solution, °c 173.363 169.677 76.0716
Relative error, % 0.024002 0.025467 0.000342

Temperature graph wir

200
160

1201

50

u] 10 20 20 40 a0 G0 El]

r .
anaktical

T-Flex quadratic

Units along the axes: r is in millimeters, v in 0C
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Temperature, Celsius

208.0344
I 191,240
L 1745958
L 157 97
I 141107

H 1243632

F107.6180

40.8748

741305

Temperature field

P11 x=y=20:
173.4284

P.3 x=y=40:

Notice that unlike the temperature, the heat flux does not have a jump on the interface between the
materials, i.e., is a continuous function of space. It can be evaluated as:

__gu_ 1
or 2ar
Now let us compute a heat flux in T-FLEX Analysis.
Table 1
Calculation with linear elements
Coordinate of a point r= \x\ﬁ - 28.28427 42.42640 56.56854
Coordinate x=y of a point in the plane of a cylinder. 20 30 40
Analytical solution, w/m? 16077.0 10718.1 8038.53
Numerical solution, w/m? 16351.6 107919 8057.86
Relative error, % 1.70803 0.688554 0.240466
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Table 2
Calculation with quadratic elements
Coordinate of a point r— \x\ﬁ - 28.28427 42.42640 56.56854
Coordinate x=y of a point in a plane of a cylinder 20 30 40
Analytical solution, w/m? 16077.0 10718.1 8038.53
Numerical solution, w/m? 161174 10733.0 8048.19
Relative error, % 0.251290 0.139017 0.120171

Conclusions:

Thermal Flux, magnitude, Wim*2
Maw= 227452701

I 20000.0000

P.3 x=y=40:
8057 8564

P2 x=y=30:
10791.9043

P x=y=20:
16351.6123

BE04.4365

Picture of a heat flux

The relative error of the numerical solution compared to the analytical solution did not exceed 1.7% for
linear elements and 0.25% for quadratic elements.
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We confirmed the continuity of the thermal heat flux, physically important for the thermal systems.

At the neighbourhood of the concentrated source (point or segment) of the heat power, the errors of
the linear and quadratic elements do not differ significantly. This is related to the fact that the
temperature for such heat sources is unbounded. At a certain distance from them, the quadratic
elements show superior accuracy compared to the linear elements.

Although the unbounded value of the temperature cannot represent a real physical model, it allows us to
examine different heat sources, for example, thin wires or objects sufficiently remote from the domain of
interest.
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Heat flux and convection for isotropic plate

Let us consider a steel plate b=200 X a=100 mm of thickness D=5 mm with the thermal conductivity of
K=50 W/(m °C). Let us show that the steady-state heat transfer study can also be solved for the case
when on the boundary the temperature is not held constant (for correct modelling the temperature must
be known in advance). Let us consider two types of loads: heat flux (equal to zero for some boundaries)
and heat transfer by convection. On the surface of the plate (from both sides) we prescribe the heat
exchange with ambient environment with the heat transfer coefficient C=40 W/(m? - °C) and the
temperature of the ambient environment equal to zero. On the fourth side (of length 100 mm) we
prescribe a convective heat transfer with the coefficient H=20 W/(m?® - °C) and the temperature of the
ambient environment equal to u0=10 °C.

Numerical model with boundary conditions

Let us locate the origin of the coordinate system at the corner of the plate, let the OY-axis be directed
along the longer side of the plate, and convection will then be applied to the edge y=b. Then we will
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infer that two out of three edges, on which a zero heat flux is prescribed, correspond to the values x=0
and x=a. This means that the solution that we obtain must not depend on the coordinate x. Solution will
have the form:

u(x,y)=V -(eyﬁ n e—yﬁ)

'-=C/(K-D)’

u
(ebﬁ _e_bﬁ)_:jo,ﬁ(ebﬁ +e_bﬁ)

Below we show the isothermal lines for the solution obtained using the Maple software.

Convection is applied for the coordinate Y=b.

I T T T T T T T T 71 T T 1T T 1T T 1 T T T T T 1 T T1
o 002 0,04 0,06 003 a1
¥
Isothermal lines for the solution obtained using the Maple software. Convection is applied to the edge y=b. When
y=0 the thermal heat flux is zero

Comparison with the temperature field obtained using T-FLEX Analysis is shown inFig. 6.10-4.
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0,054

Temperature graph viy)
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Units along the y-axis are in meters
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Temperature, Celsius

0.2193
ID.1934
+ 016745
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I INRET
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00331

00122

Sensor_4:
' 0.2190
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01832
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Let us compare the numerical solution and the solution obtained in the system T-FLEX Analysis.

Table 1
Parameters of a finite element mesh
Finite element type Number of mesh nodes used in Number of Relative
calculations elements size
Tetrahedron, 4 nodes. Linear finite 742 1972 0.05
element.
Te’Frahedron, 6 nodes. Quadratic 4195 1972 0.05
finite element.
Table 2

Calculation with quadratic element

y — height of the plate from the side with the applied temperature

Coordinate of a point y, mm 200 190 180 170

Analytical solution, °c 0.219050 0.183231 0.153292 0.128271
Numerical solution, °c 0.218979 0.183186 0.153265 0.128248
Relative error, % 0.032412 0.024559 0.017613 0.017931
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Table 3
Calculation with linear element
Coordinate of a point y, mm 200 190 180 170
Analytical solution, °c 0.219050 0.183231 0.153292 0.128271
Numerical solution, °c 0.218785 0.183406 0.153406 0.128254
Relative error, % 0.120976 0.095507 0.074367 0.013253

Conclusions:

The relative error of the numerical solution compared to the analytical solution did not exceed 0.12% for
linear element and 0.03% for quadratic element. This implies that for the given study we obtained a
solution with up to 3 significant digits of accuracy. The study was solved almost exactly with minimum

computational cost.
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Quadratic elements showed the relative error twice smaller than the linear elements, however, they
required almost 5.8 times more nodes.

Thermal heat flux in an isotropic disk

Let us consider now the study of heating of a circular plate with the sources of heat distributed over the
surface. Let us prescribe the heat flux from both sides. Around the plate along the edges we will
prescribe the constant temperature.

As an example we consider a thin plate with the thermal conductivity K=75 W/(m - °C) . The radius of the
plate is R=100 mm, thickness D=5 mm. The value of the density of the heat flux is F=60 W/m?,
Temperature of the edges around the plate is T=20 °C.

Numerical model with boundary conditions

Figure shows the T-FLEX model of such a disk. At a distance from the center of the disk r=0, 10, 20, ..., 60
mm on the surface we install the sensors of the temperature and compare the results.
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The equation that must be solved for a surface of a disk has the following form?:

o*u  d% 2F
i k=
ox* oy’ D

At the right side of the equation we have the volumetric density of the heat source (equivalent to a
surface density for a plane study).
Boundary conditions:
u(P)=T,PeaQ\(U, UU_)
Ka—u(P): FPeU,
0z

Ka—u(P):—F,PeU_
0z

where U- and U+ - are respectively lower and upper sides of the plate. Analytical solution can be
expressed in terms of the function of the heat source® G(P,P,).

ce.p)=|mf)-m R ||p, 0
2 r Iy I

1 1 1
G(P,P)=—|In==In=|,P, =0
(P.R) 2”[ : Rjo

J r? )’ rR?Y’
L= | X=X,— | +| Y=Y, —
' ( Orozj E Orozj

ryo=/Xo" + Yo
This function is a solution of the Laplace equation with the singular right-hand side (at the right side we
have Dirac function) of unit power.
0°G 0°G
+
aXZ ay2
G(P,P,)=0,PcdQ\(A, UA)
G(P,R,)=G(R,,P),VP,R, eQ

Solution of Poisson’s equation can be expressed in terms of the source function as:

=5(P,P,)

® Poisson’s equation
% In the literature this function is also called Green’s function.
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o%u

ox?

Q
2

+a—l:= f,f :Z—F:const
oy D-K

Analytical solution was calculated in the Maple 9.5 system by the method of numerical integration
_d0lajc (Gauss integration using 10 points and Croncord integration using 21 points). We used 6
significant digits of accuracy in the analytical solution to compare the results.

Table 1
Parameters of finite element mesh
Finite element type Number of mesh nodes used in Number of Relative
calculations elements error
Tetrahedron, 4 nodes. Linear finite 322 914 0.09
element.
Te’Frahedron, 6 nodes. Quadratic 1876 914 0.09
finite element.
Table 2

Calculation with quadratic element

r — radial coordinate at which the sensor is located

r, mm 0 20 40 60
Analytical solution, °c 20.8000 20.7610 20.6720 20.5120
Numerical solution, °c 20.7973 20.7653 20.6692 20.5092
Relative error, % 0.012980 0.020711 0.013544 0.013651
Table 3
Calculation with linear element
r, mm 0 20 40 60
Analytical solution, °c 20.8000 20.7610 20.6720 20.5120
Numerical solution, °c 20.7939 20.7609 20.6653 20.5049
Relative error, % 0.029326 0.000481 0.032410 0.034614
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Temperature graph (1)
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r
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TFlex guadratic element

Units of radius measured from center of the disk; r is mm.
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Temperature, Celsius
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Conclusions:

The relative error of the numerical solution compared to the analytical solution did not exceed 0.03% for
linear elements and 0.02% for quadratic elements, i.e., the solutions were obtained very accurately with
up to 4 significant digits of accuracy and low computational cost.

On average, the relative error of quadratic elements turned out to be twice lower than for linear
elements. At the same time, the number of nodes we used for calculation with quadratic elements was 6
times larger.

It is important to note that at a point r=20 mm the solution with linear elements that we obtained turned
out to be more accurate. This was really possible because of the convergence properties of the solution
in the finite element method (convergence in a sense of integral norm and smaller number of
points/arguments plays a role here). However, in general it is impossible to predict appearance and
location of these points.

Radiation of a plate into external environment

Let us consider now a study of calculation of the steady-state temperature field for an infinite flat plate
that radiates to the external environment. On the edges of the plate (along the length), we maintain the
constant temperature of T=500 °K (we assume that for this temperature the effect of radiation for this
plate will be significant). Radiation will take place from the surface of the plate at both sides of the plate
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to the external environment with the temperature equal to T.=293 K. Now assuming the steady-state,
we determine the temperature field on the surface of the plate at control points that are designated by
the sensors (located along the OX-axis).

Characteristics of the plate: thickness d=5 mm; width (=100 mm; thermal conductivity K=50 W/(m * %K);
emissivity a=1. We maintain the zero heat flux along the boundary of a width of the plate.

Numerical model with boundary conditions and sensors

Let us consider the differential equation for this study. Since the thermal heat flux on the opposite edges
of the plate is equal to zero, the temperature field will be changing only along the length of the plate. By
selecting the coordinate system such that the OX-axis is directed along the width of the plate and the
OY-axis along the length, we will obtain the solution that depends only on the width of the plate. We will
place the origin of the coordinate system O at the center of the plate. The equation will then take the
form:

o’u 4 4
y =C '(U _Text)1
u(@)=u(b)=T

where the constant C is determined by taking into account the width of the plate as:

C:2-a-o"
K-d
o=5.67-10"°

where o — Boltzmann constant.
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The analytical solution for this study can be found as a Taylor's series expansion. It can also be obtained
numerically in the system Maple 9.5"°. We will consider the value along the length only up to the middle
point, i.e., the selected origin of the coordinate system, since the solution is an even function.

Let us represent now the analytical solution for the study as a series. We note that

)> 0

since from the physical point of view the plate could not cool down to the
temperature below the temperature of the ambient environment. Hence, ou/ox grows in a monotonous
manner from —% to +% and that means that it has a single point of intersection with the OX-axis which
will be the point of minimum of the solution. In the neighbourhood of this point we expand the solution
in a series:

=C-(u -T2

ext

o%u
XZ

82u (X )'AX2 4 +8"u (X ).AX” N
x0T 2 T Y
By differentiating the given equation, we will obtain the expressions for the higher-order derivatives:

3 2 4
ou =d(au]/dxza(u):4.u3.au

u(x, +Ax) = u(x0)+%(xo)-Ax+

o3 ox? OX ox
4 2 ? 2
ali=d(4~u3~w]/dx=4~u3~af+12'(“'6uj - 28 —cfut - )|
OX OX OX OX OX

ou’y
=4C-u7—4C'U3Teit+12'(U'j

OX

and so on. It is obvious that all derivatives can be represented in the form of a polynomial F of function u
and the values of its first derivative

0 (0. 2 00 0. 20T | ) 200 =cons

x ox Y ox TUox X

For all odd derivatives, all the terms of the polynomial F will contain as a factor the first derivative and

aZkJrlu (X )_ O
. 2k+1 \0/ . .
therefore at the point of extremum we have OX ’ . Hence the solution will take the form

0 aZku AXZk
AX) = Al
u(x, +Ax) kZ:(; ox ¥ (%) (2k)!

"% Solution was obtained by two methods and the difference was 1e-8 % at the points indicated below

"' From the physical point of view it is obvious because we have equal temperature along the edges and the
material is isotropic. In the center we will have the point of minimum since the body looses heat.
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It is obvious from the symmetry of boundary conditions that the point x0 coincides with the selected
zero O of the coordinate system.

62ku (X )
, . : , k\%o/ :
There is no simple analytical solution for o’ since on each step of calculation of the sum of the

series, we need to store all the coefficients of the polynomial F to evaluate the derivative for the next
step. That is why we used standard ways of analytical evaluation of the derivative via the system Maple
9.5%.

The value of u at a point x0 was obtained in the following way: we select partial sums of the Taylor's
series at a point x0 +l/2 and equate them to the boundary value of the temperature T. Solution of these
equations can be found numerically and, moreover, only the real positive roots were of interest. As a
result we obtained u(0) = 467.4671303. Let us compare the obtained solution with the analytical
solution.

Table 1
Calculation with linear element
Coordinate Y of a point of interest (mm) 375 25 12.5 0
Analytical solution °K) 485.442 475357 469425 467 467
Linear element (°K) 488.622 480.737 476.017 474401
Relative error, % 0.655073 1.13178 1.40427 1.48331
Table 2
Calculation with quadratic element
Coordinate Y of a point of interest (mm) 375 25 12.5 0
Analytical solution (°K) 485.442 475.357 469.425 467.467
Quadratic element (°K) 488.496 480.568 475.908 47437
Relative error, % 0.629117 1.09622 1.38105 1.47668

"2 In the cycle over the number of the terms in the series we performed differentiation and substitution of the

2k

o .. 07u : , R
fourth power of the solution instead of second derivative T(X) and of zero instead of the first derivative into
X

the final expression.
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Temperature graphics v
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Plot of temperature distribution along the width of the plate
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Temperature, Kelyin
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Plot of a temperature field and the sensors
Conclusions:

The relative error of the numerical solution compared to the analytical solution was equal to 0.6% (on the
axis of the plate) and reached 1.5% (on the edge of the plate). Notice that when the mesh is refined,
convergence of the numerical solution to the analytical solution is slower for studies with radiation since
the study is nonlinear.

As in the example with radiation of a hollow sphere to the ambient environment, we make a Conclusion
that when solving a nonlinear study it does not matter which elements are used for calculation: linear or
quadratic.

Radiation of the surface of a hollow sphere

Let us consider a study of determination of the steady-state temperature field of the hollow sphere, on
the internal surface of which we maintain a constant temperature 77 =600 °K, and the external surface
radiates to the ambient environment. The ambient environment has the temperature Tokp=290 K. For
this temperature the effect of radiation significantly changes the temperature inside the volume of the
body. We can determine the temperature field at the control points with radii Rq,s.

Characteristics of the sphere: external radius R=100 mwm; internal radius R/2=50 mm; the thermal
conductivity K=50 W/(m - °K); emissivity of the spherical surface is equal to a=1.

Let us consider a 1/8th part of the entire sphere. On the lateral surfaces of the sphere we prescribe the
zero heat flux.
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Numerical model with boundary conditions

Since the material is isotropic, solution of the study will depend only on the radius. If the origin of the
spherical coordinate system is placed at the center of the sphere, we will obtain the equation with

boundary conditions:
ror\ or

u(R/2)=T,
K?:(R)w-a-(T;nb ~u(R))

The solution of the equation has the form:
u=C,-In(r)+C,
where the constants C7 and C2 are determined from the boundary conditions in the following way:

C1 = OC.Z.R(Tal:nb - (Tl + C1 ) In(2))4)

C, :Tl—Cl-In(Zj
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The first equation (for the given parameters) has two real roots™. For the roots: C7 = -4483.400605 and
C2 = -12831.06789 the solution on the boundary has the negative temperature on the boundary. For
Kelvin scale it is impossible. Therefore, only the roots C7 = -13.02949201 and C2 = 560.9671302 satisfy
this equation ™.

Let us compare the numerical solution with the obtained analytical solution at points with radii
R123=0.0707106; 0.0848528; 0.0989949 m (coordinates of the sensors at these points: X;,3=50; 60; 70 mm
and Yq3=50; 60; 70 mm).

Table 1
Parameters of the mesh
Finite element type Number of mesh nodes used in Number of Relative
calculation elements error
Tetrahedron, 4 nodes. Linear finite 1562 6823 0.09
element.
Tetrahedron, 6 nodes. Quadratic 10594 6823 0.09
finite element.
Table 2
Calculation with linear element
Radius of a point of interest, m 0.0707106 0.0848528 0.0989949
Analytical solution, °K 595.4843221 593.1087648 590.9686443
Numerical solution, °K 592.7 589.8 587.7
Relative error, % 0.47 0.57 0.6
Table 3
Calculation with quadratic element
Radius of a point of interest, m 0.0707106 0.0848528 0.0989949
Analytical solution, °K 595.4843221 593.1087648 590.9686443
Quadratic element, °K 592.8 589.9 587.8
Relative error, % 0.47 0.56 0.54

'3 Roots were found with the help of the Maple 9.5 system

4 Difference between the obtained roots was less than 1e-10
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Ternperature graphs vir)
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T-Flex linear

Plot of dependence of the temperature V on radius r in the spherical coordinate system

Temperature, Kelvin
1

M - 1
go0O0OD ¢ LR
Isga.uzg’ !

+ 596.8857

+ 5953286
b

§93.7714 ¢
» »

+ 5922144

Sensor_4:
[ 5908573 587.7510

589.1002

587.5430

Temperature field plotted from the results of the finite element analysis with the readings of the sensors
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Conclusions:

The relative error of the calculations approaches 0.5%. Notice that when the mesh is refined, the
numerical solution approaches the analytical solution slower because of the nonlinearity of the study
itself.

As we see, when computing the radiation, the relative error is practically the same for linear and
quadratic elements. This can be explained by the error in the solution of the nonlinear equations. Thus,
when computing radiation, it makes sense to use only linear elements because of smaller computational
cost.

Thermal resistance of a flat plate

. . . . h .
Let us consider a study of the steady-state heat flow in the composite plate of thickness Z ' with
coefficients of thermal conductivity ki, whose upper and lower surfaces are maintained at temperatures

L and L , and between the plates with numbers m-1 and m+1 there is a thermal contact with the

specific thermal resistance R (see the figure).

For each layer =120 of the composite plate composed of N layers with thicknesses h,h,,.... 0,
and coefficients of thermal conductivity Ky, kz""’k”, respectively, the change in temperature and thermal
f,i=12,...,n

flow across the thickness can be obtained from formula:
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f = ki a_T:_ki(tiJrl_ti)_(ti_ti+l)1Ri :l’ti <ti+l'i:1’2""’n
0z h. R k.

Let us assume that all layers except the two are in the state of ideal thermal contact across the interfaces

and between those two layers with numbers m-1 and m+1 let us place a thermal resistance Rm. Then the
thermal heat flow will be continuous upon transition from one layer to another, and in the given case, it

will be equal at all points (that is, fi=f=..=1 =1 ). The change of temperature between opposite
surfaces of the entire composite plate will be equal to the sum of temperature changes in individual
layers:

(tl _tz)"'(tz _t3)+"'+(ti _ti+l)+"'+(tn _tn+l):tl _tn+l

Then
t,-t.,=fR +f,R +..+fR =(R +R,+R_+...+R )f, R =ﬂ, i=12,...n
f = tl_tm—l
ﬁJrﬁjt...Rer..ﬁh—”
kl kZ kn

Let us assume the following input data: the number of layers N = 2, the length and width of each layer is

500mm .4 250mm h, h gmm 12mm

equal to , respectively; thicknesses of the layers ', 3 are equal to

The applied temperatures U and U are equal to 373°K ang 273" K, respectively.

w k, =200 W
m - deg m - deg

k, =43
Coefficients of thermal conductivity:
., m?-deg

R, =3.33x10
Thermal resistance of the contact surface: w (approximately, equivalent to the

k, =0.15 w
thermal resistance of the flat layer of air of thickness 0,05 mm with m-deg )

f=1.72599><105ﬂ2 ¢
Therefore, m® b

t, =—(R, +R,)f +t, = —(1.860465x 10 +3.33x10™*)-1.72599 x 10° + 373 = 283.35 K

=-R, f +t, =-1.860465x10"*-1.72599x10° + 373 = 340.88 K
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\_\-\—\

260 '

0 0.005

0.01 0.015 0.02
b

After calculations are carried out with the help of T-FLEX, we obtain the following results:

Mesh parameters

Finite element type:

quadratic tetrahedron (10 nodes)

Number of main

Number of nodes for study

) 68155 . 68155
nodes: calculation:
Number of finite 44043
elements
Calculation results
N ical soluti Error
vmerical soiution, Analytical solution W ‘ -w
w 0, =—x100%
W
W 5 5 2
— 3.00x10° 1.75631x10 0.71x10° %
Heat flow, M
Temperature, {2, K 341.00 340.88 0.03%
Temperature, 8, K 291.00 283.35 2.7%
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Study: "Study 1"
Temperature, Kelvin

T3

360.5

348

L3355

323

3105

298

285.5

73
Thermal Flux, magnitude, W/m+2

1.72639E+005

Sensor_12:
1.72608E+005

Sensor_11:
1.72608E+005

Sensor_10:
1.72608E+005

Sensor_9:
1.72608E+005

1.72599E+005
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Thermal resistance of a sphere

Let us consider a study of steady state heat flow of a composite spherical plate of thickness ZO’SAd‘

with coefficients of thermal conductivity ki, whose upper and lower surfaces are maintained at

t

temperatures "1 and b , and between the layers with numbers m-1 and m+1 there is a thermal contact

with specific thermal resistance R (see the figure).

1,2 d,,d,,...,d

n

- N of the composite plate composed of N layers with diameters

STLCHRRLY , respectively, the change of temperature and
f,i=12,...,n

For each layer !
and coefficients of thermal conductivity

thermal heat flow across the thickness of the plate can be determined from formula:

11 j
fi -k ﬂ__Zﬂki(tHl_ti)_ (tl _ti+1), R @’tl <t i:1,2’_“’n

"o (1 1]_ R, ' 2k, L

d, d

I
Let us assume that all layers except the two are in the state of ideal thermal contact across the interfaces

i+1

and between those two layers with numbers m-1 and m+1 let us place a thermal resistance Rm. Then the
thermal heat flow will be continuous upon transition from one layer to another, and in the given case, it

fi=f,=..=f =f

will be equal at all points (that is, ). The change of temperature between opposite
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surfaces of the entire composite plate will be equal to the sum of temperature changes in individual

layers:
(tl _t2)+(t2 _t3)+"'+(ti _ti+l)+"'+(tn _tn+1)=tl _tn+1

Then
t,~t,,=fR +f,R +..+fR =(R+R,+R +...+R )f, i=12,...n
f = L—t,
d, d d, d
1 2 2 3 +...Rm+ + dn dn+l
27K, 27K, 27K,
Let us assume the following input data: the number of layers N = 2 diameters of layers dl, d2, d are

equal to 350, 380, 420 mm, respectively. Applied temperatures Y and U are equal to 473K and

273°K respectively.

Kk, :43Ld k, = 200—"

Coefficients of thermal conductivity: m-aeg m - deg (steel and aluminum alloy).
m? - deg

R, =15x10"°
Thermal resistance of the contact surface W (approximately equivalent to the

k, =0.15 w
thermal resistance of the spherical layer of air of thickness 0,1 mm with m-deg )

f =7.8917x10* ﬂz
Therefore, m-,

t,=—R,f +t =8.349x10.7.8917x10* + 473=407.1K
t,=—(R, +R,)f +t, =—(8.349x10* +1.5x10°).7.8917x10* + 473 = 288.7 K
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00T

45071

3507

3007

250 ; ; |
034 036 0.38 04 042

d
After calculations are carried out with the help of T-FLEX, we obtain the following results (at the lower
and upper sides of the contact surface, respectively):

Study: "Study_0"
Temperature, Kelvin

473

448 410.9

Results of finite element analysis (temperature)

Mesh parameters

Finite element type quadratic tetrahedron (10 nodes)
Number of main 92115 Number of nodgs for study 22115
nodes: calculation:
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Number of finite 101217
elements
Results of calculation
" ical soluti Error
umencal solution, Analytical solution W ‘W—W*
w o, =—x100%
w
w 5 4 2
— 1.08x10 7.8917x10 0.36x10° %
Heat flow, M
Temperature, 3, K 287.8 288.7 ~0.3%
Mesh parameters
Finite element type: Linear tetrahedron (4 nodes)
Number  of  main 92107 Number of nodgs for study 22107
nodes: calculation:
Number  of finite 101190
elements
Results of calculation
N ical soluti Error
vmerical soiution, Analytical solution W ‘ -w
w o, =—x100%
w
w 5 4 2
— 1.08x10 7.8917x10 0.36x10° %
Heat flow, M
Temperature, 2, K 410.9 407.1 1%
Temperature, 3, K 287.9 288.7 ~0.3%

Non-stationary temperature field for an isotropic sphere

Let us consider a study of determination of a temperature field inside an isotropic sphere in the volume
of which we prescribe the initial temperature Tstart=20 °C, and which is heated along the external surface
where we prescribe the constant temperature Thorder=100 °C (for example, the sphere at room
temperature was put down to the boiling water). Let us determine the temperature at any point of the
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sphere (located at a distance r from the center of the sphere) in time increments equal to At7,2,3 = 10,
20, 30 seconds.

The sphere has the following parameters: radius @ =100 mm, density of the material 7800 kg / m?,
specific heat ¢ =440 J / (kg 9C), thermal conductivity K=50 W / (m - °C). Several alloys of steel have
similar thermal characteristics.

For numerical modelling we consider a 1/8th part of the entire sphere. Conditions of symmetry are
enforced by prescribing zero heat flux on the boundary surfaces of the sphere which have a center of the
sphere as a vertex."

Numerical model with boundary conditions and a sensor located at a coordinate r=50 mm

Figure above shows the model of this body. A temperature sensor is shown with yellow color. It is
located half radius away from the center.

Let v be the desired solution (temperature field). Then, by taking into account that the solution does not
depend on the angles of rotation of the vector emanating from the center of the sphere (symmetry
condition), we can perform the change of variables in the form v=r-u, where r — distance from the center
of the sphere, and u — some function. After this change of variables, we obtain the equation for u

> On the boundaries where no boundary conditions are specified, the zero heat flux condition is satisfied
automatically.
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ou_ K 2%

ot c-p or?

where t — is time for cooling/heating of the solid body. Boundary conditions for u:

u(r0)=r-f(r)=T

start ©

U(a,t) =r: (p(t) = Tborder ’

By solving this study by the method of separation of variables, we obtain the expression for v

v(r,t)=azri'°~n 'e_l[n;]t ~sin(

r,

naj

t=0
r=a

16

where x=K/(c:p) is the coefficient of temperature conductivity. The weights An in the expansion are

determined by the formula:

2
_ i(_l)n+1 . T

- start
nx

+T,

border

Let us compare the numerical solution with this semi-analytical solution.

Table 1
Parameters of the finite element mesh
Finite element type Number of mesh nodes used in Number of mesh Relative
calculations elements size
Linear elements Quadratic elements
Tetrahedron, 4 1776 11966 7711 0.09
nodes

Table 2

Parameters of time discretization

Total calculation time (sec)

Time step (sec)

Number of time layers

120

1

120

Since the alternative solution (with which we compare the solution of T-FLEX) was obtained by the semi-
analytical approach (by extraction of partial sums of the series), it is required to determine the number of
significant digits which can be used for comparison with analytical solution. Table given below shows

"® H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, The «Science» Publishing house, Moscow 1964, p.

230
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with what accuracy the calculations were carried out for obtaining solution by the series expansion and
for construction of the solution plot. Conclusion about the number of significant digits in the analytical
solution can be made by the indicator of the relative change in the solution and the fact that our series
always converges.

Table 3
Parameters of calculation of semi-analytical solution obtained by series expansion:
Number  of Time in sec. Value of the Value of the Relative change
terms ina| ¢ (temperature temperat(l)Jre, un(t), | temperature, Whgn(!v is ‘Un _ UZn‘
series, N depends on time) in°C. doubled, ux(t)in°C. | 6= W-loo%
10 20.48013866 2041647716 0.31
500 20 26.07028450 26.00662298 0.24
30 34.46547534 3440181384 0.18
10 20.53470594 20.53925332 0.02
7000 20 26.12485180 26.12939918 0.01
30 34.52004264 34.52459002 0.01

For numerical calculation we take the results with N=7000. For construction of plots we use the results
with N=500.

Tables that contain the values of temperatures at a point r=50 mm (midradius) in °C are presented below.

Table N2T for calculation with linear element, 4 significant digits.

Calculation time t, sec 10 20 30
Analytical solution, °C 20.53 26.12 34.52
Numerical solution, °C 20.37 26.08 34.67
Relative error, % 0.7793 0.1531 0.4345

Table N92 for calculation with quadratic element, 4 significant digits.

Calculation time t, ¢ 10 20 30
Analytical solution, °C 20.53 26.12 34.52
Numerical solution, °C 20.61 26.16 34.58
Relative error, % 0.3896 0.1531 0.1738
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Temperature graphs w{t), t - for time =50

24
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24
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]

t
TFlex linear element
Semi-analtical meth,

Plot of dependence of temperature V(t) at a point r=50 mm on time t

Temperature, Celsius
Time: 30.00 s

100.0000

901814
80,3629
T0.5443

BO.7257

Sensor_2:
34 5827

50,9072 N

41,0886

31.2700

21.4515

Temperature field in 30 seconds
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Conclusions:

We obtained realistic picture of the temperature field. The relative error of the numerical solution
compared to the analytical solution does not exceed 0.8% with linear elements and 0.4% with quadratic
elements. The calculation error is stable in time and does not grow significantly when the computational
time is increased. Plot of dependence of temperature on time shows that analytical and numerical
solutions practically coincided.

The calculation error with quadratic elements is smaller than that with linear elements on a small interval
of time.

Non-stationary temperature field in an isotropic sphere with the heat transfer
on the surface

Let us consider the study of a temperature determination inside an isotropic sphere, from which the heat
is being removed, if in the volume of the sphere we prescribe the initial temperature Tstart = 80 °C, and
on the surface we prescribe the heat flux of magnitude F=-800 W/(m? °C). The minus sign implies that
the sphere looses the heat. Let us determine the temperature at any point of the sphere in equal
increments of time At7,2,3 =20, 60, 90, 120 sec.

Parameters of the sphere: radius a=100 mm, density of the material 7800 kg/m3, specific heat
¢ =480J / (kg- °C), thermal conductivity K=150 W / (m- °C).

For numerical modelling we consider a 1/8th part of the entire sphere. Conditions of symmetry are
enforced by prescribing zero heat flux on the boundary surfaces of the sphere that have a center of the
sphere as a vertex."’

N

Numerical model with boundary conditions

" On the boundaries where no boundary conditions are specified, the zero heat flux condition is satisfied
automatically.
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Figure above shows the model of this body. Let v be the desired solution (temperature field). Then, by
taking into account that the solution does not depend on the angles of rotation of the vector emanating
from the center of the sphere (symmetry condition), we can perform the change of variables in the form
v=r-u and obtain the equation for u

K &

ot c-p or?
where t — time for heating/cooling of the solid body. Boundary conditions for u are expressed in the
following form:

u(r0)=r-f(r)=T,,-r, t=0
Ka—u(a,t): F, r=a
or

where f(r) — initial distribution of the temperature. Analytical solution of this study is given below.®

+T

2 2 2« .
orp)= 3L F(5r?—3a%) 2Fa Zsurl(r.an/a)'ean,t,az
pca 10Ka Kr & olsin(e,)

start

where x=K/(c:p) is the coefficient of temperature conductivity. The coefficients o, are determined as the
roots of the equation (only positive roots):

t9(a,)=a,
Analytical solution was obtained with the accuracy of up to 6 significant digits.

Table 1
Parameters of the mesh
Finite element type Number of mesh nodes used in Number of mesh Relative
calculations elements error

Linear elements Quadratic elements

;‘Zt(;:?edro”' 411776 11966 7711 0.09
Table 2
Parameters of time discretization
Total calculation time (sec) Time step (sec) Number of time steps
120 1 120

"8 H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, The «Science» publishing house, Moscow 1964, p.
234
Authors derived the solution for zero initial temperature. The constant T, must be added to their solution
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Tables of the values of temperature in °C at a point located at a distance of 50 mm from the center are
given below.

Table N21 for calculation with linear element

Calculation time t, sec 20 60 90 120
Analytical solution, °C 79.9481 79.7080 79.5163 79.3240
Numerical solution, °C 79.9491 79.7086 79.5167 79.3242
Relative error, % 0.00125 0.00068 0.00044 0.00013

Table N2 for calculation with quadratic element

Calculation time t, sec 20 60 90 120
Analytical solution, °C 79.9481 79.7080 79.5163 79.3240
Numerical solution, °C 79.9479 79.7075 79.5155 79.3231
Relative error, % 0.00035 0.00070 0.00107 0.00126

Temperature graphs v{t), t - for time, =50

20 7
72.900002
79200003
79.690097

W
79,500002

9.5

79,400002

Semi-analytical temp.
TFlex linear element

Plot of dependence of temperature V(t) on time t at a point r=50 mm
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Temperature, Celsius
Time: 90.00 s

79.5840
ITQ.SSEM
R

F7o.4E

Sensor_1

79.44395 795167

F79.4159

F 793822

79.3487

79315 Time process @

_j\ T SR
X i

Temperature field in 90 seconds (linear elements)

Conclusions:

The relative error of the numerical solution compared to the analytical solution is smaller than 0.01 %.
The calculation error is stable in time and does not grow significantly when the computational time is
increased. Plot of dependence of temperature on time shows that analytical and numerical solutions
practically coincided.

When using quadratic elements the number of nodes is significantly larger than that for linear elements.
Hence, with time (for each new time layer), quadratic elements accumulate larger error than linear
elements. As we see, in 20 seconds, i.e., for relatively small time interval for our study, quadratic elements
are more accurate than linear elements, but on the significantly larger time interval the calculation error
with quadratic elements became even larger.

Non-stationary temperature field in an isotropic sphere with the heat transfer
on the surface
Let us consider the study of determination of the temperature at any point inside the sphere in equal

increments of time At7,2,3 = 30, 40, 60 sec if we prescribe the initial temperature Tstart=60 °C inside the
sphere, and on the boundary of the sphere we prescribe the heat transfer by convection with the heat
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transfer coefficient H=300 W/(m?>°C) 19 (the sphere that had a temperature of 60 °C inside was put down
to cold sea water at a temperature of zero degrees).

Parameters of the sphere: radius a=100 mm, density of the material 7800 kg / m?, specific heat ¢=440 ) /
(kg 9C), thermal conductivity K=50 W / (m - °C). For numerical modelling we consider a 1/8th part of the

sphere. Conditions of symmetry are enforced by prescribing zero heat flux on the boundary surfaces of
20

the sphere that have a center of the sphere as a vertex.

Numerical model with boundary conditions

Figure above shows the model of the solid body. Let v be the desired solution (temperature field). Then,
by taking into account that the solution does not depend on the angles of rotation of the vector
emanating from the center of the sphere (symmetry condition), we can perform the change of variables
in the form v=r-u and obtain the equation for u

u_ K

ot c-p or?
where t — is the time for cooling/heating of the solid body. Boundary conditions for u are expressed in
the following form:

" The heat transfer coefficient for water in rest condition was taken from the website
http://www.helpw.ru/Teplotdach.php

%% On the boundaries where no boundary conditions are specified, the zero heat flux condition is satisfied
automatically
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u(r0)=r- f() st T =0

—u(a,t)+(h——)u =0, r=a
or a

where f(r) — initial distribution of the temperature, and the coefficient h = H/K.

Solving this study by the method of separation of variables, we obtain the expression for V2

ZhTSta” ZAn e 4 sin(r-a, )

where x=K/(c:p) is the coefficient of temperature conductivity. The expansion coefficients An and the
values o, can be determined by the formula:

v(r,t)=

a’a’ +(ah-1)°
a?(a’a? +ah(ah -1))

A =sin(a-a,)-

and
a-a,-ctg(a-a,)+an-1=0

i.e, a, — are the roots of the last equation. Now let us compare the numerical solution with the analytical
solution. The analytical solution was obtained with the accuracy of up to 6 significant digits.

Table 1
Parameters of a finite element mesh
Finite element type Number of mesh nodes used in Number of finite Relative
calculations elements error

Linear element Quadratic element

Tetrahedron, 4 1776 12078 7809 0.09
nodes
Table 2
Parameters of time discretization
Total calculation time (sec) Time step (sec) Number of time layers
60 1 60

Tables of values of temperatures in °C at a point located from the center at a distance of 50 mm.

" H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, The «Science» publishing house, Moscow 1964, p.
234
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Table N21 for calculation with linear element

Calculation time t, ¢ 30 40 60
Analytical solution, °C 59.2381 584375 56.4123
Numerical solution, °C 59.2223 58.4072 56.3901
Relative error, % 0.03 0.05 0.035

Table N92 for calculation with quadratic element
Calculation time ¢, ¢ 30 40 60
Analytical solution, °C 59.2381 584375 56.4123
Numerical solution, °C 59.1617 58.3415 56.3222
Relative error, % 0.1 0.15 0.15

5057

56.57

Plot of dependence of temperature V(t) on time t at a point r=50 mm.

607

595
58.55
585
5?.55

571

Temperature graphs wit), t - for time, =50

0
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Semi-anakdical temp.

TFlex linear element
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Temperature, Celsius
Time; 30.00 s

50,9435
Iﬁa.auus

Fa7.ESTY

Fa6.5144

553714 Sensor_1:
591617
64,2284
L 63.0854
51.9423
50.7993
Time process @

e FEEEE

Plot of the temperature field in 30 seconds (linear element)

Conclusions:

We confirmed the numerical efficiency of the method. The relative error of the numerical solution
compared to the analytical solution was smaller than 0.5%, which guarantees two significant digits
accuracy for relatively small computational expenses of memory and time. The calculation error is stable
in time and does not grow significantly when the computational time is increased. Plot of dependence of
temperature on time shows that analytical and numerical solutions practically coincided.

The calculation error is significantly smaller for quadratic elements than for linear elements, however, the
time rate of growth of the error is somewhat larger for quadratic elements.

Non-stationary temperature field in an isotropic cylinder 22

Let us consider a study of cooling of a cylindrical body with isotropic properties that has an initial
temperature of t,=60 °C inside the volume. The temperature equal to zero is maintained on the
boundary of the body; cooling time does not exceed 20 sec. Let us determine the temperature in control
points 1, 2, 3 that have the following coordinates in the cylindrical coordinate system (the origin of the

*% This example is taken from the book by H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, Moscow.
The "Science” publishing house. P. 225
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coordinate system is located in the center of the cylinder): ri=25mm, hi=25mm; r,=25 mm, h,= -
25 mm; r3=30 mm, h;=0 mm at the following moments of time t;,3=2; 10; 20 sec.

Geometric and physical parameters of the body: height of the cylinder H =100 mm, radius of the cylinder
a =50 mm. Density p=7.7 g/cm’, specific heat c =460 J/(kg*°C), thermal conductivity K = 40 W/(m * °C).

Numerical model with boundary conditions

Let us look for the solution in the cylindrical coordinate system. The center of the coordinate system is
located at the center of the cylinder in the middle cross-section (the total height - h), and the axis from
which the distance is measured (radius in the cylindrical coordinate system — r) coincides with the axis of
the cylinder. Denote [=H/2. Then the solution of the equation takes the form:
10( ou) 10° 0d°u  au
ror\. or) r-oep- oz ot
K
- = Z
cC-p
Boundary conditions for this equation have the following form:
u(r,e,z)=f(r,p,z),t=0
ut)=0,(r,p,2) e {(r,p,z):r=au{(r,p,z):h=+l}
In the boundary conditions we imply that f — some distribution of the temperature inside the body at
initial moment of time, u(t)=0 on the surface of the cylindrical body during the entire period of time. We
notice that in our case f—is a constant.
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Let us represent the solution of the given equation in the form of a series in harmonic and Bessel
functions for more general case when fis not a constant.

u(r,p,z,t) ZZZe [12 E ]Jn(y-r)-sian

o moin=o |
x (Aﬂ,m,n cos(ng)+B, ., sin(ngo))
where Jn (r)- Bessel function®, parameter y is a root of the equation J, (a p) =0
The coefficients A and B can be calculated according to the formulas shown below:

_ 2 f ¢ . mz(z+1)}
Ao = 20 (@) _[cos(ngo)jsmm.([ rd, (ur)- £(r,p,z)drdzde
B, mn _I{Z(,ua) jsm ne Ism (ZJrI)J; rd, (ur)- £(r,@,z)drdzde

In our simple case when f = to from the entire series over n we have only the first term left corresponding
to n=0. But expansion over m and u must be considered. The simplified form of the solution can be
written as:

mzzz2

2 . |
u(r.p.z,t)= ZZ‘I i R on(ﬂ-r)-Smm”gzlJr)
u M=
where
A B 8-t,
w2 mal, (ua)2m+1)
A =0

i.e, inthe sum over m we retain only the odd coefficients.

Let us compare the value of the temperature at a fixed point at different moments of time with the
solution obtained by the finite element method. The point will be selected at a sufficiently large distance
from the main axis of the cylinder, for better convergence of the series in the analytical solution (the
equation has a singularity of the type 1/r which significantly affects the convergence of the series of
Bessel functions).

Let us compare the solution of the T-FLEX analysis with the analytical solution. For semi-analytical

method of the solution (extraction of partial sum of the series) we obtained the solution with the
accuracy exceeding 6 significant digits.

> H. Carslaw, J. Jaeger «Conduction of Heat in Solids», in Russian, Moscow, The “Science” publishing house, p. 478
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Table 1
Parameters of a finite element mesh
Finite element type Number of mesh nodes used in Number of finite Relative
calculations elements size
Tetrahedron, 4 nodes. Linear finite 2473 11209 0.09
element.
Tetrahedron, 6 nodes. Quadratic 16945 11209 0.09
finite element.

Parameters of time discretization

Total computational time (sec)

Time step (sec)

Number of time layers

20 0.5 40
Table 2
Table of control points:
Point number 1 2 3
r, mm 25 25 30
h, mm 25 -25 0
Let us examine the value of the temperature at the moments of time: 2, 10, 20 sec.
Temperature at control points in °C is given below.
Table 3
Calculation with linear elements
For time t=2 sec
Control point number 1 2 3
Analytical solution, °c 59.9710 59.9710 59.7728
Numerical solution, °c 60.8509 60.8372 59.3652
Relative error, % 1.2 14 0.5
For time t=10 sec
Control point number 1 2 3
Analytical solution, °c 46.7052 46.7052 455215
Numerical solution, °c 447267 448331 43.8220
Relative error, % 4.2 4.05 3.5
For time t=20 sec
Control point number 1 2 3
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Analytical solution, °c 29.5316 29.5316 31.1765
Numerical solution, °c 27.9843 28.2911 30.2286
Relative error, % 54 4.1 3.0
Table 4
Calculation with quadratic elements
For time t=2 sec
Control point number 1 2 3
Analytical solution, °c 59.9710 59.9710 59.7728
Numerical solution, °c 59.8491 59.8202 59.7568
Relative error, % 0.20 0.25 0.03
For time t=10 sec
Control point number 1 2 3
Analytical solution, °c 46.7052 46.7052 45,5215
Numerical solution, °c 46.6162 46.6866 453993
Relative error, % 0.19 0.04 0.27
For time t=20 sec
Control point number 1 2 3
Analytical solution, °c 29.5316 29.5316 31.1765
Numerical solution, °c 29.4206 29.4812 31.0185
Relative error, % 0.37 0.17 0.5
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Temperature graphs vit), t - for time =30, h=0

&0

S04

30

ul =] 10 15 20 25 20

t
TFlex quadratic element

semi-analytical

Calculation of temperature v in 0C, time t in sec, r and h — third control point (in mm)
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Temperature, Kelvin

Time: 20.00 5
3241
I31T.E
+311.4 Sensor_1:
3026
+ 305
Sensor_&:
[ 12988 a04.2
+ 2823
Sensor_2:
+ 2858 2026
2795
2731

View of the temperature field in 30 seconds

Conclusions:

For the given study we obtained a realistic temperature field. The relative error of the numerical solution
compared to the analytical solution did not exceed 5% for linear and 0.5% for quadratic element (on the
time interval 20 sec). The method turned out to be effective for solution of the studies with complex
geometry. The calculation error is stable in time and does not grow significantly when the computational
time is increased. Plot of dependence of temperature on time shows that analytical and numerical
solutions practically coincided.

For complex geometry the quadratic elements were proven to be superior to linear elements. However, it
should be remembered that on the large intervals of time the quadratic elements accumulate larger error
than linear elements during the last time layers.
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Non-stationary temperature field in an orthotropic plate

Let us compare a two-dimensional study of cooling of a graphite plate with orthotropic properties. The
initial temperature of the plate is t,=60 °C. The temperature on the boundary of the plate is maintained
equal to zero. The plate cools down during the period of 20 seconds. Let us determine the temperature
field at the moments of time t;4 = 2, 5, 10, 60 sec. Calculation of the temperature field will be conducted
for control points 1-5 with coordinates (X, Y):

i 1 2 3 4 5
X, mm 20 20 80 80 50
Y, mm 20 80 20 80 50

The material coordinate system of the body is chosen such that the origin of the coordinate system
coincides with the angle of the plate, and the base direction is selected along the OY-axis.

Properties of the orthotropic plate: density p=2.5 g/cm’, specific heat c=840 J/(kg+"C), coefficients of
thermal conductivity: K;=0.139 W/(mm « °C) (along the OX-axis); K,=0.278 W/(mm « °C) (along the OY-
axis — base direction). The plate has a rectangular shape 100 x 100 mm.

Numerical model with boundary conditions

Differential equation has the form:

o%u o%u du

OX oy dt
u(x,y.0)=o(x,y)t=0,xy)eQ,
u(t,x,y)=0,(x,y)e oQ

Kl
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where 0Q) — the boundary of the numerical domain. Analytical solution of the study has the form®*:

u(x,y,t)=3 Y A, , et -sin[ﬂ.lmyJSin[ﬁl. nxj
y

n=1 m=1 X

A(m,n)= —[?JZ K, —[”I—'X”T K,

A :Iéjlg_fgo(x, y).sin(”l'xnx].sin(” I my]dxdy

X X Y Yo y

where

Ix =X, = Xps
Iy = yl - yO
In our case x7=100, y7=100, x0=y0=0. We used n=m=60 terms in the series expansion.

The shape of the temperature field in 2 seconds is shown below®:

2 Solution was obtained by the method of separation of variables. Description of this method is contained in the
book by Tikhonov A. N., Samarsky A. A. Equations of mathematics physics, p. 200.

> Analytical solution and the plot are built in the Maple 9.5 system
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View of the temperature field at the moment of time t1=2 sec (analytical solution)

a 20 40 alll

80 100
¥

As shown on the Figure, the field is stretched along the OY-axis. The same picture of the field on the
surface of the plate can be observed in T-FLEX as well.

The system of coordinates on the picture corresponds to the system of coordinates on the surface of the

plate.

Table 1

Parameters of finite element mesh

Finite element type Number of mesh nodes used in Number of elements in a Relative
calculation mesh error
Linear elements | Quadratic element
Tetrahedron, 4 2510 196132 132680 0.02
nodes
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Table 2
Parameters of time discretization

Total calculation time (sec)

Time step (sec)

Number of time layers

60 0.5 120
Table 3
Table of control points:
Point number 1 2 3 4 5
X, mm 20 20 80 80 50
Y, mm 20 80 20 80 50
At the moments of time: 2, 10, 20 sec we will look at the value of the temperature.
The number of significant digits of the analytical solution is equal to 6.
Temperatures at control points in °C are given below.
Table 4

For time t=2 sec

Calculation with linear element

Point number 1 2 3 4 5
Analytical solution, °c 28.8050 28.8050 28.8050 28.8050 56.1856
Numerical solution, °c 28.4692 28.7457 28.5992 28.4386 56.018
Relative error, % 1.16577 0.20586 0.714459 1.272001 0.298297
For time t=5 sec

Point number 1 2 3 4 5
Analytical solution, °c 13.1503 13.1503 13.1503 13.1503 35.5560
Numerical solution, °c 12.8375 12.7288 12.7474 12.8277 35.5369
Relative error, % 2.37865 3.20525 3.063808 2453176 0.053718
For point t=10 sec

Point number 1 2 3 4 5
Analytical solution, °c 4.74820 4.74820 4.74824 4.74824 13.6788
Numerical solution, °c 4.61898 4.58004 4.58856 4613 13.3372
Relative error, % 2.72145 3.54155 3.36293 2.848213 2.497295
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Table 5
Calculation with quadratic element
Fortime t=2c

Point number 1 2 3 4 5
Analytical solution, °c 28.8050 28.8050 28.8050 28.8050 56.1856
Numerical solution, °c 29.6266 29.6242 29.6232 29.6237 55.8254
Relative error, % 2.85228 2.84395 2.840479 2.842215 0.64109
For time t=5 sec

Point number 1 2 3 4 5
Analytical solution, °c 13.1503 13.1503 13.1503 13.1503 35.5560
Numerical solution, °C 13.1271 13.127 13.1269 13.1274 35.8344
Relative error, % 0.17642 0.17718 0.177943 0.174141 0.78299
For time t=10 sec

Point number 1 2 3 4 5
Analytical solution, °c 4.74820 4.74820 474824 474824 13.6788
Numerical solution, °C 4.74935 4.74938 4.74935 4.74954 13.7008
Relative error, % 0.02422 0.02485 0.023377 0.027379 0.160833

For time 60 sec. the results are not shown since the plate has practically cooled down to 0 °C.
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B0

ED:

EIII:
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‘1I:l:

Temperature graphs wit), t - for time =50

03

n]

il 10 15 20
t
TFlex gquadratic element

sermi-anaktical

Dependence of temperature V(t) on time t at a point xy=(50,50) mm

428



Verification Examples

Temperature, Celsius
Time: 2.00 5

558414
Sensor_2: Sensor_d4:
295828 ‘ 295667

43 8612

41,881

Sensar_5&
34.9009 55.8380

27.9z207

20,9405

Sensor_1: Sensor_3:
295749 29.5804

13.9604

§.9802

-0.000a

View of the temperature field at the moment of time t1=2 sec (from the results of finite element analysis)

Conclusions:

For the given study we obtained a realistic picture of the field. The relative error of the numerical solution
compared to the analytical solution did not exceed 3.5% for linear element and 3% for quadratic element
(on the time interval 20 sec). The calculation error is stable in time and does not grow significantly when
the computational time is increased. Plot of dependence of temperature on time shows that analytical
and numerical solutions practically coincided.

As was already shown in the example with the heat flux on the surface of the sphere: for calculation
over the large intervals of time it is preferable to use linear elements since because of the smaller
number of nodes the error on the time layers is accumulated slower.

In our case thermal conductivities along the main axes of the plate are sufficiently high which implies that
it will cool down very fast. That is the reason why the quadratic elements on sufficiently small intervals of
time give more accurate results. The error of the solution for the non-stationary studies does not exceed
3.5 % for FE with linear elements and 3 % with quadratic elements.

*Remark — for calculation on the time interval 20 sec, change the calculation time.
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EXAMPLES OF DYNAMIC STUDIES CALCULATIONS
Bending of a Simply -supported Beam Under Impact in the Middle

Let us consider a simply-supported beam of L - /
length on which the burden of M mass falls

from the H height and impacts in the middle. I M
Beam cross-section is a rectangle of b width - = ;.f? -

and h height. We can neglect the beam mass.

Y

It is necessary to define the beam maximum bending.

Let us consider L=1000 mm, b=50 mm, h=10 mm. The material properties are set by default. Modulus of
elasticity £ = 2.1E+011 Pa, Poisson ratio v = 0.28. The mass of burden is M = 50,85 kg. The height of
burden fall isH = 5 mm.

Create Transitional processes study. The displacement of the lower edge of the left butt end is restricted
by Z axis, the lower edge is fixed for the right butt. The load Acceleration of gravity is applied to the
burden (as the beam mass can be neglected). The initial velocity of 313.209 m/s that corresponds to 5
mm of fall height is applied to the burden.

Calculated model with loads and restraints

Finite-element model of the beam with loads and restraints
An analytical solution is the following:
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V7w
w=w, + |W; +-—2—% =27,997mm
g

3
w, = M”11 877mm
48EJ ,
B b-h?
where 12 - 3 moment of inertia of the section.

Let us find the step on which the maximum deviation by graph appears after calculation using T-FLEX
Analysis:
Al Graph: Displacement OZ: 51 = B

_E Variables | Values
3 Ne X, Step ¥, m "
o
3 1 D
nd 2 2 -0.00156525
83 3 3 -0.00326064
2 4 4 -0.00514681
3 5 5 -0.00715218
] g § -0.00924873
2 a: 7 7 00114117
i 8 8 -0.0135636
& 1] 9 9 -0.0156912
253 10 10 -0.0177465
= O
e 1 1 -0.0196669
3 12 12 -0,0214492
oo 13 13 -0.0230326
o3 14 14 -0.024384
E 15 15 -0.0255065
10 16 16 -0.0263352
=E 17 17 -0.0268857
13 18 -0.0271415
19 19 -0.0270777
T | A P T s 20 20 -0.0267235
& Load Step, X (Step) 21 21 -0.0260724 |,
Paolyline (preview only), Modes: 51 X = 51.1078, ¥ = -0.0170082

The following results are obtained at the current time step:
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Study 1 [Transition]
Displacement 0Z, m
Time: 0.09 s
Displacement scale: 4.84

a

+-0.003394

+-0.006787

Sensor_1:
-0.02708

+-0.01013

Time process

L -0.01357 1| e [l | -1 | 0.09 C v

Table 1.
Parameters of finite-element mesh
Type of finite elements Number of nodes Number of finite elements

quadratic tetrahedron (10 nodes) 2946 9857

Table 2. Parameters of temporal discretization
Total calculation time (s) Time step (s) Number of time layers
0.25 0.005 50
Table 3. "Displacement Z" result
Numerical solution w*, mm Analytical solution w , mm Error 6 =100% W*-w)/ w
27.142 27.997 3.05

Conclusion:

The relative error of numerical solution according to the analytical is less than 3,05%.

432



Verification Examples

Beam loaded with sinusoidal force on the free end.

Let us review the study of longitudinal
vibrations of steel beam. Its left end is fixed.
Longitudinal force is applied to the right
end starting from time t = 0. The force
changes under the law P=Pysin(wt).

t>0
E, S, p=const P=Pgysin(mt)

>

/

It is necessary to define the maximum displacement of the beam end.

Beam length (=0,5 m. Cross-section is rectangular with height =50 mm and width b= 20 mm. Modulus
of elasticity E=200 GPa, Poisson ratio v=0,29, densityp=7900 kg/m *. Amplitude and frequency of

V, =2 = 2kHz

external force are correspondingly equal P,=10 kN and 27

Displacements of the beam are determined by the formula:

ulx, t) = Ulx,t) + Z b, sin (2n

n=0

Here:

W
aP. sin—x
Ulx,t) = —2—2a

ES5w CDSE i
a

inwt, by, = —-————
st " (2n+ Vna
D

+ Unx . (2n+ )nat
n .

51

21 21

2n+1)n=z
( ) p

Uz, 0)si f
J‘ . (z,0)sin 57 =z

S=h-b.
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Limited by six terms of series (n=0...5) we create a graph of sections displacements from time t on ten
intervals of external force. The sections have the following coordinates x=[ (right beam end), x=0.75(,
x=0.5

[ and x=0.25!.
11074
u(l,t)
u(1-0.75, 1)
u(105.1) o
u(1-0.25, 1)
- 1x10~ ~1.031x10

0 5107 11070 15070 2x107°%  25x10% 3«07 35x107°  4x10°  45x10°  5x107°
t

Displacements of beam sections
Maximum displacements appear on the right end of the beam and are under tension 1.02 10 m, under
compression -1.031 10 m.
Let us calculate T-FLEX Analysis study: We create two studies, one Transitional processes, another Mode
superposition with the same loads and restraints.

Calculated model with loads and restraints
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We create a full restraint on the left butt end of the beam. The right end will stay free. We apply
distributed force to the free end and specify its value using graph:

N Graph ‘Graph - Editing - o
v X dE .
2 RSB R X i bl
Hiefis s ultoall T2 SRSl R
4 Ne s N ~
] 1 0 0
7 2 2.0833e-005 258819
g: 3 4.1667e-005 5000
=N 4 6.25e-005 7071.07
) 5 8.3333e-005 8660.25
ki 6 0.00010417 9659.26
ur- 7 0.000125 10000
=1 g 0.00014583 9659.26
Z iR " 9 0.00016667 8660.25
w 10 0.0001875 7071.07
] 1l 0.00020833 5000
17 12 0.00022917 258819
J 13 0.00025 -3.21574e-012
(=N, o | 14 0.00027083 -2588.19
] 15 0.00029167 -5000
] 16 0.0003125 -7071.07
= g 0 o O 0o 00 0 0 g o 0
ol 17 0.00033333 -8660.25
&1 18 0.00035417 -0639.26
up__ o, 0 o) o) o) o, 0 oo | 19 0.000375 -10000
||||||||D||D|D|!L|||||D||D|6 ISIIIDIIDIEIIEI”lD”DIlﬁ ISIHD”DID|5H”|D”D|6 ISIHD“DIDI‘|4””| 20 0.00039583 -9659.26
& : ) : : : : : 21 0.00041667 -8660.25
t’ = 17 N nnNATE TNT1 AT v
Smooth Curve, Modes: 241 s = 0.00511504, N = 1039.55
Load graph

For both of the studies, we set the finite modeling time 0,005 s, the time step of integration 5-10° s. The
method of time integration: Newmark. We set a number of the lower natural frequencies in the Mode
superposition study: 5.

Table 1.
Parameters of finite-element mesh
Type of finite elements Number of nodes Number of finite elements
quadratic tetrahedron (10 nodes) 317 1018
Table 2. Parameters of temporal discretization
Total calculation time (s) Time step (s) Number of time layers
0.005 5-10°° 1001
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Table 3. Transitional processes, "Displacement Z" result

Numerical solution w*, mm

Analytical solution w, mm

Error 6 =100% (W* -w) / w

1,0259-10

1,02-10™

0.51

Table 4. Mode superposition, "Displacement Z" result

Numerical solution w*, mm

Analytical solution w, mm

Error 6 =100% (W* -w) / w

-4 -4
1,0159-10 1,02-10 1.48
1,564
Displsjcem ent of Beam End
1,06-4 - n A A n
I\ I \ I I\
.’J \ f 'pl o) Ilr I|I f II £ rr I'
3,085 1 1 ] | 1 7 ]
| \ | \ [\ | \ | \ fo | |
/ | 1.| | 1 {1 | | | \ /A | |
/ [ - [\ / [ | '| \ { o\ |
/;r / \ I | \ | \ | \ f \ | |
0,0E+0 1 - 1 .'[ ! 4 ] ] 1 . - - . ' ]
| ogo1 | [ Y -ggoz | I. ofos | | 0,004 \ | | 0f0s
1 [ I| | = \ 'I | |I \ 'I N \'.‘ I| |
| 1 [ V| I [ | | | |
-5,0E-5 ' — 1 L - ) - - -
' \ | f \ / | ] \ \ ] \
\/ \ | '.l \ | \ I| { \ f |
\ | \ | \/ \ |
Loea \ —— Analytical Solution \/
' —— T-FLEX Mode Superposition '
T-FLEX Transitional Process
-1,5E-4 |

Analytical solution and calculation results
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2E-05

Absolute Error

2E-05

1E-05 |

S5E-06

0E+00 (oo | ! ' ; - - - - A : ;
— W d fI|i| o 1 | | | M| 1| i
~ggor | f M ogoz | g y o fogos ) ) i jogos ' A 'h flo.gos
Wl / \ L (T | (Wi

-5E-06 Rk

I
| —— T-FLEX Mode Superposition | |
T-FLEX Transitional Process Y|

-1E-05

-2E-05 ‘

Difference between analytical solution and T-FLEX solution

Conclusion: The maximum displacement of the free end of the beam, found using T-FLEX Analysis is: for
the Transitional process 1.0259 10 m (relative error 0.51%), for the Mode superposition1.0159 10 m
(relative error 1,48%).

Hollow shaft loaded with sinusoidal torque on the free end.

>0 / M=Mysin(ot)

P

o ]

/

Let us review the study of torsional oscillation of steel shaft. Its left end is fixed. A torsional couple of
forces is applied to the right end starting from time t = 0. The forces torque changes under the law
M=Mysin(wt). Shaft length [ = 1 m. The cross-section is annular with inner diameter d;=50 mm and outer
diameter d,= 80 mm. Modulus of elasticity E=200 GPa, Poisson ratio v=0,29, density p=7900 kg/m 3,
Amplitude and frequency of external torque are correspondingly equal My=1kN -m and

V, =2 =500Hz
27 . It is necessary to find the maximum torsion angle and the maximum shearing stresses
in the shaft.
Studies of longitudinal vibrations and torsion oscillations of beams are mathematically similar. That's why
we can use the solution of longitudinal vibrations of the beam to the left end of which the force
changing under the law P=Py'sin(wt) is applied to the torsion angle ¢ finding:
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+1)ax . (2n+ mat
sin :

olx, t) = ®(x,t) + Z b,, sin (2n

21 21
n=0
Here:
M sinZ x
o w
db(x,t) = o %J sinwt,
Glpweos =1
a
4 : (2n+ 1)nz
bp=———— | ®, (z, 0)sin———— gz,
n (2n+1}mJ ¢ (2 0)sin—— z

e c__E mi“ . (dl)“
T et T T i) )
The maximal shearing stress in the section (appears on the outer circumference) is calculated using the
formula:

i dq::
2 dx
It is positive if its torque is directed counter-clockwise from the outer normal line side.

max —
T =

Limited by the eleven terms of series (n=0...10), we create a graph of angles of rotation of sections with
coordinates x=[ (right end of the shaft), x=0.75(, x=0.5( n x=0.25( according to the time t on ten intervals
of outer torque.

”””””””””””””””””””””””””””””””””””” 9117x107°

5x10"°

0.9
¢(1-0.75,1)

©(1-0.5,1)
©(1-0.25,1)

- 5><1073

-0.01
0 2x10~ 4x1073 6x10 > 8x10 > 0.01 0.012 0.014 0.016 0.018 0.02
t

Graphs of angles of rotation of four sections according to the time
The maximal angle of rotation is on the right end of the shaft and is 9.146 107 rad.

Let us create graphs of maximal shearing stresses in the section for three sections with coordinates: x=0
(closing), x=0.5( and x=[ (right end of the shaft) according to the t time on ten intervals of outer torque.
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7
4x10 0.0055s

2x10"

1(0,t)
£(051,1) oL

~2x10"

—4x10"
0.015 0.02

5x10"° 0.01
t

Graphs of maximal shearing stresses in the section according to the time.

Maximal shearing stress is in the closing (x=0) and is 39,9 MPa modulo.
Let us calculate T-FLEX Analysis study: We create two studies, one Transitional processes, another - Mode

superposition with the same loads and restraints.
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Calculated model with loads and restraints

We create a full restraint on the left butt end of the shaft. The right end will stay free. To exclude the
shaft bending we set kinematic restrictions on the radial displacements (radial restrictions are equal to
zero) for the outer and inner cylindrical surfaces- for that purpose we apply partial restraints in the
cylindrical coordinate system. Displacements by radius and axis are restricted, displacements around the
circumference are permitted, Z axis of the cylindrical coordinate system is directed along the shaft axis.
On the free end we apply torque load, the value of the load is specified using graph:
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A Graph 'Graph 0 - Editing - B
v X H= -
T Y o b XX o5 (5 .
B oo eEdd 4RI,
4 LN s Nem A
: (L) (L) 1 0 0
. T1l2 83333 258.819
. 1113 00001. 500
3 4 000025 707107
=5 1 |5 00003.. 866.025
E - 6  0.0004.. 965926
Zz ] 7 0.0005 1000
= ¢ . 8  0.0005. 965.926
] 9 0.0006.. 866.025
o 10 0.00075 707.107
5 ? 11 0.0008.. 500
. 12 0.0009.. 258.819
__ L] L] L L] L] a L L L] a L L] 13 DIDD-I -BIE-ISI“
. 14 0.0010.. -258.819
Frrrprereprrrrprrrrprerrrjrrnl IIII|IIIIIIII Frrrprrreprierrpret _
& bood  lo.oos  lo.oos oot o012 lboid | 13 | 0001 | -300
t, s 16 000125 -707.107
Smooth Curve, Nodes: 241 s = 0.0142834, N-m = 1090.23
Load graph

For both of the studies, we set the finite modeling time 0,02 s, the time step of integration 1-10° s. The
method of time integration: Newmark. We set a number of the lower natural frequencies in the Mode
superposition study: 5.

The angle of rotation of the section on the free end of the shaft is calculated by the formula %

zuﬁgfdzl

B
where Y¥ - projection of point B displacement on the 0 y-axis (found from the calculation in T-FLEX

Analysis).

On the figure below, you may see the dependences graphs of free shaft end angle of rotation from time
for an analytical solution, a numerical solution using Transitional process and Mode superposition.
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Rotation angle of shaft end
A\ /\ [\ A [\ [\ A /\ A

&w—\ /
0,0E40
u 0,dos 01 0,015 \fj 2

T

-1,0E-2 —— Analytical Solution —— T-FLEX Mode Superposition —— T-FLEX Transitional Process

10E-2 4

5,0E-3

Graphs of rotation angle of free shaft end using analytical solution and solutions by two T-FLEX methods

On the figure below, the difference between analytical solution and solutions by two T-FLEX Analysis
methods are shown.

6E-04

Absolute Error
I

4E-04

AR AL
i (A Yis 1 “ll VAL F YA ATy
\.

-2E-04

E0d —— T-FLEX Mode Superposition

——— T-FLEX Transitional Process
1

-6E-04

Graphs of differences of rotation angle of shaft end using analytical solution and solutions by two T-FLEX methods

On the figure below, the graphs of shearing stress "*¥ in the point A using analytical solution and

numerical solutions by two methods in T-FLEX Analysis are shown. Positive directions of the shearing
A

stress of analytical solution ™ and considered in the theory of elasticity =¥ (by T-FLEX Analysis) are

shown on the figure "Calculated model with loads and restraints”.
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The graphs of shearing stress =y in the point A using analytical solution and two numerical solutions by two

methods in T-FLEX Analysis are shown.

On the figure below, the graphs of shearing stress =¥ differences in the point A using analytical solution
and numerical solutions by two methods in T-FLEX Analysis are shown.
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The graphs of shearing stress Txv differences in the point A using analytical solution and two numerical solutions by

two methods in T-FLEX Analysis are shown.
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Table 1.
Parameters of finite-element mesh

Type of finite elements

Number of nodes

Number of finite elements

quadratic tetrahedron (10 nodes)

595

1970

Table 2. Parameters of temporal discretization

Total calculation time (s)

Time step (s)

Number of time layers

0.02

1-10™

2001

Table 3. Transitional processes, maximal torsion angle

Numerical solution ¢*, rad

Analytical solution ¢, rad

Error & =100% (@*- @)/ @

9,0662:107

9,146-1073

0.88

Table 4. Mode superposition, maximal torsion angle

Numerical solution ¢*, rad

Analytical solution ¢, rad

Error & =100% (@*- @)/ @

8,9169-10°

9,146-1073

1.48

Table 5. Transitional processes, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1)/T

38434

399

3.68

Table 6. Mode superposition, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1) /T

39.210

399

1.73

Conclusion:

The maximal angle of rotation of shaft free end calculated using T-FLEX Analysis is: for the Transitional
process 9,0662-107 rad (relative error 0.88%), for the Mode superposition 89169 -107% (54 (relative
error 2.51%). The maximum shearing stress at the A point found using T-FLEX Analysis is: for the
Transitional process 38,434 MPa (relative error 3.68%), for the Mode superposition 39,210 MPa (relative

error 1,73%).
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Shaft with a wheel loaded with sinusoidal torque.

t>0

O N N

Let us review the study of torsional oscillation of steel shaft on the end of which the wheel is attached.
The left end of the shaft is fixed. To the right end, the wheel is attached. The wheel diameter is D = 200
mm and its thickness h = 30 mm. Couple of torsional forces which changes under the law M(t)=Mg-sin(wt)
is applied to the wheel from the point in time ¢t=0. Shaft length [ = 1 m. The cross-section is annular with
inner diameter d ;=50 mm and outer diameter d ,= 80 mm. The wheel and the shaft have the same
material. Modulus of elasticity =200 GPa, Poisson ratio v=0,29, density p=7900 kg/m °. Amplitude and

@
V, =—=200Hz

frequency of external torque are correspondingly equal My=1kN-m and 27 . Let us find
the maximum torsion angle and the maximum shearing stresses in the shaft.

The study can be solved using methods described in the book.
First of all, it is necessary to find normal basis function - eigenfunctions of the free oscillations of the
shaft with the wheel task:

b

X, (x) = sin (“Ei) n=123..
=

b= lE G=,L - .

Here NP 2(1+v) - shear modulus 6 Han - positive roots of the equation

i _Ei(i_{d-)“) =D
P sz 42/} - a polar moment of inertia of the shaft section, J'=Ph737 - wheel moment of

inertia.
Then the angle of rotation of the shaft is recorded in normal coordinates:

0Got) = ) on(®)- X 0)
n=1

Jopl
tg(p) = T

E I+

!

Then the Lagrange equations are formulated. After their calculation the normal coordinates are defined:

@, (t) = %J sin{wT)sin ('M'Tnb (t — T}) dt.

iy d.&’(:r}]z
Here An= ‘rﬂ'[ dx
The maximal shearing stress in the section (appears on the outer circumference) is calculated using the
formula:

dx
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d, do
mex — o=

2 dx
It is positive if its torque is directed counter-clockwise from the outer normal line side.

Let us limit ourselves by ten terms of series. With the given parameters, the maximal angle of rotation is

on the shaft end with the wheel and is 7:978 - 107 15
The graph of angles of rotation of sections with coordinates x=[ (shaft end with the wheel) x=0.5( and

x=0.25 [ according to the time t on eight intervals of outer torque is presented on the picture.

0.01
- —1n=3
7.978x10

5x10°°
(1)
0(0.51,1) o

0(0.251, 1)

- 5><:|.(f3

-0.01
0.01 0.02 0.03 0.04

Graphs of angles of rotation of three sections according to the time

Let us create graphs of maximal shearing stresses in the section for three sections with coordinates: x=0
(closing), x=0.5( and x=[ (shaft end with the wheel) according to the t time on eight intervals of outer

torque.

410"

0

2x10" .
J / )
7(0,t) J ‘
‘C(O.5|,t) J/ \ T
: | ‘

~2x10"

— 410"
0 0.01 0.02 0.03 0.04

t
Graphs of maximal shearing stresses in the section according to the time.
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Maximal shearing stress is in the closing (x=0) and is 25,9 MPa modulo.

Let us calculate T-FLEX Analysis study: We create two studies, one Transitional processes, another Mode
superposition with the same loads and restraints.

Calculated model with loads and restraints

We create a full restraint on the left butt end of the shaft. The right end will stay free. To exclude the
shaft bending we set kinematic restrictions on the radial displacements (radial restrictions are equal to
zero) for the outer and inner cylindrical surfaces and for all wheel faces - for that purpose, we apply
partial restraints in the cylindrical coordinate system. Displacements by radius and axis are restricted,
displacements around the circumference are permitted, Z axis of the cylindrical coordinate system is
directed along the shaft axis. We set restrictions on the displacements along Ox axis (the axial
displacements are equal zero) to exclude longitudinal vibrations on the outer cylindrical surface and to
the outer circular surface of the wheel. For that purpose, we set partial restraint in the rectangular
coordinate system with restraint only by X axis. On the free end we apply torque load, the value of the
load is specified using graph:
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Load graph

For both of the studies, we set the finite modelling time 0,04 s, the time step of integration 2,5-107° s. The
method of time integration: Newmark. We set a number of the lower natural frequencies in the Mode
superposition study: 15.

The angle of rotation of the section on the free end of the shaft with the wheel is calculated by the
formula ¢ = zu:ﬁf‘iz, where %5 - projection of point B displacement on the 0 y-axis (found from the
calculation in T-FLEX Analysis).

On the figure below, you may see the dependences graphs of free shaft end with the wheel angle of
rotation from time for an analytical solution, a numerical solution using Transitional process and Mode
superposition.
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Graphs of rotation angle of free shaft end using analytical solution and solutions by two T-FLEX methods
On the figure below, the difference between analytical solution and solutions by two T-FLEX Analysis

methods are shown.
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Graphs of differences of rotation angle of shaft end using analytical solution and solutions by two T-FLEX methods
On the figure below the graphs of shearing stress "= in the point A using analytical solution and
numerical solutions by two methods in T-FLEX Analysis are shown. Positive directions of the shearing

A
stress of analytical solution ™ and considered in the theory of elasticity =» (by T-FLEX Analysis) are
shown on the figure "Calculated model with loads and restraints”.
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The graphs of shearing stress T2y in the point A using analytical solution and two numerical solutions by two
methods in T-FLEX Analysis are shown.

On the figure below, the graphs of shearing stress =¥ differences in the point A using analytical solution
and numerical solutions by two methods in T-FLEX Analysis are shown.
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The graphs of shearing stress Tx» differences in the point A using analytical solution and two numerical solutions by
two methods in T-FLEX Analysis are shown.

Table 1.

Parameters of finite-element mesh

Type of finite elements

Number of nodes

Number of finite elements

quadratic tetrahedron (10 nodes)

602

1932
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Table 2. Parameters of temporal discretization

Total calculation time (s)

Time step (s)

Number of time layers

0.04

2,510

1601

Table 3. Transitional processes, maximal torsion angle

Numerical solution @*, rad

Analytical solution @, rad

Error 6 =100% (@*- @)/ @

7,9763-10°

7,978-107

0.15

Table 4. Mode superposition, max

imal torsion angle

Numerical solution ¢*, rad

Analytical solution ¢, rad

Error 6 =100% (@*- @)/ @

7,9732-10°

7,978-107

0.08

Table 5. Transitional processes, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1)/T

26.270

25.9

1.30

Table 6. Mode superposition, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1)/T

26.318

25.9

1.49

Conclusion:

The maximal rotation angle of the shaft end with the wheel calculated using T-FLEX Analysis is: for the
Transitional process 7,9763-107 rad (relative error 0.15%), for the Mode superposition 7,9732-107 rad
(relative error 0.08%). The maximum shearing stress at the A point found using T-FLEX Analysis is: for the
Transitional process 26,270 MPa (relative error 1.30%), for the Mode superposition 26,318 MPa (relative

error 1,49%).

Shaft with the wheel loaded with the torque that linearly increasing to the

constant value.

Let us review the study of torsional oscillation of steel shaft on the end of which the wheel is attached.

The left end of the shaft is fixed.
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=0

%

The wheel is attached to the right end. The wheel diameter is D = 200 mm and its thickness h = 30 mm.
A couple of torsional forces is applied to the shaft from the point in time t=0. The torque of the torsional

forces changes under the law:

M, if t<T
M (t) = T
i >
M,,if t=T where Mo = 1 kNm, T=05-10sec
15 =
1
Mt(t)
05
0
0 1x10°° 240"

t
Graph of torque of the forces couple from the time

Shaft length { = 1 m. The cross-section is annular with inner diameter d 1=50 mm and outer diameter d,=
80 mm. The wheel and the shaft have the same material. Modulus of elasticity E=200 GPa, Poisson ratio
v=0,29, densityp=7900 kg/m *. Amplitude and frequency of external torque are correspondingly equal

V, =2 = 200Hz
Mo=1kN -m and 27 . Let us find the maximum torsion angle and the maximum shearing
stresses in the shaft.

The study can be solved using methods described in the book [15].
First, it is necessary to find normal basis function - eigenfunctions of the free oscillations of the shaft with

the wheel task:

b
X, (x) = sin (“T) n=123..
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c E

b= |- g=—"
Here NP 2(1+v) - shear modulus 6 Han - positive roots of the equation

mdd da ¥ 4
=" (1-(2)) - = ppZ

3z dz - a polar moment of inertia of the shaft section, 32 - wheel moment of
inertia.
Then the angle of rotation of the shaft is recorded in normal coordinates:

0Got) = ) on(®)- X 0)
n=1

E I+

Jopl
tg(p) = T

!

Then the Lagrange equations are formulated. After their calculation the normal coordinates are defined:
13

Xn('i}#n . H'nb
@ (t) = MJ‘ M(T}sm( 7 (t—r}) dr.

o

Here An = ‘rﬂ‘ [d:ix}]z dx‘

The maximal shearing stress in the section (appears on the outer circumference) is calculated using the

formula:
max = 22,25
2 dx
It is positive if its torque is directed counter-clockwise from the outer normal line side.
Let us limit ourselves by ten terms of series. With the given parameters, the maximal angle of rotation is
on the shaft end with the wheel and is 7-326 * 107 15
The graph of rotation angles of sections with coordinates x=[ (shaft end with the wheel) x=0.5(, and

x=0.25 [according to the time t.

-3
8x10 T

6x10"°
o(l,t) B
— 4x107°
0(051.,1)
0(0.251,t)  2x10°°

O "

~2x107°
0 1x107° 2x107° 3x107° 4x107° 5x107°

t
Graphs of angles of rotation of three sections according to the time

Let us create graphs of maximal shearing stresses in the section for three sections with coordinates: x=0
(closing), x=0.5( and x=[ (shaft end with the wheel) according to the t time.
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0 1x1073 2x107° 3x107° 4x1078 5x10"°

t
Graphs of maximal shearing stresses in the section according to the time.
Maximal shearing stress is in the closing (x=0) and is 24,0 MPa modulo.

Let us calculate T-FLEX Analysis study: We create two studies, one Transitional processes, another Mode
superposition with the same loads and restraints.
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Calculated model with loads and restraints

We create a full restraint on the left butt end of the shaft. The right end will stay free. To exclude the
shaft bending we set kinematic restrictions on the radial displacements (radial restrictions are equal to
zero) for the outer and inner cylindrical surfaces and for all wheel faces - for that purpose, we apply
partial restraints in the cylindrical coordinate system. Displacements by radius and axis are restricted,
displacements around the circumference are permitted, Z axis of the cylindrical coordinate system is
directed along the shaft axis. We set restrictions on the displacements along Ox axis (the axial
displacements are equal zero) to exclude longitudinal vibrations on the outer cylindrical surface and to
the outer circular surface of the wheel. For that purpose, we set partial restraint in the rectangular
coordinate system with restraint only by X axis. On the free end we apply torque load, the value of the
load is specified using graph:

455



T-FLEX Analysis User Manual

A Graph 'Graph 3' - Editing - o IEl
v X HE =
P B e sl . = (5 = .
@G T E=2E 4 ARIR .
3 Ne s MN-m
==
SE s | C 0
E T ]2 0.0005 1000
=2 P13 0.005 1000
O ]
@
E 83
Z ‘23
= =
o
[
T
9=
(=g
5
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIiII
A 0.001 0.002 0.003 0.004
ts

s = 0.005, N-m = 1000

Load graph
For both of the studies, we set the finite modeling time 0,005 s, the time step of integration 510 s. The
method of time integration: Newmark. We set a number of the lower natural frequencies in the Mode
superposition study: 15.
The angle of rotation of the section on the free end of the shaft with the wheel is calculated by the
— B B
formula ¢ = 2“:—'*@2, where Y¥ - projection of point B displacement on the 0 y-axis (found from the
calculation in T-FLEX Analysis).
On the figure below, you may see the dependences graphs of free shaft end with the wheel angle of
rotation from time for an analytical solution, a numerical solution using Transitional process and Mode
superposition.
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Graphs of rotation angle of free shaft end using analytical solution and solutions by two T-FLEX methods

On the figure below, the difference between analytical solution and solutions by two T-FLEX Analysis

methods are shown.
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Graphs of differences of rotation angle of the shaft end using analytical solution and solutions by two T-FLEX

methods

On the figure below the graphs of shearing stress '*¥ at the point A using analytical solution and
numerical solutions by two methods in T-FLEX Analysis are shown. Positive directions of the shearing

. . . . .. A .
stress of analytical solution ™ and considered in the theory of elasticity Tx» (by T-FLEX Analysis) are
shown on the figure “Calculated model with loads and restraints”.
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methods in T-FLEX Analysis are shown.
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The graphs of shearing stress Tx» differences in the point A using analytical solution and two numerical solutions by
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Table 2. Parameters of temporal discretization

Total calculation time (s)

Time step (s)

Number of time layers

0.04

2,510

1601

Table 3. Transitional processes, maximal torsion angle

Numerical solution @*, rad

Analytical solution @, rad

Error 6 =100% (@*- @)/ @

7,3173-10°

7,326 -10°°

0.11

Table 4. Mode superposition, max

imal torsion angle

Numerical solution ¢*, rad

Analytical solution ¢, rad

Error 6 =100% (@*- @)/ @

7,3173-10°

7,326 -10°°

0.11

Table 5. Transitional processes, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1)/T

24.258

240

1.09

Table 6. Mode superposition, maximal shearing stress

Numerical solution t*, MPa

Analytical solution T, MPa

Error 6 =100% (t*-1)/T

24.249

240

1.05

Conclusion:

The maximal rotation angle of the shaft end with the wheel calculated using T-FLEX CAD is 7,3173 - 107
rad (relative error 0,11%) for the Transitional process and Mode superposition. The maximum shearing
stress at the A point found using T-FLEX Analysis is: for the Transitional process 24,248 MPa (relative
error1,09%), for the Mode superposition 24249 MPa (relative error 1,05%).
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