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Preface

Due to the complexity of modern-day problems in mechanical engineering,
engineers, in practice, seldom rely only on theory or experiments. The use
of engineering software is becoming prevalent among academics as well as
practicing engineers. Commercial finite element software such as ANSYS
(ANSYS, Canonsburg, Pennsylvania) and Abaqus (Dassault Systemes,
Vélizy Villacoublay, France) for analysis and design is commonly found
in use in universities, industry, and research centers. This software has
become more reliable, reputable, easy to use, and trustworthy, and it allows
much time to be saved.

This book focuses on the use of ANSYS in solving practical
mechanical engineering problems. ANSYS is extensively used in the
design cycle by industry leaders in the United States and around the
world. Additionally, ANSYS is available in computer labs for students
in most universities around the world. Courses such as computer-aided
design, modeling, and simulation, and major design courses all uti-
lize ANSYS as a tool for analyzing various mechanical components.
Graduate students also use ANSYS in their finite element courses as
a complement for the theoretical study of the finite element method.

This book provides mechanical engineering students and engi-
neers with the fundamental knowledge of numerical simulation using
ANSYS. The book serves most of the disciplines of mechanical engi-
neering: structure, solid mechanics, vibration, heat transfer, and fluid
dynamics, with adequate background material to explain the physics
behind the computations. Each physical phenomenon is treated inde-
pendently in a way that enables readers to pick out a single subject or a
related chapter and study it. Instructors can cover appropriate chapters
depending on the objectives of the course. The required basic knowl-
edge of the finite element method relevant to each physical phenomenon
is illustrated at the beginning of the respective chapter. The general
theory of the finite element, however, is presented briefly and concisely
because the theory is well documented by other finite element books.



PREFACE

For example, in the heat transfer chapter, the theory is first explained,
the governing equations are derived, the modeling techniques are pre-
sented, and finally practical problems are solved using ANSYS in a
step-by-step technique. Each chapter independently discusses a single
physical phenomenon, while the last chapter is devoted to multiphysics
analyses and problems. The finite element solution is greatly affected
by the quality of the mesh, and therefore, a separate chapter on meshing
is included as a guide that emphasizes the basics of the meshing tech-
niques. Practical end-of-chapter problems are provided in each chapter
to challenge the reader’s understanding.

Undergraduate and graduate engineers will use this book as a part of
their courses, either when studying the basics of applied finite elements,
or in mastering practical tools of engineering modeling. Engineers in
industry can use this book as a guide for better design and analysis
of their products. In all mechanical engineering curricula, junior- and
senior-level courses use some type of engineering modeling software,
and, oftentimes, this software is ANSYS. Senior students also use
ANSYS in their senior design projects. Graduate-level finite element
courses frequently use ANSYS to complement the theoretical analysis
of finite elements. The course that uses this book should be taken after
the introduction to design courses and the basic thermal-fluid courses.
Courses such as that in senior design can be taken after this course.

In this second edition of the book, new sections are added, and
ANSYS examples are modified to be in compliance with the new version
of ANSYS. Most ANSYS examples in the first edition are replaced by
more general, comprehensive, and easy-to-follow examples. In the finite
element theoretical part, more details are added, especially for the heat
transfer chapter. Additionally, open-ended problems are added at the end
of each chapter, which can serve as class projects.
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CHAPTER ONE

Introduction to finite element
method and ANSYS

11 The finite element method and structural analysis

The finite element method was developed in the 1950s and has been
continuously enhanced since then. Rapid advances in computing power
and the drastic drop in cost make the finite element method affordable.
Now, it is a commonly used method for solving a wide range of problems,
and the potential of the finite element method is enormous. The finite
element method is typically found in the aerospace, automotive, elec-
trical, hydraulic, biomedical, nuclear, and structural engineering fields,
among many others. The first step in the finite element solution proce-
dure is to divide the domain into elements, and this process is called
the domain discretization. The variable distribution across each element
can be defined by linear, quadratic, or trigonometric function. The ele-
ments distribution in the domain is called the finite element mesh. The
elements are connected at points called nodes. For example, consider a
section of a bridge, as shown in Figure 1.1a. The bridge is divided into
linear elements and connected by nodes, as shown in Figure 1.1b.

After the region is discretized, the governing equations for the ele-
ment must be established for the required physics. Material properties,
such as modulus of elasticity for structural analysis, should be avail-
able. The equations are assembled to obtain the global equation for the
mesh, which describes the behavior of the body as a whole. Generally,
the global governing equation has the following form:

[KI{U} = {F} 1D

where [K] is called the stiffness matrix; {U} is the nodal degree of
freedom, such as the displacements for structural analysis; and {F}
is the nodal external force, such as forces for structural analysis. The
[K] matrix is a singular matrix, and therefore it cannot be inverted.
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Node

/ \ Element

d @)
() (b)

FIGURE 1.1 (a) A section of a bridge and (b) finite element mesh.

Consider a one-dimensional bar with initial length L that is subjected to
a tensile force at its ends, as shown in Figure 1.2a. The cross-sectional
area of the bar is A. The element can be modeled using a single element
with two nodes, i and j, as shown in Figure 1.2b.

Assume that the displacement function of the bar u(x) varies linearly
along the length of the bar. The expression of the displacement is repre-
sented as

ux) =a+ bx 1.2)
The displacement at nodes i and j are u; and u;, respectively. Then

u,(x) = a + bx; (1.3)
u;(x) = a + bx; (1.4)

where x; is the x-coordinate for node i, and X is the x-coordinate
for node j. Solving for constants a and b, it is found that

a = (ux; —ux;)/L (1.5)

b=(-u)/L (1.6)

where L is the initial length of the element and is equal to (x; — x)).
Substituting constants a and b into the displacement equation (Equation 1.2)
and rearranging, the displacement function becomes

X —Xj

Mmzmgxm+ u; 1.7)

F «—3& —F Element

Node i Node j
(@) (b)

FIGURE 1.2 A one-dimensional bar element. (a) A single one-dimensional bar element and (b) an
element with two nodes.
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or

u(x) = Nju; — N, (1.8)
where N; and N; are called the shape functions of the element. When
the element is loaded, it will be in an equilibrium position. The sum
of the strain energy Yy and work w done by external forces is the
potential energy m of the element. The potential energy at the equi-

librium position has the minimum value, and the potential energy is
defined as

T=Y-W (1.9)
For a single bar element, the strain energy in the bar is given by

y:%J- o €A dx (1.10)

Since the strain is related to the stress by the modulus of elasticity
(o = Eg), the strain energy is expressed as
AE
= —je%lx (1.11)
2 .
The strain is equal to the elongation of the element in the x-direction

e=(u-u)/L (1.12)

Then, the strain energy in Equation 1.11 becomes

AE
Y=Z(uj—ui)2 (1.13)

The strain energy can be expressed in the matrix form as follows:

oL 1y [ 2

T= AE[ i Y ]{ _11 R H N }=1{U}T [K]{U} (1.14)

where [K] is the stiffness matrix for the element. The external forces are
forces acting at the nodes. The work done by the applied forces at the
nodes is expressed as

w =uF, +uF, = {U}"{F} (1.15)
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Finally, the work done and strain energy are substituted into the
potential energy for a single element. The potential energy is expressed as

r= {UF KU} - {U}' {F} (116)

For the minimum potential energy, the displacement must be equal
to zero:

on
=0 1.17
(U} (1.17)
or
on on
=0 d —=0 1.18
aui an 8uj ( )

Equation 1.16 is differentiated using the expressions (1.18), and the
results are

%(ui —u)-F =0 (1.19)
%(_ui +uj)-F =0 (1.20)

Equations 1.19 and 1.20 are expressed in the matrix form as follows:

AE| 1 -1 u; E |
L[ 11 H uj }_{ F, }_0 (1.21y

and symbolically,
[KI{U} - {F} =0 (1.22)
where
_AE[ 1 -
[K]=- [ 1 } (1.23)

The derivation of the stiffness matrix is valid only for one bar ele-
ment. In practice, a model consists of many elements of different proper-
ties. The total potential energy of a number of elements is

E

nzz(ye —w) (1.24)

e=1
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Minimizing Equation 1.24, the result is

E

Y [ke] {Ul-{F}=0 (1.25)

e=1
1.2 Stress analysis of pin-jointed bar

Use the finite element method to calculate the maximum displacement
of the bar assembly shown in Figure 1.3a. Given that A; = 90 mm?,
A,=75mm?, A;=50 mm?, E = 100 GPa, E,= 110 GPa, and E,= 180 GPa.

Before starting to solve the problem, all bar elements and nodes of
the assembly should be numbered, as suggested in Figure 1.3b.

There are three main steps for solving this problem using the finite
element method: (1) the stiffness matrix for all bar elements is deter-
mined, and then stiffness matrices are assembled to obtain the global
stiffness matrix; (2) the boundary conditions are applied to the global
stiffness matrix; and (3) rows and a column of the global stiffness matrix
are eliminated to remove the singularity of the stiffness matrix, and
finally we solve for the displacements.

Step 1: Construct the stiffness matrix for all bar elements

The stiffness matrix for element 1, which has nodes 1 and 2, is calcu-
lated using matrix (1.23):

[K(l)]=90x106(100><109){ 1 -1 }:10*{ 3 _3}

30x107° -1 1

The stiffness matrix for element 2, which has nodes 2 and 3, uses

[K(z)]:75x106(110x109){ - }:108[ 1.5 —1.5}

55%x107° -1 1 -15 1.5
/]
/- @)
/ )
4 " ]—50kN
/]
[= 30.00 mm = 55.00 mm ! 45.00 mm—-|
(a)
Element (1) Element (2) Element (3)
@ & B D
Node (1) Node (2) Node (3) Node (4)

(b)

FIGURE 1.3 (a) Bar assembly. (b) Elements and nodes for the bar assembly.
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The stiffness matrix for element 3, which has nodes 3 and 4, uses

[K(S)]=50x106(180x109)[ | }108{ 2 _2]

45%x107° -1 1 -2 2

Assembling the elements’ stiffness matrices to form the global stiff-
ness matrix,

e=3

k1= 3 [k

e=1

3 -3 0 0
-3 45 -15 0
K]=108
(K] 0 -15 35 =
0 0 -2 2

Step 2: Apply the boundary conditions to the global stiffness matrix
using Equation 1.22

33 0 0 u =0 K
of| 3 45 L5 o0 u |_) B=0

0 -15 35 =2 u; F,=0

0 0 -2 2 u, F, =50

Step 3: Eliminate the first row and column from the global stiffness
matrix to remove the singularity

45 -15 0 u, 0
108 -15 35 =2 u; =1 0
0o 2 2 " 50

Solve for displacements:
u, = 1.667 x 107 m
u;=50x 107 m

u, = 7.5 x 1077 m (Maximum)

1.3 The finite element method and thermal analysis

Heat transfer in a one-dimensional space can be easily analyzed using
the finite element method. Consider a wall that is made by common
bricks, as shown in Figure 1.4. The outdoor surface temperature is T,
while the indoor surface temperature is T;.
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N\

T T

o~ owan j

Outdoor Indoor

/vvv\l\/\ FIGURE 1.4 One-dimensional heat con-
P—1 = duction in a wall.

The Fourier law indicates that the heat flow across the wall Q is pro-
portional to temperature gradient dT/dx in the direction of heat transfer.
That is,

Q= —kAj—I (1.26)

where k is the thermal conductivity of the wall and A is the area per-
pendicular to the heat flow. For steady-state conditions, the temperature
varies linearly along the length of the wall as follows:

dl= T,-T (1.27)
dx L

Hence, the heat flow across the indoor and outdoor surfaces of the
wall can be expressed as, respectively,

Qi= —kA¥ (1.28)
T-T
Q;=—kA 'L j (1.29)

Equations 1.28 and 1.29 are expressed in the following matrix
form:

kA 1 -1 T Qi
— - =0 1.30
This is analogous to the bar element equation (Equation 1.21). The

nodal forces are substituted by nodal heat flow, nodal displacements by
nodal temperatures, and constant AE/L by kA/L; therefore,

[KHT} -{Q} =0 (L.3D)
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where

_kal 1 -l
[K]—L[ 1 } (1.32)

1.4 Heat transfer through a composite wall

Consider a wall that is constructed by stone bricks at the outdoor surface
(k=1.25 W/m-°C), common brick (k = 0.75 W/m- °C), and plaster at the
indoor surface (k = 0.9 W/m-°C), as shown in Figure 1.5. The outdoor
surface temperature is T, = 45°C, while the indoor surface temperature
is T;= 25°C. Determine the temperature at the interfaces, and the results
should be per unit area of the wall.

Step 1: Construct the stiffness matrix for all elements

The stiffness matrix for element 1, which has nodes 1 and 2, is calcu-
lated using expression (1.32):

[K(l)]= 1.25x1 1 -1 _ 25 =25
51072 -1 1 =25 25
The stiffness matrix for element 2, which has nodes 2 and 3, uses
0.75x1 1 -1 5 -5
K(z) =+ =
[ ] 15x107 |: -1 1 :| |: -5 5 :|

VN

Indoor
(T)

Outdoor
(T)

o

Stone Common
brick brick

Plaster

5cm 15cm 4—-‘36m

(a)

Element (1) Element (2) Element (3)
Node (1) Node (2) Node (3) Node (4)

(b)

FIGURE 1.5 The wall composition and finite element mesh. (a) The wall composition and (b) the
finite element presentation.



INTRODUCTION TO FINITE ELEMENT METHOD AND ANSYS 9

The stiffness matrix for element 3, which has nodes 3 and 4, uses
[K(s) ] _ 0.9x1 1 -1 _ 30 =30
3x1072| -1 1 =30 30

Assembling the elements’ stiffness matrices to form a global stiffness
matrix,

Step 2: Apply the boundary conditions to the global stiffness matrix
using Equation 1.31

25 25 0 0 Ty =45 Q

25 30 -5 0 T, ] Q=0
0 -5 35 =30 T ] Q=0
0 0 -30 30 T, =25 Q.

Then Q, and Q, are required to maintain the constant temperature at
the external surfaces.

Step 3: Eliminate the rows and columns, numbers 1 and 4, from

the global stiffness matrix to remove the singularity from the stiff-
ness matrix

The temperatures at nodes 1 and 4 are known. Hence, only Equations 2
and 3 are needed to solve the problem:

25 5 T _ ] 25x45
-5 35 T 30x25

Solving for temperatures,
T,=42.07°C

T,=2744°C
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1.5 Introduction to ANSYS software

The ANSYS software is the most advanced package for single- and
multiphysics simulations, offering enhanced tools and capabilities that
enable engineers to complete their jobs in an efficient manner. ANSYS
includes significant capabilities, expanding functionality, and integra-
tion with almost all computer-aided design (CAD) drawing software,
such as pro-engineers, AutoCAD, and Solid Edge. In addition, ANSYS
has the best-in-class solver technologies, a coupled physics for complex
simulations, meshing technologies customizable for physics, and com-
putational fluid dynamics.

ANSYS can solve problems in structural, thermal, fluid, acoustics,
and multiphysics:

Structural:

e Linear

* Geometric and material nonlinearities
* Contact

» Static

* Dynamic

» Transient, natural frequency, harmonic response, response spec-
trum, random vibration

* Buckling

» Topological optimization
Thermal:

» Steady state or transient
* Conduction

e Convection

* Radiation

* Phase change

Fluid mechanics:

» Steady state or transient

* Incompressible or compressible

* Laminar or turbulent

* Newtonian or non-Newtonian

¢ Free, forced, or mixed convection heat transfer
* Conjugate solid/fluid heat transfer

e Surface-to-surface radiation heat transfer
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* Multiple species transport
¢ Free surface boundaries
e Fan models and distributed resistances

» Stationary or rotating reference frames

Acoustics:

* Fully coupled fluid/structural
* Near and far field

¢ Harmonic, transient, and modal
Multiphysics:

¢ Thermal-mechanical

* Thermal-electric

¢ Thermal-electric—structural
* Piezoelectric

* Piezoresistive

e Peltier effect

* Thermocouple effect

* Electromechanical circuit simulator

ANSYS is not a single program, but it is a family of CAD programs,
as shown in Figure 1.6. The ANSYS/Multiphysics package consists of
ANSYS/Emag, which is for magnetic field analysis, ANSYS/Flotran
for fluid mechanics, ANSYS/LS-DYNA for dynamics analysis, and
ANSYS/Mechanical for structural and thermal analyses.

ANSYS/ ANSYS/
Mechanical Emag

ANSYS/ ANSYS/

LS-DYNA
Flotran FIGURE 1.6 The ANSYS

family.
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To start ANSYS:

Double click on the Mechanical APDL Product Launcher icon in
the desktop

or, go to

Start > All Programs > ANSYS > Mechanical APDL Product
Launcher

The ANSYS Product Launcher window will appear as shown. First,
select the ANSYS Multiphysics in License. Then, type the working direc-
tory path for ANSYS files in the Working Directory. All ANSYS files will
be stored in this directory, including images and AVI movies. The session
name is specified in the Job Name. Finally, click on Run to start the ANSYS.

A select ANSYS Multiphysics in License
B change Working Directory to C:\, or any directory
C change the initial Job Name to Example, or any name

The ANSYS interface has the following components:
» Utility menu

e Toolbar

¢ Main menu

e View tools

* Graphics

e Comment prompt
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Comment prompt

Utility menu L T ———
MECECER ] || &
Tockes
Toolbar b o6l Resua po| oun| rowscaey
Main menu
Graphiua
Ak a meru flem o erter & Command [BEGIN] mat=1 pe=1 et ] [3ecn

-

glallosniahkele

3P R e e g

-

13

View tools

In addition, the ANSYS Output window will show up. The output
window is dynamically listing important information during the pre-
processor, solution, and postprocessor. Additionally, the calculated
results in the postprocessor are shown in this window. Warnings in
the ANSYS Output should be carefully considered to avoid unex-

pected errors.

AN
INITIAL JOBNAHE

ad i

3 1OM=WINDC - R S 14.5
¥ a.985

sSHOW SET WITH DRIVER NAME WIN32 - U H J . GRAPHIC

PROCEDURE FROM FILE G 1 Inchwl145%

INPUT FILE

#INPUT FILE
[}

ACTIVATING THE G "HICAL 1 H Y. PLEASE WAIT...

i PLANE SET TO THE IRKING PLANE

» PLOT IN
» PLOT IN Df
PRODUC DAL PLOT IN DS
PRODUCE MAL PLOT IN D%
+ PLOT IN
PRODUC ML PLOT IN
HODAL PLOT IN

JDUCE HODAL PLOT IN
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Utility menu
File Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtris Help

The Utility menu is used for the file operations, listing and plotting,
and changing display options. In the pull-down File menu, the following
tasks can be performed:

Clear & Start New ..
Change Jobname ...
Change Directory ..
Change Title ..

Resume Jobname.db ...
Resume from ...

Save as Jobname.db
Saveas ...
Write DB log file ..

Read Input from ..
Switch Output to
List

File Operations
File Options ...
Import

Export ..

Report Generator

bbb

Exit ..

Clearing current job and starting a new job
Resuming a job, and the database file can be located
Saving ANSYS job

Reading ANSYS input file

Listing and file operations

Importing and exporting files

Generating a summary file

Exiting ANSYS job

T O mTo AW e

The pull-down List menu is for listing the model components, such as
keypoints, areas, and nodes. In addition, the properties of the material can
be listed. The boundary conditions imposed on the model can also be listed.

Files 4
Status 4

Keypoint 4
Lines ...

Areas

Volumes

Nodes ...
Elements »
Components

Parts

Picked Entities +

Properties 4
Loads 4
Results 4
Other »
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The pull-down Plot menu is similar to the List menu. Plotting
geometry’s components, such as keypoints and areas, can be performed
in this menu. In the PlotCtrls menu, printing the model in the ANSYS
graphics, changing the style of the ANSYS graphics, or changing the
quality of the graphics can be done. The Workplane is for the grids setup.

ANSYS Main Menu

Most ANSYS jobs are done using the Main Menu, from building the
model to viewing the results. In the preprocessor, the material properties
and real constants are specified, element type is selected, and modeling
operations and meshing tools are available. In the solution, the boundary
conditions are imposed, and the solution setup parameters are specified.
In the postprocessor, the ANSYS results are presented. List, plot results,
and path operations can be performed.

Main Menu

El Preferences
zlPreprocesso
Solution

@ General Postproc
TimeHist Postpro
= ROM Tool

® Prob Design
Radiation Opt

E Session Editor

E Finish

The three tasks are summarized as follows:
Preprocessor:

1. Element type

2. Material properties

3. Real constants

4. Modeling

5. Meshing

Solution:

1. Boundary condition

2. Solution setup parameters
Postprocessor:

1. Plot results
2. List results
3. Path operation

PROBLEM 1.1
Use the finite element method to calculate the maximum displacement
of the bar assemblies shown in Figures 1.7 to 1.9.
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FIGURE 1.7 Two bars
assembly with a tensile
force for at one end.
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FIGURE 1.8 Three bars assembly with a tensile force for at both ends.
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FIGURE 1.9 A structure with a vertical tensile force.

PROBLEM 1.2

Consider a wall shown in Figure 1.10. The outdoor surface
temperature is T, = 42°C, while the indoor surface temperature is
T, = 23.5°C. Determine the temperature at the interfaces, and the
results should be per unit area of the wall. The thermal conductivity
of stone brick, thermal insulation, common brick, and indoor finish-
ing is 1.25 W/m-°C, 0.85 W/m-°C, 0.2 W/m-°C, and 1.75 W/m - °C,

respectively.
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Insulation

AANN.

Indoor
(T)

i

Outdoor

(T)
Stone Common

brick
Indoor
finishing

AASe

10.5 cm }- -\- -\- 22.5cm —-H 1.25 cm
5.2 cm

FIGURE 1.10 Heat transfer in a wall composed of four different materials.

Al Fe Cu
205 W/m-°C 73 W/m-°C 386 W/m-°C

T,=100C T,=25C

] )
~25m f— ssem —f— asem —|

FIGURE 1.11 Heat transfer in a rod composed of three different materials.

PROBLEM 1.3
Consider a thermal rod that is composed of three different materials, as

shown in Figure 1.11. The left circular area is maintained at a tempera-
ture of T, = 100°C, while the right one is maintained at a temperature
of T,=25°C. The entire lateral surface is well insulated. Determine the
heat flow through the rod, if its diameter is 1.5 cm.
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CHAPTER TWO

Bar and beam structures

2.1 Finite element method for a horizontal bar element

The bar structures are composed of straight bars and welded at the
interactions. The bar structures can be found in bridges and roofs.
The derivation of the stiffness matrix for a bar element is applicable to
the pin-connected structures. The bar element is assumed to have a con-
stant cross-sectional area A, uniform modulus of elasticity E, and initial
length L. The bar is subjected to tensile forces along the local axis and
applied at its ends. There are two coordinate systems: local (X,y) and
global (x,y) coordinates. Figure 2.1 shows the local and global coordi-
nate systems.

For each element, there are two local forces acting on the nodes: Fi,
and Ey are acting on node 1, and F,, and E,y are acting on node 2. The
nodal degrees of freedom are the four local displacements, two at each
node: d;, and aly are at node 1, and d,, and azy are at node 2. Figure 2.2
shows a bar element lying along the local x-coordinate.

The strain—displacement relationship is obtained from Hooke’s law
as follows:

o, =Ee, 2.1
where
du
dx

and therefore,

Ac, =F, 2.3)

Then U is the local axial displacement in the X-direction and F, is the
tensile force in the local x-direction. Note that the bar element cannot
sustain shear forces. Substituting 6, and €, into Hooke’s law (2.1) yields:

d ( du)
dx dx

19
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ol

FIGURE 2.1 The local and global 0
coordinate systems.

FIGURE 2.2 A bar ele-
ment lying along the local |
x-coordinate.

Assuming a linear displacement along the local x-axis of the bar, the
displacement function is expressed as

ﬁ(i)zal +3.2i (25)

The displacement values at nodes are used to determine the values of
the constants a, and a,. Now, the displacement function is expressed as
a function of the nodal displacement dix and ds,, which can be achieved
by evaluating u at the nodes, and solving for a, and a, as follows:

u(0)=dy =a, (2.6)
U(L) = dy =a,L+dyy Q7)
and solving for a,,

a, = Jx = dix 2.8)
L

Hence, the displacement function (2.5) becomes

u(x)z(dzx_dlx)x+dlx (2.9
L

The displacement function (2.9) is expressed in the following form:

u(x)=N,d; + N,d, (2.10)

where N; and N, are called the shape functions of the displacement
function, which is associated with degrees of freedom d, and d,. The
shape functions are defined as
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X
N, =1_f (2.11)
and
X
N, = f 2.12)

The displacement function can be written in the following matrix
form:

ﬁ=[N1 Nz] _ (213)
The strain is the elongation in the x-direction, which is equal to the

derivative of the displacement function as follows:

_ u(x+Ax)—u(x) _du

X 2.14
AX dx ( )
In terms of the nodal displacement, the strain is written as
(=du_dnmdn @.15)
dx L

The strain (2.15) is substituted into Hooke’s law (2.1) to obtain the
force:

F, :AE(L;d“) (2.16)

The nodal force at node 1 is acting in the negative x-direction and
should have a negative sign as follows:

F, =-F, (2.17)
Hence, the nodal force at node 1 becomes

F, = %(HIX ~dy,) 2.18)

The nodal force at node 2 is acting in the positive x-direction and
should have a positive sign as follows:

F, =F, (2.19)

B, = %(82)( - alx) (2.20)
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The nodal force in the x-direction is expressed in a matrix form as
follows:

ﬁIx _E 1 —1 alx (2 21)
F2)( L -1 1 a2)( .

and similarly for the nodal forces in the y-direction:

Fly _AE|: 1—1:| aly

B _ (2.22)
B, L Lo 1][d,,

Since {15} = [K]{a}, the stiffness matrix for a bar element in local
coordinates can be written as

-1_AE| 1-1
[K]= 3 [_1 1} (2.23)

The stiffness matrix can be determined using the strain energy
expression along with Castigliano’s theorem for a bar. The strain energy
of a bar in tension is expressed as follows:

L _

F2

U= J S dx (2.24)
0

In the theorem, the change of strain energy is equal to the virtual
displacement times the external force at a point as follows:

U =P, dd, (2.25)
Equation 2.25 in terms of external force is

oU
Pi =
ad;

The axial force can be written in terms of displacement function as

(2.26)

F, =6,A =Eg,A = EAg—E (2.27)
X

Using Equation 2.10 in Equation 2.27, the axial force is expressed as
F, =EA(N] diy +N5 dy,) (2.28)

The strain energy of a bar (2.24) in tension is expressed as

L

U= % J (Nf diy+N3 dy,)” dx (2.29)

0
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Using Castigliano’s first theorem, the nodal force in the x-direction at
node 1 is written as

L
E, = 84U EAJ(N{ dix+ N3 dyy ) Nf dx
0

ody

(2.30)

L L

=EA J'N; N7 dx |d;, + EA IN{ N5 dX |doy
0 0
and at node 2,
L
B, = %’j = EA-!(N{ dix+N5 doy ) N3 dx

(2.31)

L L
= EA JN{ N5 dx |d,, +EA jN; N? dX |da,
0 0

Nodal forces in the x-direction in the matrix form are expressed as

Flx — k11 k12 alx (232)
Bo [ | ko ka2 || doy '

Or, symbolically,

{F}=[K]{d} (2.33)

where [K] is the stiffness matrix, in which the matrix coefficients are
defined as

L
k;; = EA IN{ N/ dx (2.34)
0

Substituting the shape functions into Equation 2.32, the stiffness
equation is expressed as

flx — % 1-1 Elx (235)
FZX L -1 1 de

2.2 Finite element method for an arbitrary-oriented
bar element

The local coordinate system is always chosen to represent an individual
element, whereas the global coordinate system is chosen for the whole
structure. In order to relate the global displacement components to a local
one, the transformation matrix is used. Figure 2.3 shows a bar element
lying along the local x-axis. The local x-axis is oriented at an angle 0
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FIGURE 2.3 Relationship between the local and global displacements.

measured counterclockwise from the global x-axis. In the local coor-
dinate, each node has a nodal force F, and nodal displacement ax along
its axis. In the global coordinate, each node has a horizontal force F,,
vertical force F,, horizontal displacement d,, and vertical displacement
d,. Hence, each element has four degrees of freedom.

From Figure 2.3, the displacement in the x-direction for nodes 1 and
2 in a local coordinate system can be obtained from its global displace-
ments as follows:

dix =dix cos®+d;, sin® (2.36)

dy, =dy, cosO+ d,, sin® 2.37)
and in the y-direction,

dy, =—d,, sin@+d,, cos® (2.38)

dyy =—d,, sin@+d,, cos® (2.39)

The transformation for nodal displacements for each element can be
written in matrix form as follows:

9'* cos6 sin6 0 0 f‘*

d e d

_ly _ sin® cos® O .0 _ly (2.40)
dyy 0 0 co.s 0 sin6 dy,

azy 0 0 —sin® cosH azy
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and symbolically,
{d}=[T]{d} (2.41)

The nodal force is transformed from the global to the local coordinate
system in a similar manner:

ljlx cos® sin@ 0 0 Fis
B e F
Ty [_| —sin6 cos 0 .0 v (2.42)
Fo. 0 0 cosB sin® || Fy,
Ey 0 0 —sin® cosO B,
and symbolically,
(7)< (71} (2.43)

The global element nodal force vector is related to the global
displacement vector using the global stiffness matrix as follows:

le dlx
F d
YAoK Y (2.44)
FZx d2x
lEZy d2y
where
1 0-1 0
[K]=2E[ 0 0 00 (2.45)
L|-1 010
0 00O

Substituting {a} =[T]{d} and {15} =[T]{F} into {15} = [K]{a}, the
following equation is obtained:

[TH{F}=[K][T]{d} (2.46)

By multiplying both sides of the above equation by the inverse of the
transformation matrix, the nodal force vector becomes

{F}=[T]"'[K][T]{d} 2.47)
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Since the transformation matrix is orthogonal, its transport and
inverse are equal. The nodal force vector is expressed as

{F}=[T]"[K][T]{d} (2.48)

Since the global coordinate force equation {F} = [K]{d} is equal to
nodal force in Equation 2.48, the global stiffness matrix for an element
is written as

[K]=[T]"[K][T] (2.49)

Expanding the stiffness matrix yields

cosOcos®  cosOsin® —cosBcos® —cosOsind

K AE| cos0sin® sin@sin® —sinBcos® —sinOsin®
[ ]_T —co0s0cosO —sinOcos® cosOcosO® sinOcosO

—cos0sin® —sinBsin® sinBcos®  sinO sinO
(2.50)
Assemble the global stiffness and force matrices using the direct
stiffness method to obtain matrices for the entire domain:

N

[K]= Y [k“] (2.51)

e=1

{F}= EN,{F(”} 2.52)

{d}= EN:{d(e)} (2.53)

The global stiffness matrix is related to the global nodal force
matrix and global displacement matrix for the whole structure using the
following expression:

{F}=[K]{d} (2.54)

2.3 Analyzing a plane bar structure

The bar structure shown in Figure 2.4a is composed of three bars.
All bars have the same length, cross-sectional area, and modulus of
elasticity. A horizontal force is applied at Point 2 with F = 100 kN.
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Element 3

Element 2

Node 1 Element 1 Node 2
(a) (b)

FIGURE 2.4 (a) A bar structure and (b) nodes and elements.

Determine the horizontal and vertical displacements at all connections,
given that E = 100 GPa, A= 1.0 x 10# m?,and L= 1 m.

Before starting to solve the problem, all elements and nodes of the
structure should be numbered as suggested in Figure 2.4b.

Step 1: Construct the stiffness matrix for each element

The stiffness matrix for Element 1, which has nodes 1 and 2 with 6 = 0°,
is calculated using the following matrix (2.50):

112 2

40 40|11
[K(l)]zﬂ 00 001
4L -4 0 4 0|2
000 0]2

The stiffness matrix for Element 2, which has nodes 1 and 3 with
0 = 60°, is calculated as follows:

| oo
=
5
I}
#‘}
=
|
S LS
|
LS S
|
S o &L
|
wﬁ&&\
€9 [ [pemd |ju
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The stiffness matrix for Element 3, which has nodes 2 and 3 with
0 = 120°, is calculated as follows:

2 2 3 3

1 -3 -1 3

2

[K(3)]—AE —\/g 3 —\/g -3 12
4L -1 3 1 -3 |3

V3 -3 -3 3|3

Step 2: Assemble the elements’ stiffness matrices to form a global
stiffness matrix using Equation 2.51

11 2 2 3 3
5 V3 4 0 -1 31
V33 0 03 3|1
K]=AE | =+ 0 S -3 -1 V3|2
4L 0 03 3 3 3|2
-1 -3 -1 3 2 3
-3 3 B3 3 0 6|3

Step 3: Apply the boundary conditions to the global stiffness
matrix using Equation 2.54

Fix - » dlx =0 j
F,=0 dyy
E, =10’ doy
=0 [TKha, =0
F. ds =0
Fs, dsy =0

Step 4: Eliminate rows and columns from the global
stiffness matrix to remove the singularity

Since the stiffness matrix is singular, at a minimum, one equation must
be eliminated to remove the singularity. The first, fourth, fifth, and sixth
columns are multiplied by zero displacements, and therefore, they can be
deleted with the corresponding rows, and the result is

Fy=0 | 1x10*(100x10°)[ 3 ¢ ][ duy
By =10° [ 1x4 05 ][ da
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Step 5: Solve for d,, and d,,
dy,=0m

d,, = 0.008 m

2.4 Analyzing a plane bar structure using ANSYS

The bar structure shown in Figure 2.4a is composed of three bars. All
bars have the same length, cross-sectional area, and modulus of elastic-
ity. A horizontal force is applied at Point 2, F = 100 kN. Determine using
ANSYS the horizontal and vertical displacements at all connections and
the reaction at the supports, given that E = 100 GPa, A = 1.0 x 10~ m?,
andL=1m.

Double click on the Mechanical APDL Product Launcher icon

File
Management

A select ANSYS Multiphysics in License
B change Working Directory to C:\ or any directory
C change the initial Job Name to bar, or any name

This example is limited to structural analysis. Hence, select Structural
in Preferences and leave other physics unselected. This will reduce selec-
tion options in the preprocessor and solution tasks.
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Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Individual discipline(s) to show in the GUL

I~ Thermal
™ ANSYS Fluid
I~ FLOTRAN CFD
Electromagnetic:

™ Magnetic-Nedal
I~ Magnetic-Edge
™ High Frequency
™ Electric

MNote: ¥ no individual disciplines are selected they will all show.

Discipline options
= h-Method

oK Cancel Help

A select Structural in Preferences for GUI Filtering

Next, the element type is selected. For the present problem, the
element type is Link, which is equivalent to a bar.

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:
NONE DEFINED

Options.. I Delete |

Help

Add...
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The selected link element will not support pressure on the elements
or moment on the nodes. However, this element can be used for three-
dimensional analyses.

Only structural element types are shown
Library of Element Types 30 finit stn 180
actuator 11

Element type reference number

A select Link
B select 3D finit stn 180

Defined Element Types:
ype 1 LINK180

Add... | Op{ions___l Delete |
Close Help |

The cross-sectional area of the bars is required for the analysis. The
initial strain is zero by default.
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Main Menu > Preprocessor > Real Constants > Add/Edit/Delete

Defined Real Constant Sets

Add... | Edit... | Delete |

Help |

Add...

Type 1  LINK180D

Notice that the selected element type is shown in the Element Type
for Real Constants. Here, the cross-sectional area of the bars is specified.
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Element Type Reference No.1
Real Constant Set No.

Cross-sectional area AREA A

Added Mass (Mass/Length) ADDMAS

Tension and compression TENSKEY

Cancel I

A type le-4 in Cross-sectional area AREA

Defined Real Constant Sets

Set 1

Add. | Edit. | Delete |

Help |

Material properties of the bars are specified in the following steps. The
bars are elastic and independent of the direction isotropic. Only the modu-
lus of elasticity is required and the zero Poisson ratio, or any value, is just
to avoid an error message from ANSYS.
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Main Menu > Preprocessor > Material Props > Material Models

Il Material Edit Favorite Help
- Material Models Defined - 7 Material Models Available
@ = & Favorites =

& Structural
@ Linear
@ Elastic

Ysoropicy A
€ Orthotropic
@ Anisotropic

Nonlinear

@ Density -

Thermal Expansion

& Dampi
_.'.J & l:r;nr:?-}mr?*nnﬁ:.-'mm _'J

Linear Isotropic Material Properties for Material Number 1

T
Temperatures
EX 100e9
PRXY

Add Temperature | Delete Temperature | Graph |

I |

A type 100e9 in EX
B type 0 in PRXY

Close the Material Model Behavior window

The process of modeling the bar structure is started here. First, three
nodes are created, followed by creation of the elements. The x- and
y-coordinates of each node are specified in ANSYS. The coordinate for
node 1 is (0,0), for node 2 is (1,0), and for node 3 is (0.5,0.866). The
Apply button will not close the window, allowing for additional inputs,
while the OK will close the window.
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Main Menu > Preprocessor > Modeling > Create > Nodes >
In Active CS

[M] Create Nodes in Active Coordinate System

NODE Node number 1 <

XY,Z Location in active CS [0 |{o

THXY, THYZ THZX
Rotation angles (degrees)

A type 1 in Node number
B type 0 and 0 in X,Y,Z Location in active CS

i [N] Create Nodes in Active Coordinate System '
NODE Node number 2 < ¥ 9

XY,Z Location in active CS 1 |[o

THXY, THYZ THZX
Rotation angles (degrees)

A type 2 in Node number
B type I and 0 in X,Y,Z Location in active CS

il (N] Create Nodes in Active Coordinate System

NODE Node number 3 i:—

X¥,Z Location in active CS [os | | 0.866

THXY, THYZ THZX
Rotation angles (degrees)

A type 3 in Node number
B type 0.5 and 0.866 in X,Y,Z Location in active CS
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| wooes a ARSYS 14.5

.
=

ANSYS graphics show the created nodes

Main Menu > Modeling > Create > Elements > Auto Numbered >
Thru Nodes

Click on node 1 then 2. Then in Elements from Nodes window, click on
Click on node 2 then 3. Then in Elements from Nodes window, click on
Click on node 3 then 1. Then in Elements from Nodes window, click on

| - A AREYS 14.5

¥

k x A 2
ANSYS graphics show the three elements

The preprocessor task is ended at this point. The solution task starts
here. Nodal forces and displacements are applied. Starting with forces or
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displacements will not affect the solution. A zero nodal displacement at
a certain direction means that the node is fixed at that direction.

Main Menu > Solution > Define Loads > Apply > Structural >
Displacement > On Nodes

Click on node 1. Then in Elements from Nodes window, click on

| [D] Apply Displacements (U,ROT) on Nodes
Lab2 DOFs to be constrained

Apply as |Conmm value - I

If Constant value then:

VALUE Displacement value D

Hep |

Apply | Cancel |

A select UX in Lab2 DOFs to be constrained
B

type 0 in Displacement value
Apply

Click on node 2. Then in Elements from Nodes window, click on

[D] Apply Displacements (U,ROT) on Nodes

Lab2 DOFs to be constrained
Apply as
If Constant value then:
VALUE Displacement value B

Apply I

A select UY in Lab2 DOFs to be constrained
B

type 0 in Displacement value
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Click on node 3. Then in Elements from Nodes window, click on

[D] Apply Displacements (U,ROT) on Nodes
Lab2 DOFs to be constrained

Apply as

If Constant value then:
VALUE Displacement value

Apply |

A select UX in Lab2 DOFs to be constrained
B select UY in Lab2 DOFs to be constrained

C type 0 in Displacement value

Main Menu > Solution > Define Loads > Apply > Structural >
Force/Moment > On Nodes

Click on node 2. Then in Apply F/M on Nodes window, click on

Apply as
If Constant value then:
VALUE Force/moment value B

A select FX in Direction of force/mom

B type 100e3 in Force/moment value
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The positive FX means that the force at node 2 is in the positive
x-direction. The ANSYS graphics will show the applied force and its
direction with a red arrow. Reapplying the force at node 2 will automati-
cally delete the force and apply the new value.

i
ELEHENTS a\ ANSYS 14.5

ANSYS graphics show the force with direction and
the displacement constraints on nodes

The final step is to initiate the solution. ANSYS will assemble
the stiffness matrices, apply the boundary conditions, and solve the
equations.

Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.
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Results can be viewed in the general postprocessor task. Inspecting
the deformation of the bar structure will help to identify if the problem
is solved correctly. Node 2 should move to the right as a result of the
applied force, while node 3 should be stationary.

Main Menu > General Postproc > Plot Results > Deformed Shape

[PLDISP] Plot Deformed Shape
KUND Items to be plotted

(" Def + undef edge

A select Def + unreformed

DISPLACEMENT ANSYS 14.5

o %

ANSYS graphics show the bar before and after deformation

From the above figure, the result is as expected. Nodes 1 and 3 are
fixed, while node 2 is moved in the direction of the applied force. In
the following steps, the nodal results are presented. First, the nodal
displacements are listed, and second, the reactions at the supports are
listed.



BAR AND BEAM STRUCTURES 41

Main Menu > General Postproc > List Results > Nodal Solution

Item to be listed

& Favontes
& Nodal Solution
& DOF Solution
[ JX-Component of displacement

@ Y-Component ulcuspaam J

o

@ Z-Component of displacement
@ Displacement vecior sum
@ Stress
& Total Mechanical Strain
@ Elastic Strain
(@ Plastic Strain
@ Creep Strain
@ Thermal Strain
@ Total Mechanical and Thermal Strain -
| |

Value for computing the EQV strain |

ok [ hoh | cocd | v |

A click on Nodal Solution > DOF Solution > X-Component of
displacement

Eoe
PRINT U HODAL SOLUTION PER MOBE

wesss POSTL HODAL DEGREE OF FREEDOM LISTING seess

LOAD STEF= 2 GUBSTEP= 1
TINE= R Loap CAsE- @

THE POLLOVING DEGREE OF FREEDOW RESULTS ARE IM THE GLOBAL COORDIMATE SYSTEM
HODE ui

i o
2 8T
3 0.pees

FAKIIN ARSOLUTE UMLIES
MODE 2
PALUE 8. 799Y9E-02

A list of nodal displacement in the x-direction is shown. In addition, the
maximum nodal displacement is shown at the end. The nodal displace-
ment in the y-direction can be determined by selecting Y-Component in
the Nodal Solution. The results are identical to the previous example, and
the reactions at the supports are listed as follows:

Main Menu > General Postproc > List Results > Reaction Solution

[PRRSOL] List Reaction Solution

Lab Item to be fisted _0

Struct force FX
‘ FY

FZ
All struc forc F
Struct moment MX

MY

MZ
All struc mome M
All items

oK ] Apply | Cancel ] Help ]

A select All items



42

FINITE ELEMENT SIMULATIONS USING ANSYS

Eile

LOAD STEP= 2 SUBSTEP= i
TIHE= 2.0088 LOAD CASE= @
THE FOLLOMING X.¥.Z SOLUTIONS ARE IN THE GLOBAL COORDINATE SYSTEM
HODE FX FY FZ
79999 .
2 -34642.
3 -2\@0e1. 34642,
TOTAL VALUES
UVALUE -8.10888E+B6 ©.8888 B.88ea

|\ PresoL
I

|
FRINT REACTION SOLUTIONS PER MODE
wuwws POST1 TOTAL REACTION SOLUTION LISTING swmms

As shown, the forces are balanced in the x- and y-directions. The sum
of the forces in the x-direction is equal to —100 x 103, which is equal to
the applied force, and the sum of the forces in the y-direction is equal
to zero.

2.5 Finite element method for a horizontal beam element

A beam is defined as a long and slender structural member that can be
subjected to transverse loadings. Therefore, the beam can be twisted
and bended. The bar elements can sustain the transverse loadings only.
Consider a horizontal beam element, as shown in Figure 2.5. The beam
has an initial length L, modulus of elasticity E, and moment of inertia I.
The local displacement and rotation at nodes 1 and 2 are (d,;, 6,) and
(d,,, 0,), respectively. The local nodal force and bending moment at
nodes 1 and 2 are (F,, M,) and (F,,, M,), respectively.

All moments and rotations are positive if their direction is counter-
clockwise and negative if their direction is in a clockwise direction. The
horizontal forces are positive if the direction is positive in the x-direction
and negative if the direction is negative in the x-direction. The vertical
forces are positive if the direction is positive in the y-direction and nega-
tive if the direction is negative in the y-direction. Consider a differential
beam element, as shown in Figure 2.6.

FIGURE 2.5 Beam element subjected to forces and moments.
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M M+dM

\% Ta bl V+dV

— dx —P

FIGURE 2.6 A differential
beam element.

Applying the moments balance at Point b yield,

—-Vdx+dM =0 (2.55)
or
V= M (2.56)
dx

The curvature of the beam is related to the applied moment. The 0 is
the rotation and the function v(x) is the transverse displacement in the
y-direction. Figure 2.7 shows a section of a horizontal deflected beam.

The rotation of the deflection is expressed as

0= av(x) (2.57)

dx

The axial strain is related to the axial displacement using the following

relationship:

_du
T dx

On the other hand, the axial displacement is related to the transverse
displacement by

(2.58)

X

=—-y— 2.59
U= o (2.59)
Substituting the relationship (2.59) into (2.58) yields

d*v
& =—-y— 2.60
Y i (2.60)

| | X FIGURE 2.7 Horizontal deflected
dx beam.
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For a cross section of the beam shown in Figure 2.8, the differen-
tial force and moment along the center of the beam are expressed as,

respectively,
dF =0, dA (2.61)
dM = o, ydA (2.62)

Using Hooke’s equation, the differential moment becomes
, d?v
dM = Ee,ydA =Ey d—dA (2.63)
X
Integrating Equation 2.63 for the beam section yields
2
M=E d—z J-ysz (2.64)
dx

Since the first moment of inertia is equal to [y? dA, Equation 2.64 is
expressed as

2
M= EI% (2.65)

Also, the shearing force (2.56) is expressed as
d’v
V=El-— 2.66
e (2.66)
The variations of beam curvature are approximated by a third-order
polynomial, and the constants in the polynomial are determined using
the boundary conditions as follows:

v(x) = a,; x> + ayx> + a;x + 4, (2.67)

Using expression (2.57), the rotation of the deflection can be deter-
mined as

B(x) = 3a,x> + 2a,X + a, (2.68)
Applying the boundary conditions,
v(0)=d, :a,=d, (2.69)

v()=d,:al?+a, L2 +a;L +a,=d, (2.70)

FIGURE 2.8 Beam cross section. —_
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000)=06,:a;=6, 271
6(L)=6,:3aL2+2a,L+a,=6, (2.72)

Solving Equations 2.69-6.72 for a,, a,, a;, and a, and substituting
the solution into Equation 2.67 yields

2 1
V(X) = [L}(dly —dzy)+P(91 +92)] X3
; | 2.73)
+[—§(dly —dzy)—f(zel —ez)] x> +0x+dy
or
3x? 2x* 3x? x2
V(X)Z dly +9|X—?d]y —TBI +7d2y —fez
2.74
2x2 x> 2x2 x> ( )
+?d1y +F61 —?dzy +§62

The displacement function v(x) can be expressed in terms of shape
functions as

V) = Nyd,, + N8, + Nyd,, + N, (2.75)

and the shape functions are

2 3
N1:1—3(%) +2(%) (2.76)
2 3
N, =x— 2("LJ+ 2(;2) @7
X 2 X 3
N, :3(7) _2(7) (2.78)
L L

2 3
N, = —(XL]{I’;] (2.79)

Finally, the element stiffness matrix is derived using the equilibrium
approach. The nodal shear force and bending moment are calculated
using Equations 2.65 and 2.66, respectively:

d’v(0) EI

F, = BEI— 7= —(12d,, + 6L6, — 12d,, +6L6;) (2.80)
dx L
d’v(0) EI ) )
M, =-BI= 5~ = F(6dly +417, — 6Ld,, + 2176, ) 2.81)
X
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d’v(L) EI

Foy =—EI= = E(—12dly — 6L, +12d,, — 6L, ) (2.82)
d*>v(L) EI 5 5
M, =Bl === E(6Lolly +2176, — 6Ld,, +4L°6, ) (2.83)
X

The nodal forces and moments can be expressed in matrix form,
{F} = [K]{d}, as follows:

Fy 12 6L -12 6L diy
M 2 2 0
v 5} 6L 41> -6L 2L i (0.84)
B, | =12 -6L 12 —6L || dy,
M, 6L 2I* —6L 4L7 0,
where
12 6L -12 6L
2 2
K]= g 6L 41> —-6L 2L (2.85)

L’| -12 -6L 12 -6L
6L 212 —6L 417

Assemble the stiffness matrices and force and displacement vectors:

N

[K]= ) [k“] (2.86)

e=1

{F}= EN:{F(”} (2.87)
{d}= i{d(e)} 2.89)

The global stiffness matrix is used to relate the nodal force vector to
nodal displacement vector for the whole structure:

{F} = [K]{d} (2.89)
The stiffness equation for the horizontal beam element can also be

obtained by using Castigliano’s theorem. The strain energy for a beam
with uniform material properties and cross-sectional area is

1 BIf(9v)
Vv
= Jore=T (a) dx (2:90)
0 0
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The second derivative of displacement function is
V”(X) = N{’ dly + N§'91 + Ng,dzy + Nf(@z (291)

and the second derivative of the shape functions is

N/= —%+12% 2.92)
N7 = —%+6% (2.93)
N7 = %—12% (2.94)
N/ = —%+6% (2.95)

In Castigliano’s first theorem, the change of strain energy is equal
to the virtual displacement times external force at a point. Applying
Castigliano’s theorem at node 1 gives

L 2
oU o | EI (( 9*v
F, = = — =14 2.96
ly adly ad]y[z.(l:(asz XJ (2.96)

Substituting the second derivative of the displacement function into
Equation 2.80 gives

L

__ 9 gj(N{’dly+N§'91+N§'d2y+fo92)2dX 297
adly 2 0

F,

Simplifying expression (2.97) yields

L
F, = %jz (N7dyy + N76, + N7d,, + N70,) N7’ dx (2.98)
0
and finally,
Fy, = kv, + k8, + kyyv, + k.0, (2.99)
where

L
k; = EI J' NZ N7 dx (2.100)

0
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The nodal force in the y-direction at node 1 is

F, = %(IZdly +6L8, —12d,, +6L6, ) (2.101)

If instead of virtual displacement, the virtual rotation 96 at a point
where moment M is applied, the moment in terms of strain energy is

U

M =—
' 290,

(2.102)

Applying Castigliano’s theorem at node 1 gives

L 2
oU 9 | EI ff o*v
M=—=—|—||=—14d 2.103
! ael 891 2 -(!.(axz ] * ( )

Substituting the second derivative of the displacement function into
Equation 2.103 gives

L

= aae B (Nray +Ngo, + Nvds, + N7, ox (2.104)
1

0

1

Since the modulus of elasticity and moment are independent of X,
Equation 2.104 becomes

L

M, = %Jz(Nrdly + N30, + N{dsy +N76,) N¥ dx (2.105)
0
or
M, =k, v; + k0, + ky3v, + k6, (2.106)
where
L
k; = EI J‘ 7 N7 dx 2.107)

0

Finally, the nodal moment at node 1 is expressed as
M, = F(6d1y +417, — 6Ld,, + 2176, ) (2.108)

By using the same procedure for nodal force and moment at node 2,
the stiffness equation for a horizontal beam can be expressed as

Fy 12 6L -12 6L diy
M 2 2 9
| =E7I 6L 412 —6L 2L | (2.109)
B, L'| -12 —6L 12 —6L || dy,

M, 6L 2L7 —6L 41’ 0,
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2.6 Analyzing a horizontal beam structure

A horizontal beam structure, shown in Figure 2.9, is made of two solid
cylinders with different materials and radii. Determine the displacement
and slope at the points where force or moment is applied. For Beam 1:
E =210 GPa, D =5 cm; and for Beam 2: E = 180 GPa, D =4 cm, where
D is the diameter of the cylinder.

There are unlimited options for elements and nodes distribution, and
some of these options are shown in Figure 2.10. Increasing the number of
elements will definitely enhance the accuracy of the results, but only up
to a certain number of elements. After this number, the results become
independent of the number of elements. The first mesh contains just two
elements, which is the minimum to solve this problem. The second mesh
contains 3 elements, the third mesh contains 6 elements, the fourth mesh
contains 12 elements, and the fifth mesh contains 24 elements. For an
illustration purpose, the first mesh is selected because it has the mini-
mum number of elements.

The first moments of inertia of the first and second beams are required
to solve the problem, and they are

I="R'="(25x10?) =3.067x10 7 m*
40 T4

500 N

250 N-m
+ 2m Ll 1m —>|
/1l |
FIGURE 2.9 Beam structure.
Fzy
Element 1 l Element 2
Mesh 1 ® O 0
Node 1 Node 2 Node 3 M,
Mesh 2 [ @ O o]
Mesh 3 @ & @ & O & O

Mesh 4 *—r—r——r—r—r——0—8———0

Mesh 5 -0-0900000000000000000000e0

FIGURE 2.10 Meshes for the beam structure.
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L="R*="(20%107) =1256x10"m*
4 4
First, the stiffness matrix for each element is obtained using
Equation 2.85. For the first element, which has nodes 1 and 2, the stiffness

matrix is
12 12 -12 12
[K(l)]:210><109(3.067><10’7) 12 16 -12 8
23 -12 -12 12 -12
12 g8 -12 16
1 1 2 2

966 9.66 -9.66 9.66 |1

K 1or| 966 1288 —9.66 644 |1

-9.66 —9.66 9.66 -9.66 | 2

9.66 644 -9.66 12.88 2

For the second element, which has nodes 2 and 3, the stiffness

matrix is

) 126 -1206
iy 18010 (1256x107)| 6 4 -6 2
I’ -12 -6 12 -6
6 2 -6 4

2 2 33
27.13 1356 -27.13 13.56 |2
K]=10¢| 1356 904 -1356 452 |2
—27.13 -13.56 27.13 -1356 |3
1356 452 -1356 9.04 |3

Assembling [K"] and [K®] using Equation 2.86 yields:

Fiy 966 9.66 -9.66 9.66 0 0 diy =
M, 9.66 12.88 —9.66 644 0 0 0,=0
Foy ==500 | | 4] 9.66 -9.66 36.79 39 -27.13 13.56 day
M, =0 9.66 644 39 21.88 —13.56 4.56 0,
E, = 0 0 2713 -1356 27.13 -1356 || 4,
M, =250 B 0 1356 452 -1356 904 || o

The first and second columns and rows are deleted to remove the
singularity from the stiffness matrix, and it becomes
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Fy =-500 3679 39 -27.13 1356 || 9
My=0 | ol 39 2192 -1356 456 || 6
E, =0 2713 ~13.56 27.13 —13.56 || ds,

M, = 250 1356 452 -13.56 9.04 || g,

There are four equations and four unknowns, and solving for
displacements and rotations, the results are

d,, =-0.0279 m
d;, =-0.0562 m
0, =-0.0227 rad

0, =-0.0337 rad

2.7 Analyzing a horizontal beam structure using ANSYS

The horizontal beam structure shown in Figure 2.9 is made of two solid
cylinders with different materials and radii. Determine the maximum
displacement and reactions at the support using ANSYS. Divide each
meter of the beam by 50 elements. For Beam 1: E =210 GPa, D =5 cm,
and for Beam 2: E = 180 GPa, D =4 cm.

Double Click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Individual discipline(s) to show in the GUI

W Stuctunl _ 4— ‘A

I~ Thermal
I~ ANSYS Fluid
I~ FLOTRAN CFD

Electromagnetic:
I Magnetic-Nodal
I Magnetic-Edge
[~ High Frequency
™ Electric
Note: If no individual disciplines are selected they will all show.

Discipline options

& h-Method
oK I Cancel Help

A select Structural
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Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add... | Opiions...l Delete |
Close Help |

Add...

The beam element can support the moment and the selected element
has two nodes.

Only structural element types are shown

Library of Element Types 3D finite strain

3 node 189

I 2node 188

Element type reference number

0K I

A select Beam
B select 2 node 188
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Defined Element Types:

ype 1 BEAM188

The illustrated theory for the beam in this chapter is based on the
third-order polynomial for deflection function. Therefore, in options,
the element behavior should be changed to a cubic form.

A

Options for BEAM18S, Element Type Ref. No. 1

Warping degree of freedom K1 WEI

Cross section scalingis K2 IWI

Element behavior a3 Cubic Form. A
Shear stress output Kd ’m

Section force/strain output K6 W

Stress / Strain (sect points) K7 [None ]
Stress/Strain (elmt/sect nds) vone <]
Section integration K1 l““'-“m'“i‘ -l

Taper section interpretation K12 m

Results file format K15 i‘“"g (corner nds) 'i

oK Cancel Help |

select Cubic Form. in Element behavior K3
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Defined Element Types:
pe 1 BEAM188

The beam cross-sectional area is specified in the beam section. In this
example, two beams with different radii and material properties will be
modeled.

Main Menu > Preprocessor > Material Props > Material Models

| Material Edit Favorite Help
Material Models Defined Material Models Available

0 21| | @ Favorites Al
@ Structural
@ Linear
o8 Elastic
o [ « ——

€ Orthotropic
€ Anisotropic
& Nonlinear
€ Density —_
@ Thermal Expansion
& Dampi
= : Cri"ﬁ?\rr\-?"nﬂmr-inrﬂ |

A Click on Structural > Linear > Elastic > Isotropic

The following window will appear, the modulus of elasticity for
the first beam will be specified, and any value for the Poisson ratio is
required to avoid an error message.
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Linear Isotropic Material Properties for Material Number 1

T
Temperatures
EX A
PRXY = B

Add Temperature | Delete Temperature |

oK

A type 210e9 in EX
B type 0 in PRXY

In the following steps, the material of the second beam will be speci-
fied. The ID for the first beam is one, while the ID for the second beam

is two.

In the Define Material Models Behavior

Material Edit Favorte  Help
Matenal Models Available

£
~N  Matenal Models Defined
Material Model Number 1 £ | & Favorites
i Structural

d Linear
@ Elastic
@

£ Orthatropic
@ Anisotropic
& Nonlinear
@ Density
& Thermal Expansion
3 Damping
e i}

Erirtian Fanfainm

A click on Material, then New Model

Define Material ID |2 A

oK Cancel |

A type 2 in Define Material ID
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Material Edit Favorite Help

Material Models Defined | Material Models Available
| | & Material Model Number 1 =l | | @ Favorites =i
@ Linear Isotropic @@ Structural
A 8 o Linear
@ Elastic
= Jisotropi i B
€ Orthotropic
€ Anisotropic
Nonlinear
€ Density —
@ Thermal Expansion
£ O i -]
| O [T i

A click Material Model Number 2

B click on Structural > Linear > Elastic > Isotropic
The following window will appear, the modulus of elasticity for the

second beam will be specified, and any value for the Poisson ratio is
required to avoid an error message.

Linear Isotropic Material Properties for Material Number 2

T

Temperatures
EX 180e9

PRXY 0

Add Temperature | Delete Temperature |

ok |

A type 180e9 in EX
B type 0 in PRXY
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Close the Material Model Behavior window

Main Menu > Preprocessor > Sections > Beam > Common Sections

Name

Sub-Type | ® -.-|
Offset To |Cemmid '| H

Offset-Z

A select the solid cylinder in Sub-Type
B type 0.025in R

1 SECTION PREVIEW
x = Controid o = ShearCenter DATA SUMMARY

025
— — T Area
P o ] = .001962

& i Izz

7 N 1 - .306E-06

r / I\ Y Warping Constant
/ V4 | \ \ - 0

| { | Torsion Constant

I \ = .612E-06
\ \ Centroid Y
- 405K~

o

18

| = .BO9YE-19
| | Shear Center ¥
\ \ % \\ / = .591E-18
.\ \ P N | / Shear Center %
\ | / = -.3B0E-18
-.0125 | < N )/\ / | Shear Corr. YY
™ | - 856914
N S G e s / Shear Corr. Yz
N = .358E-16
& Shear Corr. ZZ

\1\__ / - .856914

ANSYS graphics show the properties of the solid cylinder
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Offset To

Offset-Y

Offset-Z

A type2inID
B select the geometry of a solid cylinder in Sub-Type
C type 0.02inR

The process of modeling the beam structure is started here. First,
three keypoints are created followed by creating the lines. The x- and
y-coordinates for all keypoints are specified: (0,0) is the coordinate for
Keypoint 1, (0,2) for Keypoint 2, and (0,3) for Keypoint 3.

Main Menu > Preprocessor > Modeling > Create > Keypoints >
In Active CS

[K] Create Keypoints in Active Coordinate System

NPT Keypoint number L | 0.
XY.Z Location in active CS [o [0 —H _®
oK I Apply | Cancel | Help |

A type 1 in Keypoint number
B type 0 and 0 in X,Y,Z Location in active CS



BAR AND BEAM STRUCTURES 59

1 [K] Create Keypoints in Active Coordinate System

NPT Keypeint number 2 -+
X.Y.Z Location in active CS [2 [ —

©0

ok | Apply | Cancel | Heip |

A type 2 in Keypoint number
B type 2 and 0 in X,Y,Z Location in active CS

[K] Create Keypoints in Active Coordinate System

e EN— Al
XY.Z Location in active CS 13 [|0 H—+. _.®
ok | Apply | Cancel | Heip |

A type 3 in Keypoint number
B type 3 and 0 in X,Y,Z Location in active CS

Main Menu > Modeling > Create > Lines > Lines > Straight Line

Click on Keypoint 1 then 2, and then click on Keypoint 2 then 3. In
Create Straight Line window, click on

K amava 14.5

ANSYS graphics show the three keypoints and two lines

The modeling task is ended at this point. Before meshing the lines,
the radius and material properties should be specified for the two lines.
All lines by default have ID number 1. Hence, only properties of Beam 2
should be changed to ID number 2. Each meter of the beam is divided
into 50 elements. Therefore, the first beam will be 100 elements, while
the second beam will be 50 elements.
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Main Menu > Preprocessor > Meshing > Mesh Tool

4

el e lefe L

A select Lines
B click on Set

Select Line 2 only. In Line Attributes window, click on

The following Line Attributes window will show up. By selecting
number 2 for material number and element section, the properties of
number 2 are assigned to the line number 2.

[LATT] Assign Attributes to Picked Lines
MAT Materisl number [ e— —Q
REAL Real constant set number INn"’ defined -
TYPE Element type number | 1 BEAMIES -
SECT Element section | 2 -|4— _g
Pick Orientation Keypoint(s) ™ Ne |

oK | Apply | Cancel | Help

A select 2 in Material number

B select 2 in Element section
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Main Menu > Preprocessor > Meshing > Mesh Tool
“MeshTool

Element Altributes:

s |
™ Sman Size

£ i)

Fine 3 Coane

=
o MR

FRefne ot IElem; -

:

Cloze Help

A click on Set in Lines
In Element Size on Picked Lines window, click on

Pick All

In Element Size on Picked Lines window, there are two options:
specify the length of elements or the number of element divisions for
a line. For the present example, each meter of the beam is divided into
50 elements. Or, the length of the elements is 0.02.

[LESIZE] Element sizes on picked lines

S et B
NDIV Mo of element divisions !:
{NDIV is used anly i SIZE is blank or zerc)
KYNDIV SIZE,NDIV can be changed W Yes
SPACE Spacing ratio :
ANGSIZ Division arc (degrees) I:l

[ use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zerc)

Clear attached areas and volumes

-

Neo

ok | apply | Cancel | Help

A type 0.02 in Element edge length
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A click on Mesh

Reioe ot [Elmers =]
Refine

o | He |

In Mesh Lines window, click on

Utility Menu > Plot > Nodes

1
monen

-
£

ANSYS graphics show the nodes

Modeling and meshing are completed at this point. Next, the bound-
ary conditions are applied starting with the support and then the force
and moment. This order is not important for the solution. Loads are
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applied at the keypoints, which will automatically be transferred to the
nodes.

Main Menu > Solution > Define Loads > Apply >
Structural > Displacement > On Keypoints

Click on Keypoint number 1. In Apply U,ROT on KPs window,
click on

[DK] Apply Displacements (U,ROT) on Keypoints
Lab2 DOFs to be constrained A

Apply as
If Constant value then:
VALUE Displacement value B

KEXPND Expand disp to nodes?

Apply | Cancel |

A select All DOF
B type 0 in Displacement value

Main Menu > Solution > Define Loads > Apply > Structural >
Force/Moment > On Keypoints

Click on Keypoint 2. Then, in Apply F/M on KPs window, click on

Apply as
If Constant value then:
VALUE Force/moment value B
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A select FY in Direction of force/mom

B type —500 in Force/moment value

Click on Keypoint 3. Then, in Apply /M on KPs window, click on

[FK] Apply Force/Moment on Keypoints
u Lab Direction of force/mom

Apply as Constant value >

If Constant value then:
VALUE Force/moment value

Cancel I Help I

A select MZ in the Direction of force/mom

B type —250 in the Force/moment value

ANSYS 14.5

I"rﬁ: E E
H

ol
E

ANSYS graphics show the nodal force and moment with direction

The final step is to run the ANSYS solution. ANSYS will assemble
the stiffness matrices, apply the boundary conditions, and solve the
problem.
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.

A\ Mot

| @ Solution is done!

Main Menu > General Postproc > Plot Results > Deformed Shape

[PLDISP] Plot Deformed Shape
KUND Items to be plotted

" Def shape only

@ Bef+ undeformed| «——4—()

" Def + undef edge

Hep |

A select Def + undeformed

ANSYS graphics show the beams before and after applying the loads
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Main Menu > General Postproc > List Results > Nodal Solution

~ Item to be listed

@ Favorites
& Nodal Solution
& DOF Solution
@ X-Component of displacement
@ « A
@ Z-Component of displacement
@ Displacement vector sum
@ X-Component of rotation
@ Y-Component of rotation
@ Z-Component of rotation
@ Rotation vector sum
& Stress
@ Total Mechanical Strain
& Elastic Strain
Kl

Value for computing the EQV strain

A click on Nodal Solution > DOF Solution > Y-Component of
displacement.

-0.5088 7E-81
-0.50729E-81
-8.51375E-81
—-8.52825E-01
-0.52680E-81
-0.53339E-61
-0.54003E-01
-8.54671E-81

s*xxxx POST1 NODAL DEGREE OF FREEDOM LISTING s
LOAD STEP= 1 SUBSTEP=

1
TIME= 1.0000 LOAD CASE= @

THE FOLLOWING DEGREE OF FREEDOM RESULTS ARE IN THE
GLOBAL COORDINATE SYSTEM

uy
-8.55344E-01
-08.56021E-01
-8.56702E-01

MAXIMUM ABSOLUTE UALUES
NODE 182
UALUE -8.57388BE-61

A list of nodal displacements in the y-direction is shown. The maxi-
mum nodal displacement is shown at the end of the file, and node 102 has
the highest deflection of —0.057388. Comparing with only two elements



BAR AND BEAM STRUCTURES 67

mesh solution in the previous example, maximum nodal displacement
was —0.0562 m, which is close to the ANSYS result. The nodal reactions
are determined in the following step:

Main Menu > General Postproc > List Results > Reaction Solution

Wil [PRRSOL] List Reaction Solution

Lab Item to be listed A
Struct force FX
FY
FZ
All struc forc F
Struct moment MX
MY
MZ
All struc mome M

[ All items

Cancel |

A select All items

PRRSOL
File
PRINT REACTION SOLUTIONS PER NODE
wwwwn POSTL TOTAL REACTION SOLUTION LISTING wwewsse

LOAD STEP= 1 SUBSTEP= 1
TIHE= 1.0888 LOAD CASE= @
THE FOLLOWING X.Y.Z SOLUTIONS ARE IN THE GLOBAL COORDINATE SYSTEHW
NODE F¥ FY FZ HX Y HZ
1 0.0888 5808.80 B8.8888 B.23829E-15-08.23617E-13 1250.0
TOTAL UALUES
UALUE 0.0008 500.08 @.8008 8.23829E-15-0.23617E-13 1250.8

The results are for node 1 only, the fixed node boundary, and the
moment reaction is listed. Notice that the reaction force and moment
at the fixed boundary are equal to in negative value the applied force
and moment, which ensures the balance of force and moment in the
structure.

2.8 Development of an arbitrary-oriented beam element

Practically, the beam elements are not horizontal, but they can be
arbitrary oriented in two- or three-dimensional space to form a com-
plex structure. For two-dimensional space, each node possesses three
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FIGURE 2.11
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degrees of freedom: x-displacement, y-displacement, and rotation.
Additionally, there are forces in the x- and y-directions and a bend-
ing moment at each node. Figure 2.11 shows an arbitrary-oriented
beam element at an angle ¢ with the global x-axis. At node 1, the local
x-direction and y-direction forces are F,, and ﬁly, respectively, and the
bending moment is M. At node 2, the local x-direction and y-direction
forces are F,, and Ey, respectively, and the bending moment is M,.
These forces and bending moments cause the beam to bend. Node 1 is
displaced in the local x- and y-directions d,, and diy, and rotated at an
angle ©,, while node 2 is displaced in the local x- and y-directions da,
and azy, and rotated at an angle 6,.

The beam has modulus of elasticity E, uniform cross-sectional
area A, moment of inertia I, and initial length L. Since the solu-
tion for axial displacements, the transverse deflection, and rotation
is independent, the bar and horizontal beam are combined to form
an axial flexural beam element. The bar element has a stiffness
equation of

F,, 1 || dis
P {_ABL L -1 4 2.110)
F2x L _1 1 d2x
and a horizontal beam element has a stiffness equation of
Ey 12 6L _12 6L aly
M R 2 0
1 (_EIl 6L 4L° —6L 2L O @.111)

Fy [ U'|-12 6L 12 —6L || d,,

y
M, 6L 12 —-6L 412 0,

An arbitrary-oriented beam element at an angle ¢.
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Hence, the stiffness equations of bar and beam are combined as

L L

C 12El  G6EI 12BI  6EI |[_
L I T T T T |
Fiy o OFL 4EL  6EL 2B || dy
M| L L I’ L 6,
Bl [ZBL g g BL g o ||
By - 12EI  GEI - e e ||
B I T R T AL T R T

GEI  2EI GEI  4EI

0o = = o -2 =

I 2L oL

(2.112)

The axial flexural beam element is lying along the local x-axis and
the local x-axis is oriented at an angle ¢ measured counterclockwise
from the global x-axis. The transformation matrix [T] is used to transfer
the local nodal forces and moments, and nodal displacements and rota-
tion from local coordinate to the global one. The nodal displacements
and rotation vector in a symbolic form are as follows:

{d}=[T){d} (2.113)

and the nodal forces and bending moment vector in a symbolic form are

{F}=[TH{F} 2.114)

where

cos® sin6 0 O 0
—sin® cos® 0 O 0
0

0 0 1 0

[T]= @.115)

0 0 O cosO sin0
0 0 O —sin® cosO
0 0O 0 O 0

0
0
0
0
0
1

Since {F}:[K]{a}, and using the transformation matrix, the
following equation is obtained:

[TH{F}=[K][T]{d} (2.116)
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By multiplying both sides of Equation 2.116 by the inverse of the
transformation matrix, the global force vector is expressed as

{F}=[T]"'[K][T]{d} (2.117)

Since the transformation matrix is orthogonal, its transport and
inverse are equal, and therefore,

{F}=[T]"[K][T]{d} (2.118)

Since the global force vector, {F} = [K]{d}, is equal to the global
force vector in Equation 2.118, the global stiffness matrix can be
written as

[K]=[TT'[K][(T] 2.119)

The stiffness matrices, force vectors, and displacement vectors are
assembled as follows:

N

[K]= ) [K“] (2.120)

e=1

{F}= ZN:{F“’} @.121)

{d}= i{d“’} (2.122)

Finally, the global stiffness matrix is used to relate the global nodal
force vector to global displacement vector for the entire structure by

{F} = [K]{d} (2.123)

2.9 Distributed load on a beam element

Unlike the bar elements, beam elements can support a distributed load.
The distributed load can be uniform, varying linearly, or randomly dis-
tributed. The work equivalence method is used to replace the distributed
load by concentrated nodal forces and moments. Consider the beam sub-
jected to a distributed load, as shown in Figure 2.12a.

The work due to the distributed load is expressed as

L
Wiist ZJ'P(X)V(X)dX (2.124)
0
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P(x)

A E ¢ i L g

FIGURE 2.12 (a) Beam that is subjected to a distributed load and (b) its equivalent nodal forces and
moments.

where P(x) is the distributed load on beam with length L and v(x) is the
transverse displacement of a beam. The work due to the discrete nodal
forces and moments is given by

W = M6, + M6, + F, d, + F,d,, (2.125)

Hence, the distributed load can be replaced by equivalent nodal
forces and moments, as shown in Figure 2.12b. M;, M,, F,,, and F,, are
determined by setting W, = W, as follows:

ly»

L

JP(X)([é(d]y - dzy)+%(e, +92)] x’ +[—L32(d,y —dyy)- %(291 —92)])(2
O +61x+d1y)dx=M191 +M,6, +F,d,y +Fydy,

(2.126)

For example, consider the case where the applied distributed pressure

is uniform on a horizontal beam, P(x) = —P,. Integrating Equation 2.126
with respect to x between 0 and L gives the following:

_[ 2 (=) 50 +ez)]

r
L 3 1
b= an-a)- L0 -0)| @.127)
L3 L2
? - 91 ? - dly L = M191 + M292 + Flydly + F2yd2y
then,
F, = —% (2.128)
2
M, =— Dol (2.129)
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P,L
By =—=2 (2.130)
2
P,L’
M,=-2° 2.131
2= ( )
Or, in matrix form,
_PL |
2
Eyy P12
M, 12
Fis = = 2.132
{Fasc } B, PL ( )
M, 2
P,L’
12

In general, the concentrated nodal forces and moments, which are
equivalent to the distributed load, are added to the applied nodal forces
and moments to obtain the actual global nodal forces and moments as
follows:

[KHd} = {F} + {Fyi.} (2.133)

For a linearly increasing pressure along a beam, P(x) = —P_x, the dis-
tributed load can be replaced by equivalent nodal forces and moments,
M,, M,, F,;, and F,,. Equation 2.126 is integrated, and the equivalent
nodal forces and moments are determined by setting Wy, = Wy, and
the final result is

3PL
20
Fiy PL

{Fuu} = 11:/2[; + ?gL (2.134)
M, S 20
5PL?
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2.10 Analyzing beam structure under a transient loading
using ANSYS

For the three-dimensional beam structure shown in Figure 2.13, a tran-
sient harmonic force, with a frequency of f = 1/500 s~! and amplitude of
A =100 kN, is applied at the shown location. Use ANSYS to determine
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2 E (D)
4m
8 7
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4m
4 3
Y a 77777 777
1] X 2 Z
R 7777 &
>
“ | 4m | \( FIGURE2.13  Astructure
: under transient loading.

the displacement at the point where the force is applied as a function of
time. Also, create an animation file. The total time for the loading process
is 2500 seconds. The beams are made of circular cross-sectional pipe,
E =200 GPa, and with inner and outer radii of R;=0.12 m, R = 0.15 m,
respectively. Mesh each beam by 10 elements. Use the following formula
to simulate the applied transient force:

F, () = A sin(2=nft)
Double clicks on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Indrvidual discipline(s) to show in the GUI

[ Thermal
I~ ANSYS Fluid
[~ FLOTRAN CFD
Electromagnetic:

[ Magnetic-Nodal
I Magnetic-Edge
™ High Frequency
™ Electric

Note: If no indridual disciplines are selected they will all show.,

Discipline options

& h-Method
oK Cancel | Help

A select Structural
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Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:
NONE DEFINED

Add... Options... | Delete |
Close Help |

Add...

The beam elements can support the moment and have three-
dimensional capability.

Only structural element types are shown
Library of Elernent Types Structural Mass 3D finite strain

Link B
A || 3node 189
Pipe
Solid
Shell
Solid-Shell

Element type reference number

0K|

A select Beam
B select 2 node 188
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Defined Element Types:
ype 1 BEAM188

Options for BEAM1E8, Element Type Ref. No.1

Warping degree of freedom KL
Cross section scalingis K2
Element behavior L]
Shear stress output K4
Section force/strain output K6
Stress / Strain (sect points) K7
Stress/Strain (elmt/sect nds) K9
Section integration K1
Taper section interpretation K12

Results file format K15

oK |

Cancel

[forsonalonty <]

|At intgr points

|NONE

{NONE

|Automatic - |
| Linear »: |

|Avg (corner nds)

Help |

A select Cubic Form. in Element behavior K3

75
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Defined Element Types:
ype 1 BEAM188

For material properties, only the modulus of elasticity is required.
In this example, all beams have the same geometry and material
properties.

Main Menu > Preprocessor > Material Props > Material Models

Wl Material  Edit Favorite Help
~ Material Models Defined Material Models Available
8 =l || @ Favorites
@8 Structural

@ Linear
@8 Elastic

- Jsotropi - A

€ Orthotropic
€ Anisotropic
@ Nonlinear
@ Density
& Thermal Expansion
@ Damping

@& Crictinn Canfficinnt

A click on Structural > Linear > Elastic > Isotropic
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Linear Isotropic Material Properties for Material Number 1

T1
Temperatures
EX 00e9 « ‘Al
PRXY < B)
Add Temperature | Delete Temperature | Graph|

nx|:aul|u¢||

A type 200e9 in EX
B type 0 in PRXY

Close the Material Model Behavior window

The beam cross-sectional properties are specified in sections. The
geometry of the cross-sectional area of the pipe will be selected and
radii are specified. The number of divisions along the circumference is
20 to ensure a smooth circular cross section.

Main Menu > Preprocessor > Sections > Beam > Common Sections

o
o 3

Sub-Type (o] 4—0
Offset To IC:ntloid -

Offset-Y

Offset-Z

il

] B
he 015 e
N 20 ’D
ok | ey |
Close I Preview |
Help I Meshview

A select the cross-sectional geometry of a pipe
B type 0.12 in Ri

C type 0.15in Ro

D type20in N
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1 SECTIOH PREVIEMW

x = Cemtroid o = ShearCenter CATA SUMMARY
15
Area
//K - _02544C
o~ “ T
o “—-ﬁ_\x\ \\ i .235E-03
el S \ Tyz
A ™ - 0
-0Ts L B+
= .235E-03

Harping Conatant
Torasion Conatant

= .4693E-03
Centroid ¥
@ T = .245E-16
Centroid 2

= .245E-17
Shear Center ¥

= .3I04E-17
Shear Center 2

-T26E-16

= i / Shear Corr. YY

/ / = .510253
\ \ P Shear Corr. Y2
u,__g'// 3 = _19BE-14

\‘u Shear Corr. 22
B - .510253
15 - 5
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ANSYS graphics will show geometrical properties of the pipe

The process of modeling the beam structure is started here. First,
keypoints are created, followed by creating the line connecting the key-
points. The x- and y-coordinates of each keypoint are specified. The
coordinate for Keypoint 1 is (0,0,0).

Main Menu > Preprocessor > Modeling > Create > Keypoints >
In Active CS

[K] Create Keypoints in Active Coordinate System
|| NPT Keypoint number

XY.Z Location in active C5

ok | Apply |

A type 1 in Keypoint number
B type 0, 0, and 0 in X,Y,Z Location in active CS

Similarly for other keypoints, (4,0,0) is the coordinate for Keypoint 2;
4,0,-4) is for Keypoint 3; (0,0,-4) is for Keypoint 4; (0,4,0) is for
Keypoint 5; (4,4,0) is for Keypoint 6; (4,4,—-4) is for Keypoint 7; (0,4,-4)
is for Keypoint 8; and (2,8,-2) is for Keypoint 9. To view the keypoints at
different directions, the Pan-Zoom-Rotate is used:



BAR AND BEAM STRUCTURES

Utility Menu > PlotCtrls > Pan-Zoom-Rotate

= o aw»

[Close]

Main Menu > Modeling > Create > Lines > Lines > Straight Line

=
To| Fu] o
oo | o] o
| pn] e |
Zoom | BackUu[
BwZounl Win Zoom

A
A [e]p
__¥
X0l
Y=0][0+¥] |+ @
z=el[0w]

0
£ N -

Rate

this group is for viewing a geometry at different directions

this group is for zooming and panning

this group is for rotating the geometry

click on Keypoint 1 then 5
click on Keypoint 2 then 6
click on Keypoint 3 then 7
click on Keypoint 4 then 8
click on Keypoint 5 then 6
click on Keypoint 6 then 7
click on Keypoint 7 then 8
click on Keypoint 8 then 5
click on Keypoint 5 then 9
click on Keypoint 6 then 9
click on Keypoint 7 then 9
click on Keypoint 8 then 9

79

this group is for zooming at a specific region in ANSYS graphics

this group is for fitting the geometry, resetting, closing, and helping
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TrEE

ANSYS graphics show the keypoints and lines

The modeling task is ended at this point. Before meshing the lines,
each meter of the beam is divided into 10 elements. Therefore, the
beams’ element length is 0.1 m.

Main Menu > Preprocessor > Meshing > Mesh Tool

MeshTool
Element Attrbutes:

s |
™ Smart Size

[ |

Fine & Coanze

Size Controls:

A click on Set in Lines
In Element Sizes on Picked Lines window, click on

The following window will show up. In Element Sizes on Picked
Lines window, there are two options, specifying either the length of
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elements or the number of element divisions. For the present example,
each meter of the beam should be divided into 10 elements. Alternatively,
the length of the element is 0.1.

[LESIZE] Element sizes on picked lines
SIZE Element edge length
NDIV  No. of element divisions

KYNDIV SIZE,NDIV can be changed
SPACE Spacing ratio

B e———

i

—

Yes

(NDIV is used only if SIZE is blank or zerc)

<

A

ANGSIZ Division arc (degrees)

L1
]

( use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear sttached areas and volumes

apply |

—|
F

Cancel |

A type 0.1 in Element edge length

—bMuhl l:lul
Refmeat [Elements =]
_ heme |
Dml Help |

A click on Mesh
In Mesh Lines window, click on
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Utility Menu > Plot > nodes

Modeling and meshing is completed at this point. Next, the solution
is switched to transient, and unsteady parameters will be specified. The
boundary conditions are applied starting with the supports, and then
the transient force. This order is not important for solution.

Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type of analysis

" Static
" Modal

" Harmonic

" Eigen Buckling
" Substructuring/CMS

Help |

A select Transient

[TRNOPT] Solution method

" Mode Superpes'n

[LUMPM] Use lumped mass approx? [T No

The total time duration for the process is 2500 seconds. To ensure
that the obtained results are accurate, the total time duration is divided
into 100 time steps. Hence, the time step for this problem is 25 seconds.
Results for all time steps are stored by selecting Write every substep
option in Frequency. Otherwise, only the result at time step 2500 seconds
will be stored.
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Main Menu > Solution > Analysis Type > Sol’n Control

T,

Basic | Transient |SofnOptons| Norinear |AdvancedNL|

Analysis Opbions
[Small Displacement Transient |
™ Calcuiate prestress effects

Time Control
L Time atend of loadstep  [2500
Automatic time stepping  [Prog Chosen =]
 Number of substeps

?

@— — = [Time increment

e— 3 Time step size 5
Minimum time step ,07
Manmum time step o

Wite Bems 1o Results File
& All soluion items.
© Basic quantibes
T~ User selected

x| oma | e |

type 2500 in Time end of loadstep
select Time increment

type 25 in Time step size

g a=w »

select Write every substep

The function editor is used to apply transient force formula as a nodal
force. This technique is simple and convenient for this problem since an
equation for the force is given. The function is plotted to ensure correct

typing.

Main Menu > Solution > Define Loads > Apply > Structural >

Displacement > On Keypoints

Click on Keypoint numbers 1, 2, 3, and 4. In Apply U,ROT on KPs

window, click on

[DK] Apply Displacements (U,ROT) on Keypoints
Lab2 DOFs to be constrained

Apply as
If Constant value then:
VALUE Displacement value

KEXPND Expand disp to nodes?

ok | Apply

A select All DOF
B type 0 in Displacement value

83
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Main Menu > Solution > Define Loads > Apply > Functions >
Define/Edit

Fle Eda Help

Function IRegurne 1 ] Regime 2 ] Regime 3] Regime 4 ] Regime E-] Regime ﬁ}

Function Type
& Single equation
© Muttivalued function based on regime variable IcReglchar:-
(XYZ)intepretedincsys:l0 o
Resutt =[10063'5in(23 1415/500°7TVE)  +——— —0D
© Degrees & Radians
usT
(| o fomen| e E )
MIN ASIN ety
mlmlwl?‘a‘glrlmml
RCL ACOS 10"
il I N I I I R
INSMEM  ATAN _ SQRT
sl o | 2| s | - |
P xM1ly) T
NV |ATANZ[ Xy | 0 [ I * | E

A type the equation: 100e3*sin(2%3.1415/500*{ TIME})
B click on GRAPH

Result=100e3*sin(2*3.1415/500*TIME})

[ Variable Data

cmmel

Range Data

X-Axis Range: t0[2500 : A
Number Of Points: B

A type 0 and 2500 in X-Axis Range
B type 100 in Number Of Points

Then 0 and 2500 are the range of the data on the x-axis, while 100 is
the number of points to be plotted. Number Of Points has nothing to do
with the accuracy of the results, and a higher number will just create a
smooth plot. The equation should be saved.
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ANSYS graphics show the oscillating function of the force

In Equation Editor window, click on File then Save

Save the file as ForceX, and this file name is optional. After saving

the function, it is required to load it to the ANSYS
read file.

Close the Function Editor window

solution using the

Main Menu > Solution > Define Load > Apply > Functions >

Read File

Select the file ForceX from Open window, and then click on

Comments
iy
=l
Table parameter name
[Forcex +

Local coordinate system id for (x, y, x) interpretation

g E|
Fum:honl
Equation
Rt = 100635023 1415/500°(TIME}] |
=
Constant Values
None =]
=

oK
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A type ForceX in the Table parameter name. This name is optional,
and should not be the same as the file name of the function.

Utility Menu > Plot > Lines

Main Menu > Solution > Define Loads > Apply > Structural >
Force/Moment > On Keypoints

Click on Keypoint number 9. In Apply F/M on KPs window, click on

[FK] Apply Force/Moment on Keypoints
Lab Direction of force/mom

Apply as Existing table v

If Constant value then:

VALUE Force/moment value l:l

Apply | Cancel | Help |

A select FX in the Direction of force/mom

B select Existing table

The following window will show up to select the function.

Apply Table Loads
Existing table i A

oK I Apply I Cancel I

A select FORCEX

The final step is to run the ANSYS solution. ANSYS will assemble the
stiffness matrices, apply the boundary conditions, and solve the problem.
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

| Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.

....................

'\i) Solution is done!

An animation of the deformed structure from time = 0 to 500 seconds
can be easily accomplished using animate in the PlotCtrls option in Utility
Menu. The Number of the frames in the animation over time is the number
of pictures in the avi file, while the animation time delay is the display
period between two pictures. Fifty frames produce a good resolution file.
With 0.5 s, the file duration is 250 s (500 frames x 0.5 delay).

Main Menu > General Postproc

Utility Menu > PlotCtrls > Animate > Over time ...

Ani time P of results)
Nurmber of animination frames ) - n
Model result data
" Current Load Stp
 Load Step Range
@ ffime Range ¢ ®
Range Minimum, Masimum b 1 ®
Auto contour scaling ¥ On
Animation time delay (sec) 05
[PLDLPLNS, PLVE PLES, PLVFRC]
Contour data for animation Use Last D = 6
® T e
|Stress L Uy -
Strain-total I uz
Energy UsUM >
|Strain ener dens
| Strain-elast || Deformed Shape
oK Cancel Help I

A type 50 in Number of animation frames
B select Time Range
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C type 0 and 500 in Range Minimum, Maximum
D select DOF solution
E select Deformed Shape

ANSYS creates an animation for the deformation.
The displacement at any point in the structure can be displayed as a
function of time using the time history postprocessor. For this problem,

the displacement at the point where the force is applied as a function of
time is required.

Main Menu > TimeHist Postpro

=
Q—tti;l!ﬁﬁﬂlﬁsi.ﬂ Rea El
Vanable List @®|
Name Element  |Node Result Bem Minimum Maximum | -|
il | _,JJ
Calculator ®|
[ uwxz =[nsok321 U %)
] | ) I I K| k|
R - | | o | o]
RCL
sof e « [ s | o | - | < |
INS MEM
L 0 I I I S B -
INT1 T
mluﬁmlml 0 | | - | =
[~ Result tem
@& Favorites
o€ Nodal Solution
& DOF Solution
L gX-Component of displacement A

@ Y-Component of displacement
@ Z-Component of displacement

=l V Tammnanant of catabian

|4

— Result ltem Properties

Variable Name |UX_2
Sector Number

A click on Nodal Solution > DOF Solution > X-Component of
displacement.
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Click on the Keypoint number 9, where the force is applied, and in
Node for Data window, click on

File Help

__gyymﬂ &l [None RS Real 2

Name Element Node Result tem Minimum | Maximum [_|-

TIME Time 25 2500
1249 X-Component of displacement

Calculator @|

| Ux_2 =[nsol(321,U X)

ll)l | -l |

MIN CONJ ex

::_:l aﬂhl LN | 7 ‘ 8 ‘ 9 ‘ I ‘am‘
e | | | - | - |
| EEENENEN-
wifoemin] o | | .|
A click on the graph button
1m26 .\R’SEI
T I T T T
,!\ AL IPA IPAE A
I O
LYV I IV I VALY,

ANSYS graphics show the displacement history of the selected location
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As shown, the maximum displacement in the x-direction is
0.00420747 m.

PROBLEM 2.1

For the bar structures shown in Figure 2.14a through 2.14d, determine
the horizontal and vertical nodal displacements, using the finite element
method, given that E = 210 GPa, A = 2.5 x 10* m?, F = 0.5 kN, and
L=0.5m.

PROBLEM 2.2

For the bar structures shown in Figure 2.14a through 2.14d, determine
the horizontal and vertical nodal displacements, using ANSYS, given
that E =210 GPa, A=2.5x 10*m?, F=0.5kN, and L = 0.5 m.

PROBLEM 2.3

The horizontal beam structures, shown in Figure 2.15a through 2.15d,
are made of different materials and cross-sectional areas. Determine
the nodal displacements and slopes, using the finite element method,
given E, = 270 GPa, E, = 215 GPa, E;= 170 GPa, I, = 2.5 x 10-® m?,
I,=5x10"°m?* and I;="7.5 x 10-° m*.

L/2

45°

2xF

L » 3xF
L2

(© &)

FIGURE 2.14 Bar structures.
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E17 Il El’ Il
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(a)
0.5 kN 0.1 kN

1.25 kN 0.75 kN

€4— 15m —>|<7 3.0m 4>|¢ 1.0m ->|
(d)

FIGURE 2.15 Horizontal beam structures.

PROBLEM 2.4

The beam structures, shown in Figure 2.16a through 2.16d, are made
of solid cylinders with different materials and radii. Determine the
maximum nodal displacement and reaction at the support(s) using
ANSYS. Divide each meter of the beam by 25 elements, given
E,= 170 GPa, E, = 210 GPa, E;= 270 GPa, D,=2 cm, D,= 5 cm, and
D;=7 cm.
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0.5 kN 0.75 kN

FIGURE 2.16 Two-dimensional beam structures.

PROBLEM 2.5

For the three-dimensional beam structure, shown in Figure 2.17, tran-
sient harmonic forces with a frequency of f = 1/250 s! and amplitude of
A = 0.85 kN are applied at the shown locations. Use ANSYS to deter-
mine the displacement at the points where the forces are applied as a
function of time. Also, create an animation for the loading process. The
total time duration for the loading process is 1250 seconds. The beams
are made of rectangular cross-sectional pipe, as shown in Figure 2.17,
and E = 180 GPa. Mesh each beam by 10 elements. Use the following
formula to simulate the applied transient forces:

E, (0 = A sin(@nft)
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FIGURE 2.17 Three-dimensional beam structure with transient forces.

PROBLEM 2.6

For the beam structure shown in Figure 2.18, two transient harmonic
forces are applied at the shown locations. Use ANSYS to determine the
displacement at the points where the forces are applied as a function
of time. Also, create an animation for the loading process. The total
time duration for the loading process is 5000 seconds. The beams are
made of circular cross-sectional pipe, E = 200 GPa, with inner and
outer radii of R;= 0.1 m, R,= 0.11 m, respectively. Mesh each beam
by 10 elements. Use the following formulas to simulate the applied
transient forces:

F,(t)=100 sin(@)
500

F, (t) =200 sin( 0

2mt )
00

RAACNN

[ — 1.25m—>|<7 2.5m 4"4— 1.25m—>|

FIGURE 2.18 Horizontal beam structure with transient forces.
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CHAPTER THREE

Solid mechanics

3.1 Stress—strain relations

In this chapter, finite element development of two-dimensional solid ele-
ments is described. The development is limited to plane stress—strain
elements. The plane stress is defined as the state of stress in which the
normal and shear stresses are perpendicular to the plane. Alternatively,
the loads on the body are in the xy-plane only. The plane strain is defined
as the state of strain in which the normal and shear strain are perpen-
dicular to the plane. Stress is defined as the magnitude of force AF on a
unit area AA, as the unit area approaches zero,

6= lim — 3.1

Figure 3.1 shows a two-dimensional stress acting on an element
with width dx and height dy. The element is treated as two-dimensional
with a unit depth. The normal stresses o, and G, are acting in the x- and
y-directions, respectively. Shear stress T, is acting in the y-direction and
normal to the x-plane. Shear stress T, is acting in the x-direction and normal
to the y-plane. From the moment of equilibrium, T, must be equal to T,,.

The equilibrium equation for two-dimensional stresses can be
obtained, and the net force in the x-direction should be zero:

00 a1t
O, +— |dy—o,dy+| T, +— |dx — T, d 3.2
Simplifying Equation 3.2 yields
J6, 0T,
=2 =0 33
ox  dy G-

Similarly, the equilibrium equation for two-dimensional stresses in
the y-direction is
do, N OTyy
ox  dy

=0 3.4
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FIGURE 3.2
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o +do
Y y

— 1 T+ dryx
T +dt
Xy Xy

o o +do
x x

T
xy

Yy Tix ¢
v
FIGURE 3.1 Two-dimensional L‘ o

Yy
state of stress. X

Strain is defined as the magnitude of elongation Ad due to stresses
divided by its original length AL, as AL approaches zero,

e= lim 43 (3.5)
AL-0 AL

Figure 3.2 shows a state of two-dimensional strain. There are two
types of strain: longitudinal strain due to stress, as shown in Figure 3.2a,
and shearing strain due to shear stress, as shown in Figure 3.2b. The
shearing strain is defined as the change in value of the originally right
angle in an unstrained state. In Figure 3.2a, u is the displacement in the
x-direction and v is the displacement in the y-direction.

From Figure 3.2a, the strain in the x-direction can be expressed as

du

u+ d— dx |—u du

g=lm~—& /& (3.6)
dx—0 dx dx

_LnV AL ; ‘_J &
y 1=1 --d y B i IEC‘X
R
X X

(a) (b)

(@) Longitudinal and (b) shear strains.
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Similarly in the y- and z-directions, the strains are, respectively,

dv
v+—dy |-V
: dy dv
g, = lim ~——"""——=—

dy—0 dy dy

dw
w+—dz |-w
. dz dw
g, =lim—"—~>—=——

dz—0 dz dz

3.7

3.8)

As shown in Figure 3.2b, the shearing strain in the xy, Xxz-,
and yz- planes is equal to the sum of changes in angle, respectively,

aV au

gy —d
Ty = 0n dx dy ox

a—de a—udz P
Yoo =V = ox ,0dz _9W

i dx dz ox
ow

?dz gdy Iy

-sz :Yzy :Z7+7—7

dz dy oz

Jdu

dy

Ju
0z

ow

ady

3.9

(3.10)

3.11)

The stresses and strains can be presented in a vector form as follows:

O
GY
O
o1=1 7
TXZ
Ty,
Ju
ox
N
& ox
g ow
€, 0z
le}= Yo [] u v
7+7
Yo dy Jx
Yy du  ow
) . 8Z+ax
aw ov
dy 0oz

(3.12)

(3.13)
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According to Hooke’s law, the stress and strain are related by the
modulus of elasticity E. The stress—strain relation in the x-direction is

expressed as

o, =Ee

X X

(3.14)

Elongations in the y- and z-directions are caused by stress in the
x-direction and stress lateral direction. Using Poisson’s ratio v, which is
defined as the lateral strain over the axial strain, the elongation in the
y- and z-directions due to x-direction stresses can be determined as follows:

Ox
€y =€, =—-VE = —VE

(3.15)

The shearing stress and the shearing strain are related by modulus of

shear G. For the xy-plane,

Txy = Gny
where
E
G =
2(1+v)

Hence, the generalized Hooke’s laws are written as

1

g, = E(Gx -v(o, +cz))
1

g, = E(Gy —V((Sx +GZ))

€, =%(GZ - v(o, +0y))

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

3.21)

(3.22)

(3.23)

(3.24)

(3.25)

2(14+v
Ty = (E )TXy
2(14v)
sz= E Tyz
_2(+v)
zX E zX
Expressing Equations 3.18-3.20 and 3.21-3.23 in terms of strain com-
ponents as
c —L(s +e,+e )+is
+v)(d=2v) T T ey
o —L(e +e, +E )+ie
Yo+v)(=-2v)Y T T ey

c —L(e +e,+e )+is
Co+v)(=2v) T T v

(3.26)
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Ty = . PYIRRL
2(1+v)
Ty, = E Iy
2(1+v)
E

TZX ZX
2(1+v)
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3.27)

(3.28)

(3.29)

For plane stress cases, all stresses in the z-direction are assumed zero,

C,=T,="1

ZX°

1
g, = E(Gy -vo,)

€, =%((5x +0y)

2(1+v
Yy = (E )‘ny

Stress—strain relations are expressed as

o= etve)
E

oy =1 (gy +vey)

Ty

and strain—stress relations are expressed as

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

For the plane strain case, all strains in the z-direction are assumed to

be zero, €, =7, = v,,, and strain—stress relations are expressed as

o= B (ex+ey)+iex
(1+v)(1-2v) I+v
Gy:7VE (ax+ay)+isy
(1+v)(1-2v) 1+v
o, =L=V(Gx +0,)
(1+v)(1-2v)
E

T
YTy ™
Stress—strain relations are expressed as

€, = IEV((l—V)GX -vo,)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)
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g, = 1%"((1— V)6, -vo,) (342

2(1+v
Yxy = 7( ) Txy (3.43)
E
In matrix form, the stress—strain relations in the state of plane stress
and plane strain are expressed as, respectively,

o, I v 0 e,
Gy _ E \' 1 O Sy (344)
(1 -v? ) 1-v
Ty 00 Viy
2
o, 1-v v 0 £,
s, o E v 1=v 0 g, (3.45)
(1+v)(1-2v) 0 0 1-2v
Xy 2 YXY
The stress—strain relationships are symbolically expressed as
{o} = [Dl{e} (3.46)

where [D] is called the stress—strain matrix, or simply the D matrix.

3.2 Development of triangular plane stress
and plane strain element

Figure 3.3a shows a plate subjected to tensile stress. The plate is divided
into linear triangular elements, as shown in Figure 3.3b. The linear trian-
gular element has three nodes and nodes can be displaced, but the element’s
sides remain straight. As shown in Figure 3.3c, the nodes are named i, j,
and m. At each node, there are two degrees of freedom, displacement in the
x- and y-directions. The coordinates for the three nodes i, j, and k are (x,,y,),
(%;,y), and (x,.y), respectively. The nodal displacement vector is given by

{d}=1 (3.47)

Vi

Therefore, each element has six degrees of freedom. Since it is a
linear element, linear displacement functions are selected for the x- and
y-directions as follows:

u(x,y) = a; + a,X + ay (3.48)
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FIGURE 3.3 (a) Plate subjected to tensile stress, (b) dividing the plate into linear triangular elements,
and (c) description of a linear triangular element.

v(X,y) = a, + asX + agy

(3.49)

The displacement equations can be solved because there are six con-
stants, a, to ag, and six equations. The nodal x- and y-displacements for
all nodes are expressed in the following matrix form:

U
u;j

Un

Vi
Vi

Vm

Xi
Xj

Xm

Yi
Yij
Ym

yi
Yj
Ym

a
Ay
a3

Ay
as
e

(3.50)

(3.51)
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and solving for a’s,

a, | | o O O u;
a, = A Bi Bj Bm u; (3.52)
| 33 ] Yio ¥i Ym || Um |
and
ay ] : o O Oy [ Vi
as = ﬁ Bi Bj B Vj (3.53)
| 36 | Yio Y5 Ym || Vm |

where A is the area of the element, which is equal to

A=%[Xi(Yj_ym)+Xj(ym_yi)+xm(yi_Yj)] (3.54)
The o, B, and y are defined as

=X Ym=YiXn  O=XpVi=VmX Oy =X Y= ¥ X

Bi=Y= Ym Bi=ym—Vi Bn=vi—y, (3.55)
Y= Xm =X Y =X — Xy Y = X = X

Substituting the values of o’s, B’s, and y’s into Equations 3.48 and

3.49 yields
_ 1 (o +Bix+yiy)uw + (o +Bx +75y)u;
u(x,y)= ZA[ (0 + B+ 7y (3.56)
v(x,y):i (o +Bix +7iy)vi + (o +Bx +73y)v; 557
2A +(0tm +BnX +YmY) Vin

The strain vector for a two-dimensional element is given in
Equation 3.13. Using the displacement in the v- and the u-directions, the
strain vector is expressed as

Sx 1 Biui + Bjuj + Bmum
{g} = €y = ﬂ Yivi + YiVi +YmVm (358)
ny Vil +BiVi +'YJuJ +BJVJ +'Ymum +Bmvm

The strain vector can be expressed in a matrix form as follows:

U;
{et=0i| O 0 v 0 v v
Yi Bi v Bi Yw B u,i

Vm

(3.59)
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The matrix (3.59) is symbolically expressed as

{e} = [B{d} (3.60)
The stress—strain relationship is symbolically expressed as

{o} = [DI[BI{d} (3.61)

The principle of the minimum potential energy theory is used to
obtain the stiffness matrix [K]. The total potential energy is the sum of
the strain energy U and the potential energy of the total applied nodal
forces F,. The strain energy is given as

U= J'{a}T{c} v (3.62)

Using Equations 3.60 and 3.61 in Equation 3.62, the strain energy
becomes

U= [(BI"{a} [DIBHa} av (3.63)

The total applied nodal forces can be expressed as
{F,} = —{d}"{F} (3.64)
Applying Castigliano’s first theorem,

U

F =
ad;

(3.65)

Using expressions (3.63) and (3.64) in the definition of Castigliano’s
first theorem yields

Jou T T _ T
mV[B] {d} [DI[BI{d} dV ={d} {F} (3.66)

Taking the first variation of the potential energy with respect to the
nodal displacement vector yields

[ DIBIa} av=(F} G:67)

v

Since the nodal displacements vector is related to the nodal forces
vector by [K]{d} = {F}, the stiffness matrix is expressed as

[K]= [[BI'[DI[B] aV (3.68)
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For a constant thickness element t, Equation 3.68 is rewritten as

[K]= J[B]T[D][B]t dx dy (3.69)

The matrices [D] and [B] are not functions of x or y, and thus the
integration of dx dy is simply the area of the element A as follows:

[K] = tA[B]"[D][B] (3.70)

The global stiffness matrix is obtained by assembling the stiffness
matrices for all elements as follows:

N

[K]= ) [k“] 37

e=1

and the nodal forces are also assembled to form a global force vector as
follows:

[F]= ZN:[F“)] (3.72)

Also, the global displacements vector can be obtained by

N

[d]=)"[d“] 373)

e=I
Finally,
{F} = [K]{d} (3.74)

To determine the nodal displacements, the global stiffness matrix
must be formulated. The following steps are for solving solid mechanics
problems:

. Divide the domain into elements and create a finite element mesh.
. Formulate the [B] matrix for all elements.

. Formulate the [D] matrix for all elements.

[>T e e M

. Formulate the [K] matrix for all elements using calculated [B] and
[D] matrices.

. Assemble the [K] matrices to create the global [K] matrix.
. Formulate the stiffness equation {F} = [K]{d}.

g. Apply the boundary conditions to the stiffness equation to remove
the singularity.

- O

h. Solve the stiffness equations to determine the unknowns.
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3.3 Analyzing rectangular plate subjected to forces

The thin plate, as shown in Figure 3.4a, is subjected to two forces at its
right edges. Determine the nodal displacements at points where forces
are applied, given E = 200 GPa, v = 0.3, and t = 0.01 m. Consider the
problem as a plane stress.

A 50 kN
1m
100 kN
2m |
(@)
(b)
(0,1) (2,1)
3 4
Element 2
v A Element 1
1 g 2
0,0) X (2,0)

(©

FIGURE 3.4 (a) Thin plate subjected to two forces, (b) element distribution for example, and (c) finite
element mesh.
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There are unlimited options for elements and nodes distributions, and
some of these options are shown in Figure 3.4b. An increasing num-
ber of elements will definitely enhance the accuracy of the results, but
up to a certain number of elements. After which, the results become
independent of the number of the elements. The first mesh contains just
two elements, which is the minimum number of elements to solve this
problem. The second mesh contains four elements, the third mesh also
contains four elements, but with a different elements distribution. The
last mesh has random elements distribution. For illustration purposes,
the first mesh is selected for this example, because it has the least num-
ber of elements. Figure 3.4c shows the finite element mesh for the pres-
ent problem.

First, the [B], [D], and [K] matrices for Element 1 are formulated.
Element 1 has the coordinate shown in Figure 3.4c. Node 1 is named (i)
and its coordinate is (0,0), Node 2 is named (j) and its coordinate is (2,0),
and Node 3 is named (m) and its coordinate is (0,1).

The B’s and y’s are required for the [B] matrix, and they are calcu-
lated using Equations 3.55; A is calculated using (3.54). We have

Bi=yj-Yu=0-1=-1
Bj=ym_}’i=1_0=l
Bu=yi-y;=0-0=0
V=X, —X=0-2=-2
Yi=%-X%X,=0-0=0
Yo =%-X=2-0=2
2A =1m?

Then, the [B] matrix is formulated using (3.59):

_200x10°| 03 1

1-0.32 o o 1703

(D]
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Finally, the [K] matrix for Element 1 is obtained using expression (3.70):

1 1 2 2 3 3
[ 1318 0714 —0.549 —0.385 ~0.769 —0.330 | 1
0.714 2390 -0.330 -0.192 -0.385 —2.198 |1
[K®]=10" ~0.549 -0.330 0549 0 0 0330 |2
0385 -0.192 0  0.192 0385 0 |2
-0.769 -0385 0 0385 0770 0 |3
~0.330 -2.198 0330 0 0 2198 |4

Element 2 has the coordinate shown in Figure 3.4c. Node 2 is named
(1) and its coordinate is (2,0), Node 4 is named (j) and its coordinate is
(2,1), and Node 3 is named (m) and its coordinate is (0,1). The ’s and
Y’s are

Bi=Yj_ym=1_1=0
Bj=ym_}’i=1_0=1
Bu=yi-y;=0-1=-1
'Y1=Xm_Xj=O_2=_2
yj:xi—xm=2—0:2
ym:xj—xi=2—2=0
2A =1m?

Then the [B] matrix is formulated using (3.59):

1 03 0
_200x10°| 03 1 0

[D]="" >
1-0.3 0 0 1-0.3
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Finally, the [K] matrix for Element 2 is obtained using expression (3.70):

2 2 4 4 3 3
[ 0760 0 0769 0385 0 0385 | 2
0 2.198 -0.329 -2.198 0.330 0 2
[K(Z)] —10" -0.769 -0.330 1.318 0.714 -0.549 -0.385 | 4
-0.385 -2.198 0.714 2390 -0.330 -0.192 | 4
0 0.330 -0.549 -0.330 0.549 0 3
| 0.385 0 -0.385 -0.192 0 0192 | 3

Using Equation 3.71, the global matrix is formulated as shown:

1 1 2 2 3 3 4 4
11
1.318 0.714 -0.549 -0.385 -0.769 -0.330 0 0 I
0.714 2390 -0.330 -0.192 -0.385 -2.198 0 0 =
-0.549 -0.330 1.319 0 0 0715 -0.769 -0385 | 2
[K]=10" -0.385 -0.192 0 2390 0.715 0 0329 —2.198 | 2
-0.769 -0.385 0 0.714 1319 0 0549 -0.330 | 3
0.330 -2.198 0.715 0 0 2390 -0385 -0.192 | 3
0 0 -0.769 -0.330 -0.549 -0.385 1318 0.714 4
| 0 0 -0.385 -2.198 -0.330 -0.192 0.714 239 | ;

The force—displacement equation is assembled using expression (3.74):

Fiy ‘ [ 4, =0 |
F, d;y =0
F>, =100x10° doy
Fzy d3y =
Fix =0 dux
F,, =50%10° dyy

Eliminating the first, second, fifth, and sixth columns and rows,

3
F,, =100x10 1.319 0 0769 -0385 || 9
Fyy _1om 0 239  -0329 -2.198 day
E., 0769 —0.330 1318 0.714 da,
Fyy =50% 10° 0385 -2.198 0714 239 day

Finally, solving the above equations, the nodal displacements are

d,, = 1.665 x 106 m
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dy, =2.836 x 105 m
d,, = 1156 x 105 m

d,y=3.082x 10 m

3.4 Development of rectangular plane stress element

The rectangular element has four nodes, and nodes can be displaced
but sides remain straight. It is assumed that the stress components are
constant within each element. At each node, there are two degrees of
freedom, displacement in the x- and y-directions, as shown in Figure 3.5.
Each node is subjected to two forces: vertical and horizontal. The width
and height of the element are a and b, respectively. Node 1 has coordi-
nate (0,0) and displacement (u,,v,), Node 2 has coordinate (a,0) and dis-
placement (u,,v,), Node 3 has coordinate (a,b) and displacement (u,,v5),
and Node 4 has coordinate (0,b) and displacement (u,,v,). The nodal
displacement vector is given by

LS
Vi
Uz
Vs
{d}= (3.75)
us
V3
Uy
V4
F,v Eo,v,
K ry
Fx4’ u i + Fx3' Uy
b
Y &
> s . J
Fxl’ u, - 4 sz’ 4,
X
< a
E,v, F ,v

¥’ 2 V2

Rectangular element with displacements and forces at the nodes.
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Therefore, there are eight degrees of freedom for each element, and
the displacement functions for the x- and the y-directions are

u(x,y) = a, + a,X + a3y + a,xy (3.76)

V(X,y) = a5 + agX + a;y + agXy (3.77)

The values of constants a, to ag are obtained by substituting the eight
nodal coordinates in the displacement functions in terms of element
dimensions, a and b. Rearranging the displacement functions as

u(x,y) = fiu, + fou, + fyu, + f,u, (3.78)

v(x,y) = fv, + v, + fvs + v, (3.79)

where functions f,, f,, f;, and f,, are defined as follows:

f, = (1—2)( - %) (3.80)

XY

f=" (1 b) (3.81)
_ Xy

f=" (3.82)
_Y[({_%

f, = b(1 a) (3.83)

The strain vector for a two-dimensional element is given in Equation 3.13.
Using the displacements v and u, the strain vector is expressed as

u
Vi
8x pl 0 Pz 0 p’i 0 p4 0 32
fe}=4 & t=[ 0w O W O py O mu uj (3.84)
Vxy Wi pr Mo P2 U3 P3 Ha Pa v;
Uy
V4
where
1 y)
=——|1-= 3.85
P a( b (3.85)
1 y)
=—|1=-= 3.86
P2 a( b (3.86)
py= (3.87)
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y
P4——£
1 X
w13
_ X
Hz——g
X
H3—£

_1(1_3)
u4_b a

The strain vector (3.84) is symbolically expressed as

{e} = [BN{d}

and the stress—strain relationship is expressed as

wh

{o} = [DI[B]{d}

111

(3.88)

(3.89)

(3.90)

3.91)

(3.92)

(3.93)

(3.94)

The principle of the minimum potential energy theory is used to
obtain the stiffness matrix [K]. The total potential energy 7, is the sum
of the strain energy U and the potential energy of the total applied nodal
forces F,. For a constant thickness element t, the stiffness matrix is
rewritten as

[K]= [[BI"[DI[B]: dx dy

A

(3.95)

Using Equation 3.95, the stiffness equation for the rectangular ele-
ment with four nodes in the state of plane stress element is calculated as

G C, C, Cs
&) G -G Cs
C, -Cs C -G,
Cs Cs -G, Cs
-C2 -G C, -C;s
—C, -G2 C G
C; Cs -C2 G

-G G G -G

€re

(b 1—va) Et
Ci=|—+—— 5
3a 6 b)l-v

-C\/2

_C2
c

_CS
¢
C,
C,
Cs

-C,

-G;/2

Gs
Gs
G
G
-C 5
Cs

G
Gs

-C,2

G
G,
—Cs
G
-G,

—Cs
Gs
G

-G;/2
Gs
Cs

-G,
G

(3.96)

(3.97)
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)
RSN
c, =(—% %%)liz (3.100)
Cs =G+1_TV)1_EtV2 (3.101)
CF(S;“%E)E& (3.102)
c, =(%+ 1:%)1_15:’2 (3.103)
Cy 2(_3&71)“1;2‘/2)1&2 (3.104)

The global stiffness matrix is obtained by assembling the stiffness
matrices for all elements as follows:

N

(K]=Y [K“] (3.105)

e=1

and the nodal forces are assembled to form a global force vector as
follows:

[F]= EN‘,[F(”] (3.106)

Also, the global displacement vector is obtained by

N

[d]=)[d“] (3.107)
e=I

Finally,

{F} = [K]){d} (3.108)

3.5 Analyzing a plate with a hole subjected
to tensile pressure using ANSYS

The square plate with a hole shown in Figure 3.6a is subjected to tensile
pressure at both vertical sides. Use ANSYS to determine the maximum
stress in the x-direction. Also, compare the ANSYS result with maximum
stress using the stress concentration factor chart. The applied tensile



SOLID MECHANICS 113
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1 ¢ 1.25 cm
P+ — P — —

[T

[T
H

I

(%2}
(e}
g
a
5
&
4

0.025 m

R RN
]

L 3

R 0.00625 m

- - ' ' ' - ' ' ' —p d/H
01 02 03 04 05 06 07 08 09 10 0.025 cm
(d)

FIGURE 3.6 (a) A plate with a hole subjected to tensile pressure. (b) A plate with hole under
stress, and stress distribution near the hole. (c) Stress concentration factor for a plate with a hole.
(d) Symmetry boundary conditions for the problem.

pressure is 100 kN/m?, and let E = 270 GPa, v = 0.3, and consider the
plate as a plane stress with thickness of t = 0.005 m.

For the plate with a hole shown in Figure 3.6a, the stress along the
vertical symmetry line is typically assumed uniform. However, from the
experimental observations, the stress is not uniform, but it has a maxi-
mum value near the hole, and it is greater than the average stress, as
illustrated in Figure 3.6b.

The complexity of maximum stress can be conveniently treated using
the stress concentration factor K. The maximum stress is equal to the
average stress multiplied by the stress concentration factor. The defini-
tion of the stress concentration factor is

o (max)

The average stress is calculated as

PxH
olave)=—— 3.110
()= 1) G110
where H is the height of the plate, 5 cm for the present problem; P is
plate thickness; and d is the hole diameter. The stress concentration for
a solid plate with a hole can be obtained using Figure 3.6c. The x-axis
represents the ratio of the diameter of the hole to the height of the plate,
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while the y-axis is the corresponding stress concentration factor. Note
that decreasing the diameter of the hole increases the stress concentra-
tion up to three times the average stress.

ANSYS is employed to determine the maximum stress. This exam-
ple is limited to structural analysis. Hence, select Structural only in the
Preferences. Solid element is used, and its shape is rectangular with four
nodes.

Double click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering

Indevidusl discipline(s) to show in the GUI
= 0
I~ Thermal
I~ ANSYS Flusd
I~ FLOTRAN CFD

Electromagnetic:

I~ Magnetic-Nodal
I~ Magnetic-Edge
I High Frequency
™ Blectric

Note I o indevidusl disciphines s wll all show,

Discipline aptions
& h-Method

oK | Cancel Help

A select Structural

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

Add... Options.. | Delete |
Close Hepp |

Add...
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Only structursl element types are shown
Libsrary of Element Types

Elemnent type reference number l:l
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A select Solid
B select Quad 4 node 182

The Quad 4 node 182 is a rectangular-shaped element with four
nodes. Triangular elements are not available in the ANSYS elements
library. A quadratic element with eight nodes is available. The plate has
a thickness. In the option, select plane stress with thickness. In Real

Constant window, the thickness is specified.

Defined Element Types.
ype 1 PLANE182

Add.. Options...| Delete |
Close I Help

IFnII Integration

B frmiston 16 -

(NOTE: Mixed formulation is not valid with plane stress)

oK i Cancel | Help |

| Options for PLANELB2, Element Type Ref. No. 1 I
Element technology K

Element behavior ] ]mm strs withk -I «—

A

A select Plane strs w/thk
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Close the Element Type window

Main Menu > Preprocessor > Real Constants > Add/Edit/Delete

onstant:

Defined Real Constant Sets

NONE DEFINED

Add.. | Edit. | Delete |

Close | Heip |

Add...

Type 1 PLANE182
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| Element Type Reference No. 1 '
Real Constant Set No. 1 |

Real Constant for Plane Stress with Thickness (KEYOPT(3)=3)
Thickness THK 0.005 | g

ok | Apply | Cancel | Help

A type 0.005 in Thickness

Close the Element Type for Real Constants window

For the material properties, the modulus of elasticity and Poisson’s
ratio are required to solve the problem.

Main Menu > Preprocessor > Material Props > Material Models

Material  Edit Favorite Help
Material Models Defined Material Models Available
- Batenial Model Number 1 =l @ Favorites E
@ Structural

¥ Linear
@ Elastic

b J A

@ Anisotropic
(@ Nonlinear
@ Density
(@ Thermal Expansion
(& Damping
=] @ Crirkinn M rnfficinn =]

Linear Isotropic Material Properties for Material Number 1

T
Temperatures

EX A
PRXY ; B

Add Temperature | Delete Temperature |

A type 270e9 in EX
B type 0.3 in PRXY
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Close the Material Model Behavior window

The geometry is modeled by creating a square and a circle. Boolean
operation is utilized to remove the circle from the square using sub-
traction. The advantage of symmetry in the problem is considered.
Only the upper right quarter is considered. Figure 3.6d shows the con-
sidered geometry for the problem. Notice that the imposed boundary
condition at the vertical symmetry line is zero displacement in the
x-direction and zero displacement in the y-direction at the horizontal
symmetry line.

Main Menu > Preprocessor > Modeling > Create >
Areas > Rectangle > By 2 Corners

" Unpick

A type 0in WP X
B typeO0in WPY
C type 0.025 in Width
D type 0.025 in Height
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Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Solid Circle

| & Pick ¢ Unpick

WP %

A type 0in WP X
B type0in WPY
C type 0.00625 in Radius

ANSYS graphics show the square and the circle

Now, the circular area should be subtracted from the square area to
form a plate with a hole. In Boolean operations, there are a number of
operations such as adding, subtracting, dividing, and many more.
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Main Menu > Preprocessor > Modeling > Operate >
Booleans > Subtract > Areas

Click on square area, and then in Subtract Areas window, click on

Click on circular area, and then in Subtract Areas window, click on

A free mesh is generated using the smart mesh option, and the mesh
refinement is 1. The high stresses are expected to be at a region close to
the hole, and therefore, more elements will be added at that region using
refinement at the line.

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Smart Size
B set the level to 1
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In Mesh Areas window, click on

z C Ta ® Quad
C Mapped © Svieer

|3oid:|dt1:l ~|
O |

A select Lines
B click on Refine

Click on the curved line at the hole, and then in Refine Mesh at Line
window, click on

[LREF] Refine mesh at lines

LEVEL Level of refinement T

Advanced options

A turn on the Yes to activate Advanced options
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5 oot e — -0

05T rosprcesing [ - smecn 0|
RETAIM Retsin Quads F Yo

Mote: This option is only valid with an all quad meth.

ok | agpty | Cancel Heip |

A type3

ANSYS graphics show the mesh

Main Menu > Solution > Define Loads > Apply >
Structural > Displacement > On Lines

In the ANSYS graphics, click on the left vertical line, where zero
x-direction displacement is applied. Then, in Apply U,ROT on Lines
window, click on

[DL] Apply Displacements (U,ROT) on Lines
Lab2 DOFs to be constrained

AIDOF |
Ux

Apply as EConmm value -I
VALUE Displacement value E— —@
ok | Apply | Cancel | Hep |

A select UX

B type 0 in Displacement value
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In the ANSYS graphics, click on the horizontal bottom line, where
zero y-direction displacement is applied. Then, in Apply U,ROT on
Lines window, click on

[DL] Apply Displacemnents (U,ROT) on Lines
Lab2 DOFs to be constrained Al DOF

Apply as Censtant value 'I
VALUE Displacement value [ —— _@
oK Apply Caneel ] Help ]

A select UY
B type 0 in Displacement value

Pressure is applied at the right vertical side of the plate. The negative
pressure means that the pressure is tensile.

Main Menu > Solution > Define Loads > Apply >
Structural > Pressure > On Lines

In the ANSYS graphics, click on the right vertical line. Then, in
Apply PRES on lines window, click on

[SFL] Apply PRES on lines 25 8 [Constant vabue B

 Constant value ther:
VALUE Load PRES value | -100e3 —o
¥ Constant value then:

Optional PRES values st end ) of line
(leave blank for uniform PRES )

e —

ok | Apply | Cancel | Help

A type —100e3 in Load PRES value



124

FINITE ELEMENT SIMULATIONS USING ANSYS

The final step is to run the solution. ANSYS will assemble the stiff-
ness matrices, apply the boundary conditions, and solve the problem.
Results can be plotted and listed in the General Preprocessor task.

Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
. the solution.

The above windows indicate that the solution task is completed suc-
cessfully. The next step is for getting the results. The first figure shows the
plate before and after deformation. Inspecting this figure is very impor-
tant to determine if the problem is solved correctly. The second figure is
the stress contours in the x-direction. This figure is used to determine the
maximum stress in the x-direction, and the stress concentration factor.

Main Menu > General Postproc > Plot Results > Deformed Shape

[PLDISP] Plot Deformed Shape
KUND Jtems to be plotted
" Def shape only

" Def + undef edge

oK I Apply | Cancel Help I

A select Def + undeformed
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ANSYS graphics show the plate before and after deformation

The above figure indicates that the left vertical and bottom horizontal
lines are fixed, while the right vertical line is moved to the right in the
direction of the applied pressure. The result is as expected.

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

@ 15t Principal stress
@ 2nd Principal stress.

@ 3rd Principal stress
@ Stress inensity =
0| =
Undespiaced shape key
Undhsplaced shape key | Deformed shape onby -
Scale Factor [Auto Calculated leeoazBaTaTsT
_Additional Options ®|

o | e | cees | v |

A click on Nodal Solution > Stress > X-Component of stress

L souRTTES
a1es

ANSYS graphics show the x-direction stress contours
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The stress contours show the location of the maximum stress in
the x-direction. As expected, it is at the top of the hole. The accuracy
of the result can additionally be improved if the number of elements in
the model is increased. As shown in the stress contours, the maximum
stress is 360,874 N/m2. The maximum stress can also be obtained using
the stress concentration in Figure 3.6¢c. The average stress is

100 x 10* x 0.025

= =133333.33 N/m’
0.025-0.00625

ave

Using Figure 3.6c, the stress concentration should be
K=234

and the maximum stress is calculated as follows:

Cpax = KO, = 2.34 X 133333.33 = 312,000 N/m?

max ave

Comparing the ANSYS maximum stress with maximum stress
obtained from Figure 3.6c¢, the error is calculated as

312000360874
312400

Error (100)=15.6%

3.6 Axisymmetric elements

An axisymmetric solid that is subjected to axisymmetric loading is com-
monly found, and it is considered as a special case. Hence, a complex
three-dimensional solid model is simplified to a two-dimensional model.
Moreover, there are no additional degrees of freedom in the simplifica-
tion. The axisymmetric solid model to be considered in this illustration is
a cylinder with rectangular cross-sectional area, as shown in Figure 3.7a.
Because of symmetry in the geometry and loads, no tangential degrees
of freedom are assumed and, therefore, all derivations are independent
of the circumferential angular variables. The plane strain finite element
that is developed in this chapter can be extended to an axisymmetric
element, by replacing the integration along the thickness to along the cir-
cumference. The cross-sectional area of the axisymmetric solid model is
shown in Figure 3.7b.

A linear triangular element is used to mesh the cross-sectional area,
as shown in Figure 3.7c. The nodal displacement functions in the r- and
the z-directions are

u(r,z) = a, + a,r + a;z (3.111)

w(r,z) = a, + asr + a,z (3.112)
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FIGURE 3.7 (a) Axisymmetric solid model, (b) cross-sectional area of the axisymmetric solid model,

and (c) an axisymmetric element.

The cylindrical coordinates for the three nodes are (r, z,), (1r,, Z,),
and (r;, z;). The displacement functions can be expressed in matrix
form for all nodes as

u;
u;
u;
Z;

Z)

Z3

S O O = =

and symbolically:

{d} = [Bl{a}

n
n

I3

=)

Z
Z)

Z3

)

_ = = O O O

n
6]

I3

Z
Z)

Z3

a;
as
a3
ay

as

e

(3.113)

(3.114)

The constants a’s can be obtained by inverting the matrix [B] as

follows:

{a} = [B]"{d}

The inverse of the matrix [B] is calculated as

()

s

g
0
0
0

(3.115)

(3.116)



128 FINITE ELEMENT SIMULATIONS USING ANSYS

where
W, =T,Z; — 152, W, = 1,7, — I1Z, W, =12, — 1,7,
W, =2, — 74 W5 =23—12, W =2, -2, (3.117)
W, =1;—1, Wg=T1 —1; Wy=1,—1,

Y=1 (2= 2y) + 1, (23— 2) + 13 (2, — 2,)
The unit elongation of the element in radial direction is expressed as

Jdu
e =

L= 3.118
o (3.118)
and the total tangential strain is given by
u  dv
gg=—+—— 3.119
T 1ol ( )

where the second term is the tangential strain due to the displacement in
the y-direction. The shearing strain is expressed as

v du ov
=y 4 3.120
T r - ro@ - or ¢ )

For an axisymmetric deformation, the displacement in the 8-direction
is equal to zero, and hence, the strain and shearing strain are expressed as

g, =a—u=a2 (3.121)
or

go==d iy 4892 (3.122)
T T T

e, =%V _a, (3.123)
0z
Ju ow

'YrL :g+¥=a3 +a5 (3'124)

Yo =0 (3.125)

Yo, =0 (3.126)

Strain and shearing strain are expressed in matrix form as

a
€ 0O 1 0 0 0 O a,
€9 _ 1t 1 zr 0 0 O as (3.127)
€ 0O 0 0 0 01 a,
Yz 0O 0 1 010 as
e
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Equation 3.127 is symbolically expressed as
{e} = [Gl{a} (3.128)
Using Equation 3.115 in Equation 3.128 yields
{e} = [Al{d} (3.129)
[A] = [G][B]™ (3.130)

For an isotropic material, and the case of thermal strain due to tem-
perature rise AT, the strain—stress relationship is expressed as

o, I-v v Y 0 g, A AT
G B v 1l-v v 0 €6 o AT
= v v 1-v 0 -
c, (1+v)(1-2v) 1 g, o AT
T, 0 0 0 E—V Yz 0
(3.131

where o is the thermal coefficient of expansion. The symbolic expres-
sion for Equation 3.131 is

{o} = [CI[Al{d} - [Cl{€]} (3.132)

Castigliano’s first theorem, which is the same as Equation 3.74 with
an additional term for thermal strain, is expressed as follows:

{F} = [K{d} - {F}} (3.133)

where the stiffness matrix is obtained as
K] =J' [A]"[C][A] aV (3.134)
Putting Equation 3.130 into Equations 3.133 and 3.134 yields
[F]=(8I") J. [GI'[c){e'} av (3.135)

Finally, the stiffness matrix is

(k1= (ts7")'( [ (o] [cllo] av s 5.136)
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FIGURE 3.8
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3.7 Displacement analysis of a vessel under
transient loading with ANSYS

The vessel shown in Figure 3.8a is subjected to internal transient pres-
sure loading. Determine the maximum displacement in the radial direc-
tion of the vessel as a function of time. Take the advantage of symmetry
in the problem to reduce the computational size. The inner and outer
radii are 0.25 and 0.265 m, respectively, and the height of the vessel
is 0.75 m. Let E = 180 GPa and v = 0.33. The upper and lower hori-
zontal surfaces are fixed. The total time duration for the process is
1000 seconds. The internal pressure is a function of time according to
the following equation:

P(t)=100x10°+100x 1o3sin(l%(t+75))

Double click on the Mechanical APDL Product Launcher icon

This example is limited to structural analysis. Hence, select
Structural only. Solid element is used, and its shape is rectangular with
four nodes. The following steps are for selecting the element type and
its behavior:

R >
=0
R
L
P —| | H2

(@ (b)

(@) A vessel subjected to time-dependent pressure at the inner surface. (b) The axisym-

metric model for the problem.
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Main Menu > Preferences

[KEVW) Preferences fos GLI Fitering

Indiidual disciphineis) to show in the GUT
@ St 4— A
™ Thermal
T ANSYS Fuid
I~ FLOTRAN CFD

Blectromagnetic:

™ Magnetic-Nodal
™ Magnetic-Edge
I High Frequency
I Electric

Note ¥ o B ol show,

Discipline opticns
& heMethod

oK Cancel |

A select Structural

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

NONE DEFINED

Add... I Ophnns..l Delete |

Add...
Only structural element types are shown
Libraey of Element Types _@
Elernent type reference number

A select Solid
B select Quad 4 node 182
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In the element type, Quad means that a quadratic element is selected.
The first digit of number 42 is the number of nodes in the element, and
the second digit is the number of degrees of freedom in each node,
which are the x- and y-displacements. In the following steps, the element
behavior is changed from plane stress to axisymmetric. The results from
the axisymmetric analysis should be more accurate than the results from
three-dimensional elements, and the computational time will be less.

Defined Element Types:

ype 1 PLANE182

Options for PLANELS2, Element Type Ref. No. 1

Element technology K1 |Full Integration |
Gt 13 —
Element formulation K6 |P|||-e displacemnt - I

(NOTE: Mixed formulation is not valid with plane stress)

oK | Cancel I Help |

A select Axisymmetric in Element behavior

Close the Element Types window
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For the material properties, the elasticity and Poisson ratio are
required to solve the problem.

Main Menu > Preprocessor > Material Props > Material Models

Material Edit Favorite Help
~ Material Models Defined - - Material Models Available

® 2l Favorites
@8 Structural
@8 Linear
@ Elastic
8 < A
€ Orthotropic
@ Anisotropic
Nonlinear
€ Density
Thermal Expansion
Damping

__] @& Crirtinn M anfficiant
4

A click on Structural > Linear > Elastic > Isotropic

The following windows will show up.

Linear Isotropic Material Properties for Material Number 1

T

Temperatures
EX 180e9 < A

PRXY 0.33 < B

Add Temperature | Delete Temperature |

oK I Cancel

A type 180e9 in EX
B type 0.33 in PRXY
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Close the Material Model Behavior window

The geometry is simply a rectangle. The advantage of symmetry in
the problem is considered, and only the cross-sectional area of the ves-
sel is considered. Figure 3.8b shows the considered geometry used to
solve the problem. Notice that the axis of rotation is the y-axis, and no
geometry is allowed in the negative x-axis region. The geometry rotates
about the positive y-axis. Additionally, only the upper half of the vessel
will be modeled.

Main Menu > Preprocessor > Modeling > Create >
Areas > Rectangle > By 2 Corners

A type 0.25in WP X
B type0in WPY

C type .015 in Width
D type .375 in Height
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Main Menu > Preprocessor > Meshing > Mesh Tool

O
RE,

|'|F*-r“~|
G =] se |
W Smart Sizd i
K1 e
Fine 1 Coarse
Size Controls:
Gt [Sa] [oe]
fess  se | Ces |
toee 5ot | Cow]
o | e |
Lt ] e |
Keps St | Ceu |
Mok [hew ]

Shepe © Ti & GQuad
 Free " Mapped T Svesr

_Meh | Cex |

A select Smart Size
B set the level to 1

In Mesh Areas window, click on

Pick All

135

ANSYS graphics show the mesh of the cross-sectional area of the vessel
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Modeling and meshing are completed at this point. Next, the solution
is switched to transient, and unsteady parameters are specified. The
boundary conditions are applied starting with the displacements, then
the transient pressure. This order is not important for solution.

Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type of analysis

" Static
" Modal

" Harmonic

" Spectrum
" Eigen Buckling
" Substructuring/CMS

oK | Cancel | Help |

A select Transient

[TRNOPT] Selution method
& Full

" Mode Superpos'n

[LUMPM] Use lumped mass approx? ™ No

oK | Cancel | Help |

The total time duration for the process is 1000 seconds and to ensure
obtaining accurate results, the process duration is divided into 200 time
steps. Hence, the time step for this problem is 5 seconds. Results for
all time steps are stored by selecting the Write every substep option in
Frequency.
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Main Menu > Solution > Analysis Type > Sol’n Control

Basc | Transent |SofnOpsoms| Norknear |Advancod b

 User selecied
Tiene Cortrol

O—— imestenaloadsip  [1000
Automanc bme steppeng  |Prog Chosen =)
 Number of substeps
B4 tmomcomen
Time stop sise 5 wt L
(Ca —— Mirsreum tene step 5] ]
Masitrusm e step fo

Analysis Ophons. Wile Rems bo Resuts Fiie
{Smal Dvaplacement Trarsien = AN schion Bems
™ Calculale prestress eflecs. ~ Basic gmnifies

C o tme )] e

A type 1000 in Time at end of loadstep
B select Time increment

C type 5 in Time step size

D select Write every substep
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The function editor is used to apply the transient pressure equation at
the inner surface. This technique is simple and convenient for this problem
because an equation for the pressure is given. The upper horizontal line is
fixed, while the lower horizontal line is fixed in the y-direction only due to

the symmetry. Transient pressure is applied at the left vertical line.

Main Menu > Solution > Define Loads > Apply >

Structural > Displacement > On Lines

In the ANSYS graphics, click on the top lines that are fixed, and in

Apply U,ROT on Lines window, click on

[DL] Apply Displacements (U,ROT) on Lines

Lab2 DOFs to be constrained —Q
ux
uy
| All noﬁ

Apply 35 Censtant value -
VALUE Displacement value 0 —t— _@
ok | Apply Cancel | Help |

A select All DOF

B type 0 in Displacement value
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In the ANSYS graphics, click on the bottom horizontal line, and in
Apply U,ROT on Lines window, click on

[DL] Apply Displacements (U,ROT) on Lines
Lab2 DOFs to be constrained

Apply as
VALUE Displacement value B

ok | Apply |

A select UY
B type 0 in Displacement value

Main Menu > Solution > Define Loads > Apply >
Functions > Define/Edit

(B T —

Function |Reg|me 1 ]Reglme 2 ] Regime 3 ] Regime 4 ] Regime 5 ] Regime li]

Function Type

= Single equation

 Multivalued function based on regime vanable Fr. Regime Var=
(X.Y.Z) interpreted in CSYS: |o =

Result =[100e3+100e3"in(2"3 1415M100%(ime)+75)) +—— —@
© Degrees # Radarrs'

ST
O swe] -
MIN ASIN ex
ni;\'xlsmlul|7|s|9| / |CLEAR‘
RCL  ACOS  10%
sto | cos Loel 4 | 5 | 6 | | .‘
INSMEM  ATAN  SQRT
s frmali] | 2| o | - |
Fi x(1ly) T
w o ame| | o | | - | R

A Type the equation: 100e3+100e3*sin(2*3.1415/100*({time}+75))
B File — Save
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Save the file as PreTran, and this file name is optional. After saving
the function, it is required to load it to the ANSYS solution using the
read file, and then close the Function Editor window.

Main Menu > Solution > Define Loads > Apply >
Functions > Read File

Select the file PreTran, then open, and the following window will
show up.

[~ Table parameter name
|PreTran A

~ Local coordinate system id for (x, y, x) interpretation

lo E|

Function ]

Equation
Result = 100e3+100e3"sin{2°3. 14151 00{TIME }-75))

Constant Values

None

A type PreTran in Table parameter name and this name is optional,
and it should not be the same as the file name of the function.

Main Menu > Solution > Define Loads > Apply >
Structural > Pressure > On Lines

In the ANSYS graphics, click on the left vertical line where pressure
is applied, and then in Apply PRES on lines window, click on
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[SFL] Apply PRES on lines as a |Existing table -

If Constant value then:
VALUE Load PRES value

If Constant value then:
Optional PRES values at end J of line
(leave blank for uniform PRES )
Value

A select Existing table

The following window will show up to select the function.

Apply Table Loads
Existing table PRETRAN A

A select PRETRAN

The final step in the solution task is to run the solution. ANSYS
will assemble the stiffness matrices, apply the boundary conditions,
and solve the problem. Results can be plotted and listed in the General
Preprocessor task.
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.

The above window indicates that the solution task is successfully
accomplished. The next step is for getting the results. First, the results
at time of 75 seconds is uploaded, and the deformed shape and displace-
ment contours in the x-direction are displayed.

Main Menu > General Postproc > Read Results > By Pick

A select set 15
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Main Menu > General Postproc > Plot Results > Deformed Shape

[PLDISP] Plot Deformed Shape
KUND [tems to be plotted
" Def shape only

Bl ndeformed]

" Def + undef edge

ok | Apply | Cancel Help |

ANSYS graphics show the vessel wall before and after deformation

The above figure indicates that the upper line is fixed, while the
bottom line is moved to the outside. The maximum displacement is
exactly at the middle of the vessel, as expected.

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

8 Total Mechanical Strain

@ Elastic Strain

@ Plastic Strain

@ Creep Strain

@ Thermal Strain

@ Total Mechanical and Thermal Strain

@ Swelling strain =l
i | i |

Undisplaced shape key

Undisplaced shape key [Deformed shape orly |
Scale Factor [Auto Calculated =||1800 50850893

Additional Options ®|
ok | seoh | cawe | wee |
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A click on Nodal Solution — DOF Solution — X-Component of
displacement

1
* NODAL SOLUTION

ANSYS graphics show the contours of the displacement in the x-direction

The maximum displacement is equal to 0.231 x 10 m. To visual-
ize the results in three-dimensional space, the vessel wall is partially
expanded in 180° as follows:

Utility Menu > PlotCtrls > Style > Symmetry Expansion >
2D Axi-Symmetric

[/EXPAND] 2D Axi-Symmetric Expansion
Select expansion amount

&+ 1/2 expansion A
(" 3/4 expansion
(" Full expansion
" No Expansion

Also reflect about x-z plane ™ No

A select 1/2 expansion



144

FINITE ELEMENT SIMULATIONS USING ANSYS

Utility Menu > PlotCtrls > Pan-Zoom-Rotate

Click on the isometric view.

ANSYS graphics show the x-direction displacement
contours in three dimensions

Animation of the deformation from time = 0—100 seconds, one cycle,
can be easily done using animate in the PlotCtrol options. The Number
of the frames in the animate over time is the number of pictures in the
avi file, while the animation time delay is the display period between
two pictures. Fifty animation frames produce a good resolution anima-
tion file and with 0.5 second, the animation file duration is 25 seconds

(50 frames x 0.5 delay).

Main Menu > General Postproc

Utility Menu > PlotCtrls > Animate > Over time ...

2\ it Oves Tim

Number of animination frames:
Model result dats

Range Minimum, Maxkmum
Auto contour scaling
Animation time deley (zec)

[ANTIME] Animate over time (interpolation of results)

© Current Load Stp
 Load Step Range

[PLDLPLNG PLVE PLES PLVFRC]
@ Contour data for animation

i

[Use Last m - | [Deformed Shay - E
i Stress -1 uw B

Stran-total o |

Energy | USUM i

Straan ener dens
Strasn-elastic = J | Translation UX

Cancel I Help

A type 50 in Number of animation frames

B select Time Range

C type 0 and 100 for Range Minimum, Maximum
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D select DOF solution
E select Translation UX

ANSYS creates an animation file for the deformation.

3.8 Contact element analysis

In this section, the contact pressure distribution between two bodies
held in contact is determined. Figure 3.9 shows two parallel cylinders of
length L in contact. The upper cylinder has a radius of r,, while the lower
cylinder has a radius of r,. Force F is applied to the upper and lower
cylinders. At the contact region, a semielliptical contact pressure distri-
bution is developed within each cylinder. The width of the contact line
is 2a, and the contact pressure varies from zero at the end of the contact
line to the largest value P, at the center of the contact line.

The contact width and maximum contact pressure can be expressed,
respectively, as

AF 1-v 1=\
a= il Vil mv (3.137)
T[L(rl +r2) El E2
p=2F (3.138)
mt al

where E is the modulus of elasticity and v is Poisson’s ratio. If the two
cylinders are made of the same material and Poisson’s ratio is equal to
0.3, the expressions (3.137) and (3.138) are simplified as follows:

1/2
a=152| B[ 0n (3.139)
EL n+n

FIGURE 3.9 Two cylinders in contact.
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1/2
P, = 0.418[T(r' Th H (3.140)

nr

Expressions (3.139) and (3.140) can be used to determine the contact
width and maximum pressure of a contact problem of a circular cylinder
and a flat surface, as shown in Figure 3.10. If the radius of the second
cylinder is very large, r, = oo, the contact width and maximum contact
pressure are expressed as

Fr 172
a= 1.52[—1} (3.141)
EL
1/2
P, = 0.418[FE] (3.142)
LI']

When two spheres are in contact with different materials and loaded
with force F, the contact area will have a circular shape of diameter a.
The contact area and maximum stress can be expressed as

1/3
1-vi)/E, +(1-v3)/E
a= 38 (1=vi)/E, +(1-v3) E, (3.143)
4 1/r1+1/r2
P, = 1.5i2 (3.144)
a

If the sphere of radius r; contacting a large flat body of the same mate-
rial, the expressions of the contact area, and the maximum stress for the
contact can be obtained by substituting r, =« in Equation 3.143, and then
the contact diameter and maximum pressure become

1/3
a= 0.88[3F—r‘] (3.145)
E
FE2 1/3
P, =062 3.146
er} (3.146)
F

FIGURE 3.10 A cylinder and a flat plate in contact.
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3.9 Two horizontal cylinders in contact
analysis using ANSYS

Two horizontal cylinders are placed close to each other, as shown in
Figure 3.11. The two cylinders have the same radius, r = 0.01 m, and force
of 10 kN is applied to upper and lower cylinders, as shown in the figure.
As a result, the cylinders will move and meet. Determine the maximum
pressure at the contact region, given that E = 200 GPa and v = 0.3 for
both cylinders.

Contact problems are highly nonlinear and require large computer
resources to solve. Additionally, the physics behind the contact problem
is relatively complex, and it is important to understand the physics of the
problem to solve it as accurately as possible. Too many parameters are
required and just using the ANSYS default settings will give a reason-
able result. Contact problems present two main difficulties. First, the
regions of contact cannot be accurately predicted. The contact region
depends on the loads, materials, boundary conditions, and other fac-
tors. Second, most contact problems need to account for friction. There
are several friction models to choose from, and all are nonlinear, which
makes solution convergence even more difficult. The basic steps for per-
forming a contact analysis are as follows:

1. Create the model geometry and mesh.

2. Identify the contact pairs. The contact pairs are the region in which
contact might occur during the deformation of the model. Once
potential contact surfaces are identified, they must be defined via
target and contact elements.

3. Select contact and target surfaces. Contact elements are con-
strained against penetrating the target surface, but target elements
can penetrate through the contact surface. If a convex surface is

T,

FIGURE 3.11 A contact element problem.
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expected to meet a flat surface, the convex surface should be the
contact surface. If one surface is smaller than the other, the smaller
surface should be the contact surface.

. Apply the boundary conditions. Any type of boundary conditions

can be applied in the contact problems.

. Define solution options and load steps. Convergence behavior for

contact problems depends on the geometry and boundaries of the
problem. The time step size must be small enough to ensure the
convergence. The time step size is specified by a number of steps
or the time step size itself. However, the best way to set an accurate
time step size is to turn on the automatic time stepping in ANSYS
solution options.

. Solve the contact problem. Ensure that the problem is fully

converged.

. Finally, get the contact results. Results from a contact analysis

consist mainly of displacements, stresses, strains, reaction forces,
and the contact information, such as contact pressure.

Double click on the Mechanical APDL Product Launcher icon

This example is limited to structural analysis. Hence, select Structural
in Preferences. Solid element is used, and its shape is rectangular with
four nodes. The contact simulation requires another two element types:
the target and contact elements. These two elements will be introduced
into the model when the contact wizard tool is activated.

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Individual disciplineds) to show in the GUI

Note: If no individual disciplines are selected they will all show.

¥ — Q

I~ Thermal
™ ANSYS Fluid
I~ FLOTRAN CFD

Electromagnetic:
I~ Magnetic-Nodal
™ Magnetic-Edge
™ High Frequency
I™ Electric

Dscipline options
& h-Method
oK I Cancel I Help
A select Structural
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Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:
MONE DEFINED

Add... | Options. } Delete |

Add...

cencret 65

A select Solid
B select Quad 4 node 182

Defined Element Types.
ype 1 PLANE182




150

FINITE ELEMENT SIMULATIONS USING ANSYS

Main Menu > Preprocessor > Material Props > Material Models

Material  Edit Favorte Help
Matenal Models Defined Matenal Models Available

¢ =l| | @ Favorites
@ Structural
@& Linear
@ Elastic
e
€ Orthotropic
@ Anisolropic
& Nonlinear
€ Density
@@ Thermal Expansion

= Dampi
L[ & :.i.-tin.l:?n--m.-i.\-a _'!

A click on Structural > Linear > Elastic > Isotropic

The following window will show up. For the material properties,
the modulus of elasticity and Poisson’s ratio are required to solve the
problem.

Linear Isotropic Material Properties for Material Number 1

T1
Temperatures

|[EX A
[PRXY ; —

Add Temperature | Delete Temperature |

ok | cancel

A type 2009 in EX
B type 0.3 in PRXY

Close the Material Model Behavior window

Next, the geometry of the problem is created, which is two circles.
The expected contact surfaces should be defined in the contact wizard.
Additionally, the contact region should have a fine mesh for accurate
numerical predication. Hence, a small circle of a radius of 0.002 m is
created at the contact region and will have a fine mesh.
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Main Menu > Preprocessor > Modeling > Create > Areas >
Circle > Solid Circle

" Unpick

A type 0in WP X
B type 0.01 in WPY
C type 0.01 in Radius

Apply
Reset J Cancel J

Help l
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A type 0in WP X
B type-0.01in WPY
C type 0.01 in Radius

A type 0in WP X
B type0in WPY
C type 0.002 in Radius

ANEYS 14.5

ANSYS graphics show the created three circles
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First, the three areas are overlapped. Second, since there is symmetry
in the problem, a vertical line is created to split the entire mode by half.
Only the right symmetry side is considered. Finally, extra areas are
deleted.

Main Menu > Preprocessor > Modeling > Operate > Booleans >
Overlap > Areas

In Overlap Areas window, click on

Pick All

ANSYS Main Menu > Preprocessor > Modeling > Create >
Lines > Lines > Straight Line

Create a vertical line by clicking on two keypoints. The first at the top
of the upper circle, and the second at the bottom of the lower circle, and
then in create Straight Line window, click on

ANSYS graphics show the created three overlapped
circles and a vertical line

ANSYS Main Menu > Preprocessor > Modeling >
Operate > Booleans > Divide > Area by Line

To select all three circles, in Divide Area by Line window, click on

Click on the created vertical line. In Divide Area by Line window,
click on

Main Menu > Preprocessor > Modeling > Delete > Area and below

Select the left areas and the small area on the right side that is between
the two circles. Then, in Delete Area and Below window, click on
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ANSYS graphics show the final geometry

Main Menu > Preprocessor > Meshing > Mesh Tool

Elelzlelele

Shape: € Tii & Quad
el Mw(‘ Sweep

|30r4$»ﬁed 'I

A Click on Set in Lines
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Select the lines that are far away from the contact area, as illustrated
in the following figure.

ANBYS 14.5

In Element Sizes on Picked Lines window, click on

[LESIZE] Element sizes on picked lines
|| SIZE Element edge length
NDIV  No. of element divisions A

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

( use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes

A type 100 in No. of element divisions
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Select the lines that are close to the contact area, as illustrated in the
following figure.

LINES ANSYS 14.5
TYPE NUM

In Element Sizes on Picked Lines window, click on

[LESIZE] Element sizes on picked lines
SIZE Element edge length
NDIV  Neo. of element divisicns

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

( use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes

ok |

A type 25 in No. of element divisions
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Shape: C Ti

A Mesh

In Mesh Areas, click on

ANSYS graphics shows the mesh
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In this problem, the top surface of the lower circle is the target surface
because it is stationary, while the bottom surface of the upper circle is
the contact surface because it is moving. Both contact and target sur-
faces are associated with the deformable bodies. These two surfaces
together comprise the contact pair. The Contact Manager is very effec-
tive in defining, viewing, and editing the contact pairs. In addition, all
contact pairs for the entire model can be managed. The Contact Wizard,
which is accessed from the Contact Manager, makes the process of cre-
ating contact pairs very efficient.

Utility Menu > Plot > Lines

Main Menu > Preprocessor > Modeling > Create > Contact Pair

~ T

sl 28 54 [Contact & Target =] K 4] S| & 5 [No Model Context || Ell[choose aresutitem |
H Contact Pairs ®|
il o |Contact Behavior |Target |Contact |Pilot Node [ Pilot Name H|

A click on the contact wizard

The contact wizard is used to select the target and contact surfaces.
First, the target surface should be selected and then the contact surface.

A contact pair consists of a target surface and contact surface.
You will first define the target surface
Target Surface: Target Type:
& Lines * Flexible
 Body (area) © Rigid
© Nodes € Rigid w/ Pilot
¢ Nodal Component ~ Pilot Node Only
(Advanced Option)
| =
| o pick Target . +——4—@)
< Back I Next > | Cancel | Help |

A click on Lines
B click on Pick Target

Click on the top surfaces of the lower circle, as shown in the following
figure.
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In Select Lines for Target window, click on

Then in the Contact Wizard window, click on

The contact surface moves into the target surface.

?madSmface: . _Gortm:lElernem]‘_)?er )
© Points | ~ Surface-to-Surface .
Q_ & Lines © Node-to-Surface
© Body (area)
© Nodes

© Nodal Component

—

Kl 5 _ Picxcma...:,-——@
<Back | [ Ned> | cawel | Hep |

A click on Lines
B click on Pick Contact

Click on the bottom surfaces of the upper circle, as shown in the
following figure.
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LIKES

TYPE NUM

In Select Lines for Contact window, click on

Then in the Contact Wizard, click on

The contact pair is now ready to be created using the following
settings:
Only Structural DOF has been detected
[~ Create symmetric pair
¥ Include initial penetration
Friction:
Material ID 1 =

Coefficient of Friction [o

Thermal Contact Conductance | 0 Jid

Electric Contact Conductance | 0 fid

Optional settings ... |

< Back | Qreate:-g Cancel | Help |
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The contact pair has been created. To interact with the contact
pair use real set ID 3.

ARIYE 4.5

ANSYS graphics show the contact region
Close the Contact Manager window
Utility Menu > Plot > Lines

Main Menu > Solution > Define Loads > Apply >
Structural > Displacement > On Lines

In the ANSYS graphics, click on all vertical left lines, where zero
x-displacement is applied, and then in Apply U,ROT on Lines, click on

ux

A\ Aeply U

! pply URUT on
[DL] Apply Displacements (U,ROT) on Lines
Lab2 DOFs to be constrained

Apply oz [Constantvaiue (5

VALUE Displacement value _ B
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A select UX

B type 0 in Displacement value

Forces are applied at the top keypoint of the upper circle and bottom
keypoint of the lower circle.

Main Menu > Solution > Define Loads > Apply > Structural >
Force/Moment > On Keypoints

In the ANSYS graphics, click on the bottom keypoint at the lower
circle, where the force is applied, and then in Apply F/M on KPs
window, click on

Apply as
If Constant value then:
VALUE Force/moment value B

Apply [ Cancel |

A select FY in Direction of force/mom

B type 10e3 in Force/moment value

In the ANSYS graphics, click on the top keypoint at the upper circle,
where the force is applied, and then in Apply F/M on KPs window,
click on

[FK] Apply Force/Moment on Keypoints

Lab Direction of force/mom A
Apply as

If Constant value then:

VALUE Force/moment value - B

0K i Apply | Cancel |

A select FY in Direction of force/mom

B type —10e3 in Force/moment value
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start ||
the solution.

A check of your load data produced 1 warnings.
SHOULD THE SOLV COMMAND BE EXECUTED?

] o

Yes

(&) solutionis done!

The above window indicates that the solution task is accomplished
successfully. The next step is getting the results. The scale is changed to
true scale for actual dimensional display in ANSYS graphics.

Utility Menu > PlotCtrls > Style > Displacement Scaling

/\ Displacement Display 5¢

[/DSCALE] Scaling of Displacement Displays

WH  Window number I'Mnduwl =

DMULT Displacement scale factor

" Auto calculated

€ 00 (off)
 User specified
eyt —
[/REPLOT] Replot upon OK/Apply? Replot -
ok | spply | Cancel | Help |

A select 1.0 (true scale)
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Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

A Cortour Nodal Soltion D
Rem to be contoured -

& Favorites
o Nodal Solution
& DOF Solution
o Stress
@ X.Component of stress
L= JY-Component of stress
@ Z-Component of stress
@ XY Shear stress
@ YZ Shear stress
@ XZ Shear stress
@ 1st Principal stress
@ 2nd Principal stress
@ 3rd Principal stress
@ Stress intensity =l
il I |

4
>

|~ Undisplaced shape key
Undisplaced shape key [Deformed shape only |
Scale Factor [True Scate =i

Additional Options ®|
o | _sew | cocd | e |

A click on Nodal Solution > Stress > Y-Component of stress

1
NODAL SOLUTION

ANSYS graphics show the contours of stress in the y-direction

The above figure indicates that the maximum stress in the y-direction
is equal to 0.274 x 10° Pa. The maximum stress in the y-direction can be
theoretically obtained using expression (3.140) as follows:

10x10°(200x10°) 0.01+0.01
1 0.01x0.01

P —0418 [FEOFE _ 0.418\]
nn

=0.264x10° Pa

The theoretical maximum stress is very close to the result obtained by
ANSYS with marginal error of 3.78%.
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PROBLEM 3.1

The thin plates, as shown in Figure 3.12a and 3.12b, are subjected to force.
Determine the nodal displacements at the point where the force is applied,
using the finite element method, given E = 180 GPa, v = 0.33, and t =
0.02 m. Consider the plates as plane stress problems, and use only one
triangular element.

PROBLEM 3.2

The thin plates, as shown in Figure 3.13a and 3.13b, are subjected to
force(s). Determine the nodal displacements, using the finite element
method, given E = 240 GPa, v = 0.3, and t = 0.01 m. Use linear triangu-
lar elements and the suggested two-element mesh. Consider the plates as
plane stress problems.

PROBLEM 3.3

The thin plates, as shown in Figure 3.14a and 3.14b, are subjected to
force(s). Determine the nodal displacements, using the finite element
method, given E = 195 GPa, v = 0.3, and t = 0.015 m. Use linear trian-
gular elements and the suggested finite element mesh. Consider them as
plane stress problems.

PROBLEM 3.4

The square plate with a hole, as shown in Figure 3.15, is subjected to ten-
sile pressure at both vertical sides. Use ANSYS to determine the maxi-
mum stress in the x-direction. Also, compare the ANSYS result with
maximum stress using the stress concentration factor figure. The applied
pressure is 75 kN/m?, and let E = 230 GPa, v = 0.30, and consider the
plate as a plane stress with thickness of t = 0.01 m. Take the advantage
of symmetry in the problem to reduce the computational size.

m 100 kN
100 kN

— s —
SONNNNNY
b=

2m JI 1.5m—-{

FIGURE 3.12 Thin plate subjected to force.
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T P 50 kN

0.25m

l P 100 kN

0.75 m }

15kN
4

b 0.1m ——

(b)

FIGURE 3.13 Thin plate subjected to force.

77%77 8N
v
- 0.25m > 0.25 m —»

_,_ p 75 kN

4l— P 75kN

FIGURE 3.14 Thin plate subjected to force.
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@(p 1.0 cm

ttttttttttt
Y Y Y v ey

+——— 5cm —————» FIGURE 3.15 A plate with a hole
subjected to tensile pressure.

PROBLEM 3.5

A notched rectangular plate is in tension, as shown in Figure 3.16.
Pressure (P) is applied at the left and right vertical sides of the plate,
given applied pressure P =200 kPa, E = 180 GPa, v=0.3, and t =0.05 m,
where t is the thickness of the plate. Determine maximum displacement
in the x-direction and calculate the stress concentration factor (K) using
the ANSYS result. Take advantage of symmetry in the problem to reduce
the computational size.

PROBLEM 3.6

A flat plate is axially loaded, as shown in Figure 3.17. Pressure P = 150 kPa
is applied at the left and right vertical sides of the plate. E = 210 GPa,
v =0.33, and t = 0.01 m, where t is the thickness of the plate. Determine
using ANSYS the maximum displacement in the x-direction and the stress
concentration factor (K). Take the advantage of symmetry in the problem
to reduce the computational size.

I F Y
B — —
- -

R &
— -
- —
] — 0.06m
] ——
-~ —
-~ -

p— /‘\
+ Y
}4— 0.04 m —il 0.02 m |4— 0.04 m —hi

FIGURE 3.16 A notched rectangular plate subjected to tensile pressure.
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R1.0cm
\L/ .
—

X
!

[ \ ::

|4— 3.5 cm—+— 4.0 cm —+— 3.5cm —b|

FIGURE 3.17 A plate subjected to tensile pressure.

PROBLEM 3.7

Determine the maximum displacement in the radial direction of the
vessel shown in Figure 3.18. Take the advantage of symmetry in the
problem to reduce the computational size. The inner and outer radii
are 0.15 and 0.1625 m, respectively, and the height of the vessel is
0.95 m. Let E = 230 GPa and v = 0.3. Pressure of P = 1.5 MPa is
applied at the inner surface of the vessel. The upper and lower hori-
zontal surfaces are fixed.

PROBLEM 3.8

The square plate with a hole shown in Figure 3.15 is subjected to tran-
sient tensile pressure at both vertical sides. Use ANSYS to determine
the maximum stress in the x-direction as a function of time, and let
E = 230 GPa, v = 0.30, and consider the plate as a plane stress with

FIGURE 3.18 A vessel subjected
to pressure at the inner surface. !
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thickness of t = 0.01 m. Take the advantage of symmetry in the problem
to reduce the computational size. The total time duration for the process
is 500 seconds. The applied pressure (in N/m?) is a function of time
according to the following expression:

P(t)=75x10° +75x 103sin(§—gt)

PROBLEM 3.9

The square plate geometry with a hole shown in Figure 3.16 is subjected
to transient tensile pressure at both vertical sides. Use ANSYS to deter-
mine the maximum stress in the x-direction as a function of time, and
let E = 180 GPa, v = 0.33 and consider the plate as a plane stress with
thickness of t = 0.02 m. Take the advantage of symmetry in the problem
to reduce the computational size. The total time duration for the process
is 2500 seconds. The applied pressure (in N/m?) is a function of time
according to the following expression:

P(t)=125x10° +125x 103sin(2—“t)
500

PROBLEM 3.10

A horizontal cylinder is placed on a flat surface, as shown in Figure 3.19.
The cylinder has a radius of r = 0.025 m, and a force of 25 kN is applied
to the cylinder. The cylinder will compress and penetrate the flat sur-
face. Determine the maximum stress at the contact region, given that
E = 180 GPa and v = 0.3 for the cylinder and flat plate.

PROBLEM 3.11
Two horizontal cylinders are placed close to each other, as shown in
Figure 3.20. The two cylinders have different radii, r, = 0.01 m and

I

FIGURE 3.19 A horizontal cylinder on a flat plate.
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FIGURE 3.20 A contact element problem.

r,=0.02 m, and force of 50 kN is applied only to the upper cylinder,
while the lower cylinder is placed on a flat surface. As a result, the upper
cylinder will move downward and meet the lower cylinder. Determine
the maximum stress at the contact region. Given that E = 180 GPa and
v = 0.33 for both cylinders.



CHAPTER FOUR

Vibration

4.1 Vibration analysis

In this chapter, the basic formulation of the motion of a single degree
of freedom is presented. The aim of this introduction is to discuss some
important concepts necessary for solving and understating vibration
problems. Figure 4.1 shows a mass—spring system that is subjected to a
time-dependent force F(t), where m is the mass of the system and k is the
stiffness of the spring.

Applying Newton’s second law, the equation of motion of the spring—
mass element in the x-direction is expressed as

mX + kx = F(t) @.1)

Equation 4.1 can also be symbolically expressed as

[m]{x}+[k]{x}={F} 4.2)

where [K] is the stiffness matrix, [m] is mass matrix, {x} is the nodal
displacement vector, and {X} is the acceleration vector. If the applied
force F(t) is equal to zero, then Equation 4.1 becomes a homogenous
ordinary differential equation. The solution of this equation gives the
natural frequency of the oscillating mass:

0 =—, “4.3)

where o is called the natural frequency of the free vibration of the mass.
The natural frequency depends on the stiffness of the spring and the
mass of the system. Substituting (4.3) into the equation of motion of free
vibration (4.1) yields

X+0'x=0 4.4

The solution of Equation 4.4 is

x(t) = A cos(mt) + B sin(mt) 4.5)
where the constants A and B can be determined using the initial

conditions.
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FIGURE 4.1
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m —— F(t)

{5
4 iy 7 7 e £ 7

Spring—mass system subjected to a time-dependent force.

4.2 Development of stiffness equations for
axial vibration of a bar element

Lumped mass formulation is one of the common ways to formulate the
stiffness matrix for dynamics analysis. Figure 4.2 shows a bar with ini-
tial length L, modulus of elasticity E, cross-sectional area A, and den-
sity p. To account for the mass inertia of the bar, the mass is distributed
and concentrated in the nodes, as shown in Figure 4.2.

The inertia forces are added to the nodal forces for the bar element
equation, which is used in static analyses, as follows:

AL ..
F _Lul

2 (_EAl 1 -1 d *.6)
PAL . L] -1 1 |]d
F, - 2 uy

The negative values of the inertial forces indicate that they are resist-
ing the elastic forces F, and F,. Equation 4.6 is rearranged as follows:

F _EA[ 1 -1 d +pAL 1 0 Sh @7
E (L] -1 1 || 2o 1 || 4

or symbolically,

{F}=[k]{d}+[m]{d} 48)

For free vibration, the nodal force vector is equal to zero. For a har-
monic motion, it is assumed that the displacements vary harmonically
with respect to time with frequency :

{d} = {U} sin(mt) 49
The second derivative of the displacement vector is the acceleration:
{d}=-0"{U} sin(e) 4.10)

Expression (4.9) into (4.10) yields

{d}=-0"{d} @.11)
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Node 1 A p Node 2
Fl +— — 1:2
— 1 ——
pAL pAL FIGURE 4.2 Bar element and
™M= M=y the concentrated mass at the

* o nodes.

Substituting the acceleration vector in Equation 4.7 yields

{E }:EA{ 11 H d, }—u)szL|: 10 H d }(4.12)
F, L| -1 1 d, 210 1] d

Equation 4.12 can be rearranged as

F EA| 1 -1 ,PAL| 1 0 d
=| — -0 — 4.13
{ F } ( L |: -1 1 } 2 0 1 d, @13
The global stiffness matrix can be obtained by assembling the stiff-

ness matrix for each element as follows:

N

[K]= ) [K“] @.14)

e=1

The nodal forces are also assembled to form a global force vector:

[F]= ZN:[F“)] @.15)

Similarly for the displacement vector,

N

[d]= Z[d(e)] 4.16)

e=1

Finally, the nodal forces and the displacement relationship is
expressed as

{F} = [K]{d} @.17)

4.3 Natural frequencies of axial vibration of a bar element

Determine the first two natural frequencies of a cantilever bar, as shown
in Figure 4.3. The total length of the bar is 2 m. Model the bar with two
elements only, and let E = 200 GPa, A =2 x 103 m?, and p = 5000 kg/m?.
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? E,Ap

;17 2m4D|

Element 1 Element 2

& &

flGURE 4.3 Cantilever bar and Node 1 Node 2. Node 3
finite element mesh.

Element 1 has nodes 1 and 2, and its length is L = 1.0 m. Using
Equation 4.13 for nodal forces and displacement relationship,

B e P

Nodal displacement at node 1 and nodal force at node 2 are equal
to zero. Element 2 has nodes 2 and 3, and its length is L = 1 m. Using
Equation 4.13,

HIGE T

Nodal forces at node 3 are equal to zero. Assembling the nodal and
displacement vectors and stiffness matrix for both elements yields

F _ d, =0
| EA 1 1 0 LPAL 1 0 0 1
E,=0 ;= T -1 2 -1 |-» T 0 2 0 d,
F=0 0 -1 1 0 0 1 d;

Since the first column is multiplied by zero displacement, it can be
deleted. The first row can also be deleted, and then

G i

The above equations are simplified as

EAEREE R
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where A is the eigenvalue,

2 pL
2E

A=

then,

K Ry

The determinant of the above matrix yields the following equation:
22 —4A+1=0

And the solution for the above equation is A, = 0.29289 and A, = 1.70711.
The natural frequencies are calculated as

o, = /ZX‘ZE =4840.58 Hz
pL

o, = 2}‘2215 =11686.23 Hz
L

p

The exact solution for the present problem is

_ o |E

2L\ p

where n is the mode number. The exact solutions for the first and the
second frequencies are ®, = 4967.15 Hz and o, = 9934.3 Hz, respec-
tively. The exact results are close to the finite element solution with error
in the first and the second frequencies of 2.55% and 17.64%, respec-
tively. The error can be reduced if the number of elements is increased.

4.4 Development of stiffness equations for
flexural vibration of a beam element

Figure 4.4 shows a horizontal beam element. The variation of curvature
of the beam is assumed to be a polynomial of the third order, and the con-
stants in the polynomial are determined using the boundary conditions.
There are four degrees of freedom for the element, two vertical displace-
ments and two rotations. The displacement function is expressed as

d,(x) = a;x* + a,x> + a;x + a, “4.18)
Using expression (2.68), the rotation is expressed as

0(x) = 3a,x> + 2a,X + a, 4.19
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FIGURE 4.4 Horizontal (Ii
beam element. b ¥

The constant a’s are obtained by using the boundary conditions at the
nodes as follows:

d,(x =0)=d, (.20)

d(x=L)=d, @21)
ov

8(x=0)=2" =g, 4.22)
ox
ov

8(x=L)=2" =, 4.23)
ox

Therefore, the displacement function (4.18) is expressed as

3x2 2x2 3x? x2

dy (X) = d]y +0,x — ?dw - Te] + ?dzy - fez
4.24)
2x? x? 2x? X’
+ I d]y +?G, —?dzy +?92
Rearranging the displacement function (4.24) gives
dx) = f,(x)d, + £,(x)0, + f;(x)d, + {,(x)0, 4.25)

where f,(x), f,(x), f5(x), and f,(x) are shape functions, and they are
expressed as

2 3
fl(x)=1—3(%) +2(%) 4.26)
2 3
f,(x)=1-3 i]”(le) @.27)
X 2 X 3

f,(x)= —(’i}(f) 4.29)
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The kinetic and strain energies are, respectively,

L 2
_ pAJ‘ av)
T="4|=—1]4d 4.
2 (E)x * .30)
0
L 2
EI (( 0°v
U=—||=5|d 4.31
2 J( ox? ) X 3D
0
Using the Lagrange equation,
d(dT) dT
=+ 2= =F 4.32
dt( 20 )+ 20 (432

Substituting kinetic and strain energies into the Lagrange equation
gives

[m]{d}+[k]{d}={F(0)} 4.33)

In the case of free vibration, and with the expression {d} =-0*{d},
the Lagrange equation (4.33) becomes

—o0’[m]{d} + [k){d} = {0} @.34)

Expanding Equation 4.34 yields

156 22L 54 —13L || diy
_o?PAL| 22L 4L 13L 3L ) 6,
420 54 13L 156 -22L || dy
—13L -317 —22L 417 0,

4.35)
12/1* 6/L -12/1* 6/L diy 0
+g 6/L 4 -6/L 2 6 (_]oO
L{ -12/1> -6/L -12/1* —-6/L day 0
6/L 2 -6/L 4 0, 0

4.5 Natural frequencies of the flexural
vibration of a beam element

Determine the first natural frequency of the beam shown in Figure 4.5a.
The beam is 2 m in length and fixed at both ends. The beam has a square
cross section with height and width of 0.05 m, p = 5000 kg/m?, and
E =200 GPa.

The minimum number of nodes required to determine the natural
frequency is 3, because two of the nodes are fixed. In this example,
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E,A Lp

/]
[/ Element 1 Element 2

&

Node 2 Node 3
(b)

e A e
i 2m V' Nodel
()

FIGURE 4.5 (a) Horizontal beam with fixed ends and (b) finite element mesh.

the beam is divided into two elements only. The finite element mesh
for the horizontal beam is shown in Figure 4.5b. In the next ANSYS
example, the beam is meshed with 50 elements. Element 1 has a length
of L = 1 m, nodes 1 and 2, and its stiffness and mass matrices are,

respectively,

pAL[ 156 -20L
[ml ] = 2
420 | -22L 4L

[Km]_E 12/12 —6/L
" L| -6/L 4

Element 2 has a length of L = 1 m, nodes 2 and 3, and its stiffness and

mass matrices are, respectively,

[m]_pAL 156  22L
T 0| 2L 42

[Km]_g 12/12  6/L
T L| 6/L 4

Applying Equation 4.34:
_2PALL 3120 dyy | EBI} 24/17 0 dy | ] 0
4201 o0 87 0, L 0 8 0, 0
Simplifying the above equation yields

_o?PAL| 3120 B 24717 0 _) O
420 0 8L’ L 0 8 0



VIBRATION 179

Solving for the first natural frequency,

1/2
o = 308 ( EL
)y pa

The exact solution for the first natural frequency is given by

1/2
o = 339 EL
Ty lpa

which is very close to the finite element result.

4.6 Natural frequencies of the flexural vibration
of beam element using ANSYS

For a horizontal beam shown in Figure 4.5a, determine the first five
natural vibration frequencies. Also, create animation for the third
mode. Mesh the beam with 50 elements. The beam has a square
cross section with height and width of 0.05 m, p = 5000 kg/m?3, and
E =200 GPa.

Double click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Individual discipline(s) to show in the GUI

[~ ANSYS Fluid
I~ FLOTRAN CFD
Electromagnetic:

™ Magnetic-Nodal
I~ Magnetic-Edge
™ High Frequency
™ Electric

Note: i no individual disciplines are selected they will all show.

Discipline options
& h-Method
oK ! Cancel I Help

A select Structural
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Main Menu > Preprocessor > Element Type > Add/Edit/Delete

A Bement’ %

Defined Element Types:
NONE DEFINED

Add.. I Options. | Delete |
Close Help [

Add...

A select Beam
B select 2 node 188

A\ Bement %

Defined Element Types:
Type 1 BEAM188

Add. | Options. | Delete |
Close Help [
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The illustrated theory for the beam in this chapter is based on the
third-order polynomial for displacement function. Therefore, in the
option, the element behavior should be changed to cubic form.

) seaM1Ss cement

. Oons for BEAMI8S, Element Type Ref. No. 1
Warping degree of freedom K1 [Unrestrained =]
Cross section scalingis K2 W
Element behavior [ [CubicForm. IR —0
Shear stress output K4 Im
Section force/strain output K6 IW‘
Stress / Strain (sect points) K7 MNONE -
Stress/Strain (elmt/sect nds) K9 [none <]
Section integration K11 Im
Taper section interpretation K12 m
Results file format K15 [avg(comernds) ]

oK | Cancel | Help

A select Cubic Form. in Element behavior K3

Close the Element Type window

The beam cross section is specified in sections. For material proper-
ties, the modulus of elasticity and density are required.

Main Menu > Preprocessor > Material Props > Material Models

Materal  Edit  Favorite Help
Material Modets Defined Matenal Models Available

8 =l || g Favortes
o Structural
i Linear
@ Elastic
PY<oiopd

# Ornthotropic J a

@ Anisotropic
(3@ Nonhnear
@ Density
(#@ Thermal Expansion
. (3 Damping

@ Crictinn Fanffirine -

A click on Structural > Linear > Elastic > Isotropic

The following window will appear, the Young modulus for the beam
is specified, and any value for the Poisson ratio is required to avoid an
error message. Also, the density of the beam is required.
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Linear Isotropic Material Properties for Material Number 1

iR
|Temperatures
EX 00e9 T A
PRXY 3 16
|

!Add Temperature | Delete Temperature ‘

A type 2009 in EX
B type 0.3 in PRXY

A
Materiad  Eda  Favorte  Help
Material Modeis Defined Matenal Models Available
= i Favorites
i Structural
o Linear
@ Elastic
o
& Orhotropic
@ Anisotropic
(@ Nonknear
® Density ‘Al
(@ Thermal Expansion
3 Damping
=] B Crirfinn Crnfficinnt |

k:BMatenial Model Number 1

A click on Structural > Density

Density for Material Number 1 M
T
Temperatures
DENS 000 < A
[Add Tempertine | Delete Temperature | Graphl
| 0k | cae | Hee |

A type 5000 in DENS

Close the Define Material Model Behavior window

The cross section of the beam is a square. In the cross section, the
square section type is the default section. The width and height of the
beam’s cross section should be specified.
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Main Menu > Preprocessor > Sections > Beam > Common Sections

[}
Name
Sub-Type
Ofiset To
Offsel-Y
Oftset-2
B
H
Nb
Nh
0K
Close | Preview j
Help ] Meshview
A type 0.05in B
B type 0.05in H
Review
1 | BECTION PREVIEW
¥ = Centroid o = ShearCenter DATA SUMMARY
02s . a—
= 0025
Iyy
= .521E-06
Tyz
L8125 | Izz
T T T 1 = JB521E-D6
Warping Conatant
= .150E-11
Torsion Constant
= JA9E-D6
Cantroid ¥
L] - | - -.BOSE~-18
I I | Centroid %
= J169E-18
Bhear Center ¥
- - 305E-17
Shear Center %
= JA65E-17
o125 | | | | Shear Corr. Y¥
| - .B42105
Shear Corr. Y&
= —.152E-15
SBhear Corr. B2
- .Baz10%
025 1] | 1] )
025 L0125 o L0125 025

ANSYS graphics will show the geometrical
properties of the beam cross section

Modeling the beam structure takes place in the following steps. First, two
keypoints are created. Then, a line that connects the keypoints is created. The
x- and y-coordinates of each keypoint are specified for ANSYS. Then, (0,0)
is the coordinate for Keypoint 1, and (0,2) is the coordinate for Keypoint 2.



184

FINITE ELEMENT SIMULATIONS USING ANSYS

Main Menu > Preprocessor > Modeling > Create > Keypoints >
In Active CS

{K] Create Keypoints in Active Coordinate Systemn

NPT Keypont number ——

XY.Z Location in active C5 [0 |[0 B —
o | epty | Cancel | Hep |

A type 1 in Keypoint number
B type 0 and 0 in X,Y,Z Location in active CS

[K] Create Keypoints in Actrve Coordinate System

W1 Kepontnumber R —

X¥.Z Location in active CS [2 |lo s
ok | apply | Cancel | Help |

A type 2 in Keypoint number
B type 2 and 0 in X,Y,Z Location in active CS

Main Menu > Modeling > Create > Lines > Lines > Straight Line

Click on Keypoints 1 and 2. In Create Straight Line window, click on

Main Menu > Preprocessor > Meshing > Mesh Tool
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A click Set in Lines
In Element Sizes on Picked Lines window, click on

Pick All

The following window will show up. In Element Sizes on Picked
Lines window, there are two options, either specifying the length of the
elements or the number of element divisions. For the present example,
the beam is divided into 50 elements.

Pl e =
[LESIZE] Element sizes an picked ines
o et e — lo
(NDIV is used only i SIZE is blank or zerc)
KYNDIV SIZENDIV can be changed F Ye
L]
1

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

[ use ANGSIZ enly if number of divisions (NDIV) and
element edge length (SIZE) are blank or zem)
Clear attached areas and volumes I© Mo

o | Appty | Cancel Help

A type 50 in No. of element divisions

i

i
I

Elellell |f. |k

§

it

lelefelefele

A click on Mesh

In Mesh Lines window, click on

Pick All
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Utility Menu > Plot > Nodes

T
Fonmrs anEYs 145
TPE W

ANSYS graphics show the nodes

The analysis type is changed from Static to Modal in New Analysis.
The required number of free vibration modes is five, and this is requested
in analysis options.

Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type of anslysis
 Static
 podale———— )
" Harmanic
 Transient
T Spectrum
" Eigen Buckling
" Substructuring/CMS

ok | Cancel Help

A select Modal

Main Menu > Solution > Analysis Type > Analysis Options

[MODOPT] Mode extraction method
% Block Lanczos
™ PCG Lanczos
 Unsymmetric
 Damped
QR Damped
 Supemnode

No. of modes to extract s —
| C—

_Q
_g

Expand mode shapes W Yes
NMODE No. of modes to expand 5 —
Elcalc Calculate elem results? ™ Ne
[LUMPM] Use lumped mass appros? r e
[PSTRES] Incl prestress effects? ™ Ne

oK Cancel | Help
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A type 5 in No. of modes to extract
B type 5 in NIMODE No. of modes to expand

[MODOPT] Options for Block Lanczos Modal Analysis

FREQB Start Freq (initial shift)
FREQE End Frequency

Nrmkey Mormalize mode shapes

Boundary conditions are specified in solution. Both ends of the beam
are fixed and no forces are applied because it is a free vibration problem.
The displacement is applied on the keypoints.

Main Menu > Solution > Define Loads > Apply > Structural >
Displacement > On Keypoints

Click on Keypoints 1 and 2. Then, in Apply U,ROT on KPs window,
click on

[DK] Apply Displacements (U,ROT) on Keypoints
Lab2 DOFs to be constrained

Apply as
If Constant value then:
VALUE Displacement value

KEXPND Expand disp to nodes?

ok | Apply | Cancel | Hep |

A select UX, UY, UZ, ROTX, ROTY, and ROTZ

B type 0 in Displacement value

The final step is to run the ANSYS solution. ANSYS will assemble
the stiffness matrices, apply the boundary conditions, and solve the
problem.
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
| the solution.

(&) Solutionis dore!

In the following steps, the natural frequencies of the beam are listed.
Notice that the frequencies 1 and 2 are the same, because the beam is
vibrating similarly in the y- and the z-directions.

Main Menu > General Postproc > Results Summary

Eile

[
smumn  INDEX OF DATA SETS ON RESULTS FILE sesesssn

SET TIME/FREQ LOAD STEP  SUBSTEP CUMULATIVE
1 88.917 1 1 1

88.917
221.81
221.81
431 .64

The exact solution for the first natural frequency for this geometry is
given by

1/2
o = 5.59 [ EL
w2 pa
where L is the beam length. The exact solution for the present geometry

is @, = 510.377 rad/s or 81.23 Hz, which is very close to the ANSYS
results. Next, the deformation shape of the third mode is displayed.
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Main Menu > General Postproc > Read Results > By Pick

A select Set 3

Main Menu > General Postproc > Plot Results > Deformed Shape

| [PLDISP] Plot Deformed Shape I
KUND Items to be plotted

" Def shape only
@ [Def + undeformed | ¢—— —Q

 Def + undef edge

oK Apply Cancel Hep |

A select Def + undeformed

i
DLSFTACKMINT ANTYE 14.5
sTRr=1
s =3

FREQ=Z21.813
DM =, I00354

ANSYS graphics show the beam before and after deformation

The animation of the third vibration mode is displayed in the follow-
ing steps. An AVI file is created and stored in the working directory.
The number of frames is the number of screen shoots for the animation
file. The 50-frame file is specified for this example and a higher value
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will enhance the resolution of the animation, but the size of the file will
be increased. The time delay is the time between each screen shot, and
increasing the time delay will increase the duration of the animation.

Utility Menu > PlotCtrls > Animate > Mode Shape
e et =]

Animabon data
N cf frames to create E : @
Tirme delay (seconds) s |

Acceleraton Type

Nedah Solution Dats
Diplay Type

oK Cancel Help

A type 50 in No. of frames to create
B select Def + undeformed

Animation will be shown on the screen for the third mode.

4.7 Development of stiffness equations for
vibration of an oriented beam element

Figure 4.6 shows an axial flexural frame element oriented at an angle

0 in the xy-plane. There are three degrees of freedom at each node,

displacement in x-direction, displacement in y-direction, and rotation.
For a static beam, the stiffness equation is expressed as

{F} = [TI"[K][T]{d} 4.36)
The stiffness equation is extended for vibration by adding the ®»° [m]

matrix to the stiffness matrix as follows:

{F}=[T]"([K]- o*[m])[T]{d} 4.37)
where

[ F,
F,
M, 4.38)
Fyy
Fzy
M,

{F}=
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Fyl' dyl

FIGURE 4.6 An axial flexural frame element.

cos®  sinO
—sin® cosO
0 0
T =
[T] 0 0
0 0
| 0 0
[0 o
0 12/17
EIf 0 6/L
[K]==
L| O 0
0 —12/12
| 0 6/L
and
[0 o
0 156
[m]:pAL 0 22L
4201 O 0
0 54
| 0 -13L

el eNel =)

0 0 0

0 0 0

0 0 0

cos® sin® O

—sin® cos6 O

0 0 1

0 0 0 0
6/L 0 -12/1* 6/L
4 0 -6/L 2
0 0 0 0
—-6/L 0 12/12 -6/L
2 0 -6/L 4
0 0 0 0
2L 0 54 -13L
412 0 13L 312
0 0 0 0
13L 0 156 -22L
31> 0 -22L 417
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4.39)

4.40)

@.41)

The equation of motion for the two-dimensional flexural beam

element is

{F}=([K]-o*[m]){d}

4.42)
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Main Menu > Preferences

4.8 Harmonic vibration of a plate with holes using ANSYS

The rectangular plate with six holes, as shown in Figure 4.7a, is sub-
jected to forcing function. The forcing function is shown in Figure 4.7b.
Create a graph showing the relationship between the displacement at the
point where the force is applied and the load’s frequency. Let t = 0.001 m,
E =210 GPa, v = 0.25, and p = 5000 kg/m3. The frequency of the load is
varied between 1 and 2000 Hz, and the number of subsets is 100.

Double click on the Mechanical APDL Product Launcher icon

This example is limited to vibration analysis. Hence, select Structural.
The geometry is meshed with quadratic four-node elements.

A select Structural

SOOSNNNAMANNNNNY,

-0.075 m++— 0.1 m —{

0.65 m

1-0.075 m

—

FIGURE 4.7

F, kN 4

()

0.1

1.0 t, sec

(b)

(@) A plate with six holes and (b) forcing function.

[KEYW] Frefesences for Gl it
Indiridusl daciplreiz) to thow in the GLI
% Structunat @
™ Thermal
™ AMNSYS Flad
I~ FLOTRAN CFD
Electrenagnenic
™ Magnetsc-Hodsl
I~ Magrese Edge
I~ Hagh Frrquency
I Dectric
Note ¥ e sdnidusl dsophne are selected they will ol shew,
Diaciphne optiont
h-Method
o | Cancel Help
E(t)
R0.025m
L 4
¥
. Y
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Material properties of the structure are defined in the following steps.
The modulus of elasticity and density are required to solve this problem.
In addition, the plate has a thickness, and the thickness is specified in
real constants.

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add. | options._ | Dekete |

Add...

A select Solid
B select Quad 4 node 182

Defined Element Types:

ype 1 PLANE182
Add.. | Options | Delete |
_Cuose | _tep |
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[Element behavior L<]
Elernent formulstion [

[NOTE: Mixed formulation & not vald with plane stress)

oK Cancel I

Iﬂpﬁoﬂllwww'lml‘d-ﬂml I
[Elernent technology a Full Integration vi

]ﬂllnem withk ‘I —
pure dspiacemnt Kl

e |

A

A select Plane strs w/thk in Element behavior K3

Close the Element Type window

Main Menu > Preprocessor > Real Constants > Add/Edit/Delete

~ Defined Real Constant Sets

Add. | Edit

I Delete |

Add...

OK
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[Element Type Reference No. 1

Real Constant Set No. D

Real Constant for Plane Stress with Thickness (KEYOPT(3)=3)

mnes T Czm—P Al
ok | Apply | Cancel | Help

A type 0.001 in Thickness THK

Close the Real Constants window

Main Menu > Preprocessor > Material Props > Material Models

e X

A\ De
Matenal Edit Favorte Help
Matenal Models Defined i~ Material Models Available
L:AMatenal Model Number 1 =] @ Favontes
o Structural

& Linear
@ Elastic

el
J

€ Orthotropic
@ Anisotropic
& Nonlinear
@ Density
@ Thermal Expansion
& Damping

d @ Crirtinm nnffieinn

A click on Structural > Linear > Elastic > Isotropic

Linear Isotropic Material Properties for Material Number 1

T1
Temperatures

EX - mA
PRXY : —(

Add Temperature | Delete Temperature | Graph |

ok | cocs | o Hep |

A type 210e9 in EX
B type 0.25 in PRXY
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Main Menu > Material Props > Material Models

Matwisl Lt Favorme el
Matenal Models Defined Material Modets Availabie

[ Bntenial Model Number 1

T1
oo I
DENS 5000 < A
Add Temperature | Delete Temperature | Graph|

ok | cace | He |

A type 5000 in DENS

Close the Define Material Model Behavior window

The geometry is modeled by creating a rectangle and circles.
Boolean operation is utilized to subtract the circles from the rectangle.
Alternatively, the circles can be overlapped and then deleted.

Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle > By 2 Corners

[ recrge oy 26 |

 Unpick

v I
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A type 0in WP X
B type0in WPY
C type .65 in Width
D type .l in Height

Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Solid Circle

A type .075in WP X
B type .05in WPY
C type .025 in Radius

The other circles are created using the copy area in the modeling. The
number of circles including the original circle is six, and the distance
between the circles is 0.1 m.

Main Menu > Preprocessor > Modeling > Copy > Areas

In the ANSYS graphics, select the solid circular area, and then in
Copy Areas window, click on
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[AGEN] Copy Areas

ITIME Number of copies - A
- including original
DX  X-offset in active CS B

DZ  Z-offsetin active CS

KINC Keypoint increment

NOELEM Items to be copied EAN“ and mesh -[

6|
DY Y-offsetin active CS |:]
[ 1]
L]

Apply | Cancel | Help |

A type 6 in Number of copies
B type .1 DX X-offset in active CS

Main Menu > Preprocessor > Modeling > Operate > Booleans >
Subtract > Areas

Click on the center of the rectangular area to select it. Then, in Subtract
Areas window, click on

Click on all circular areas to select them. Then, in Subtract Areas
window, click on

ANSYS 14.5

ANSYS graphics showing the final geometry
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The geometry is meshed with quadratic four-node elements. A free mesh
is generated using the smart mesh option. The mesh refinement is 1.

Main Menu > Preprocessor > Meshing > Mesh Tool

Element Attributes:

A select Smart Size
B set the level to 1

Then, in Mesh Tool, click on

In Mesh Areas, click on

Pick All
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The analysis type is changed from Static to Harmonic. The frequency of
the load is varied between 1 and 2000 Hz, and the number of subsets is 100.

Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type of analysis

 Substructuring/CMS

A select Harmonic

Boundary conditions are applied as follows. The left vertical line of
the beam is fixed, while the other lines are free. Force in the negative
y-direction is applied at the keypoint at the upper right corner.

Main Menu > Solution > Define Loads > Apply > Structural >
Displacement > On Lines

In the ANSYS graphics, click on the left line where displacement is
applied. Then, in Apply U,ROT on Lines window, click on

i

[DL] Apply Displacements (U,ROT) on Lines
Lab2 DOFs to be constrained - A

Apply as
VALUE Real part of disp _ B

VALUE2 Imag part of disp

select All DOF
set VALUE to 0

e
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The Function Editor is used to apply the transient force formula as
a nodal force. This technique is simple and convenient for this problem
because an equation for the force is given. Notice that the force unit
given in Figure 4.7b is in kN.

Main Menu > Solution > Define Loads > Apply > Functions >
Define/Edit

FEile Edit Help

Function ]Reglme 1 IReglme 2] Regime 3] Regime 4] Regime 5] Regime 6]

i~ Function Type
& Single equation
© Multivalued function based on regime variable [<RegimeVar>
(X.Y.2) interpreted in CSYS:[0 -
Result =[-100-100"(TIME) D ———
 Degrees & Radians
LIST
( ) GRAPH {TIME ~|
MIN ASIN e’x
MAX SIN LN 7 8 9 /| CLEAR
RCL  ACOS 10%x
STO cos LOG 4 5 6 ' -
INSMEM ATAN  SQRT
ABS TAN x*2 1 2 3 - E
Pl xA(1ly) T
INV | ATAN2 Xy 0 : + E

A type the equation: —100—-100*{ TIME}
In the Equation Editors click on File then Save

Save the file as FY_Time, and the file name is optional. After saving
the function, it has to be loaded to the ANSYS solution using the read
file.

Close the Function Editor

Main Menu > Solution > Define Loads > Apply > Functions >
Read File

Select the file FY_Time.func then
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.~ Table parameter name

[FY_Time +— A

~ Local coordinate system id for (x, y, x) interpretation
lo K

Function]

 Equation
Result = -100-100°(TIME}

~ Constant Values
None

A type FY_Time in Table parameter name, and this name is optional

Main Menu > Solution > Define Loads > Apply > Structural >
Force/Moment > On Keypoint

Click on keypoint where the force is applied, and then in Apply F/M
on KPs window, click on

[FK] Apply Force/Moment on Keypoints

Lab Direction of force/mom A
Apply as

If Constant value then: -

VALUE Real part of force/mom B

VALUE2 Imag part of force/mom

ok |

A select FY in Direction of force/mom
B select Existing table
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The following window will show up to select the function.

'\ Apply FM on kP
Apply Table Loads
Existing table - A

A select FY_TIME

Main Menu > Solution > Load Step Opts > Time/Frequency >
Freq and Substeps

Harmonic Frequency and Substep Options
[HARFRQ] Harmonic freq range A

[NSUBST] MNumber of substeps
[KBC] Stepped or ramped b.c.

oK I Cancel l

A type 0 and 2000 in Harmonic freq range
B type 100 in Number of substeps
C select Stepped

The final step is to run the ANSYS solution. ANSYS will assemble
the stiffness matrices, apply the boundary conditions, and solve the
problem.
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Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.

A graph that shows the displacement at a specific location in the plate
as a function of frequency can be done with the Time history. In the fol-
lowing steps, the displacement at the node where the force is applied is
plotted as a function of frequency.

Main Menu > TimeHist Postpro

A Hx/E Bl dvone ] S8 Ampltude =
Variable List ®|
'Name ___|Element __[Node Resul llem Minimum | -
i) | _-|J
_Calcuator @
— %] |
| G ) [ = E|
MN  CONJ e
Wl“l'-"' 7 ‘ 8 | 9 | I [CLEAR‘
RCLE .
STO | | l.ml 4 ‘ 5 | 6 | ‘ - ‘
INSMEM SQRT
= - | - | - | | g
: NI B T

A click on the green + button
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— Result ltem

Favorites
@& Nodal Solution
@ DOF Solution
@ X-Component of displacement

[ 2Y-Component of displacementy,

Stress

2 Clarticr Clrain

Kl

~ Result ltem Properties
uy_2

Variable Name
Sector Number

A click on Nodal Solution > DOF Solution > Y-Component of

displacement

[UN

In the ANSYS graphics, click on the node at the upper right corner of
the plate and then in Node for Data window, click on

[UN

File
EET TEED o C
List

x
anable Li
Na

|Amplitude =l
@|
me Element__|Node |Resutt tem Minimum Maximum_| -|
| eque 20 2000

C | [ | ]

MAX | a+b | iﬂl 7 ‘ 8 ‘ 9 | ! |CLEAR|

RCL

solpje] « | o | o | | -]

!NSMEM_ SQRT

o I O T N N O
JAE| B RAAG i

wiloemiluen] o | | - | &

A click on the graph button
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ANSYS graphics show the y-displacement as a function of frequency

The jumps in the displacement shown in the above figure occurred
at the natural frequency of the first and the second modes of the plate.
Next, an animation is created for the frequency of 1000 Hz.

Main Menu > General Postproc > Read Results > By Time/Freq

e s by Time o
Read Results by Tame of Frequency
[SET] [SUBSET] [APPEND]
Fiead resaits for Ertive model e
TIME Value of time or freq 1000 LI_= o
LSTER Resuts at of near TIME 88 TIVE value -
FACT  Scale factor C'
(Enter VELO fee velocities or ACEL for i
KIMG  Real or imaginary part Real part -
ANGLE Circumferential locaticn
- for harmonic elements
—o| Lomat | L]

A type 1000 in TIME Value of time or freq

Utility menu > Plot > Areas

Main Menu > General Postproc > Plot Results > Deformed Shape

I [PLDISP] Plot Deformed Shape l
EUND ltems to be plotted

ok | spply | Cancel | Hep |

A select Def + undeformed
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ANSYS 14.5

ANSYS graphics show the plate before and after deformation

Utility Menu > PlotCtrls > Animate > Mode Shape

No. of frames to create D a

Time delay {seconds) 05

Acceleration Type
@& Linear
¢~ Siowscidal

Nodal Selution Dats

Display Type Deformed Sha - e
Strain-total =1 [Def + undef edge I
Enengy = | Translation  UX
Stram ener dens. uy =
Strain-elastic

oK Cancel help |

A type 50 in No. of frames to create
B select Def + undeformed

Animation will be shown in ANSYS graphics.

49 Three-dimensional vibration of shaft
with disks using ANSYS

For the geometry shown in Figure 4.8, the ends of the shaft are fixed,
while the two disks and shaft are vibrating freely. The total shaft length
is 0.655 m. Determine the first five natural vibration frequencies.



208 FINITE ELEMENT SIMULATIONS USING ANSYS

/ R0.3
/ R0.03

Fixed Fixed

|‘7 0.125 m H}'—‘}'i 025m ——————

0.015 m

FIGURE 4.8 Shaft and two disks.

Also, create animation for the third mode. Let m, E = 180 GPa, v = 0.3,
and p = 7000 kg/m?3. Use free mesh with Tet 4 node element and set
smart size to 5.

Double click on the Mechanical APDL Product Launcher icon

This example is limited to structural analysis. Hence, select Structural
only. The three-dimensional solid element must be used and the type of
the element is tetrahedral with four nodes.
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Main Menu > Preferences

[MEYW] Preferences for GUT Fiftering
Indevidual draciplina(s) 15 thow in the GLI

Electromagnetic:

Lo | lesw| [ |

A select Structural

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add . ] Oplions. | Delete |

Add...

A select Solid
B select Tet 4 node 285
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For the material properties, the modulus of elasticity and density are
required to solve the problem.

Main Menu > Preprocessor > Material Props > Material Models

Matesial Edit Favorite Help
1 Material Modets Defined ! Material Models Available
L @ Favorites
d# Structural
o Linear
@ Elastic

@ Orthotropic J 9

E: WMatenial Model Number 1

& Anisotropic
3 Nonlinear
@ Density
@ Thermal Expansion
3 Dampi
- 8 Coreon ncthctos -

A click on Structural > Linear > Elastic > Isotropic

The following window will show up:

Linear Isotropic Material Properties for Material Number 1
T
Temperatures
EX 180e9 < A
I PRXY 3 < B
Add Temperature | Delete Temperature | Graph |
ok | cencet | Hep |
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A type 180e9 in EX
B type 0.3 in PRXY

Main Menu > Material Props > Material Models

Material Edit Favorite Help
Material Models Defined Material Models Available

& =l | g Favorites
& Structural
& Linear
@ Elastic
¢
@ Orthotropic
@ Anisotropic
(& Nonlinear
@ Density + o
(@ Thermal Expansion
(& Dampi
5} & Damping B

@& Crirtinn Sanficiant

A click on Structural > Density

|Temperatures

'DENS A

.Add Temperature | Delete Temperature | Graph I

ok | concd | hee |

A type 7000 in DENS

Close the Material Model Behavior window

The used technique for modeling the geometry is quite simple. The
following steps are performed:

1. The shaft is modeled as a long, solid cylinder.

2. The first disk is modeled as a thin, solid cylinder and then it is
moved to its position in the shaft.

3. The second disk is created by copying the first disk.

4. The shaft and two disks are added to create one volume.



212 FINITE ELEMENT SIMULATIONS USING ANSYS

ANSYS Main Menu > Preprocessor > Modeling > Create >
Volumes > Cylinder > Solid Cylinder

A type 0in WP X
B type0in WPY
C type 0.03 in Radius
D type 0.655 in Depth

ANSYS Utility Menu > PlotCtrls > Pan-Zoom-Rotate ...
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Click button to show the isometric view of the shaft and zoom
in and out.

ANSYS 14.%

ANSYS graphics show the isometric view of the shaft

ANSYS Main Menu > Preprocessor > Modeling > Create >
Volumes > Cylinder > Solid Cylinder

A type 0in WP X

B type0in WPY

C type 0.3 in Radius
D type 0.015 in Depth

The disk is not in its correct position, and it has to be moved along
the z-axis to its position at a distance of 0.25 m from its current position.
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ANSYS Main Menu > Preprocessor > Modeling > Move/Modify >
Volume

Click on the disk and then in Move Volumes window, click on

[VGEN] Move Volumes

DX  X-offset in active CS
DY  Y-offset in active CS
DZ  Z-offset in active CS

Apply I Cancel ]

A type 0 in DX X-offset in active CS
B type 0 in DY Y-offset in active CS
C type 0.25 in DZ Z-offset in active CS

The second disk is created by copying the first disk. The offset dis-
tance between the two disks is the spacing plus the thickness of the disk,
which is 0.14 m.

ANSYS Main Menu > Preprocessor > Modeling > Copy > Volumes

Click on the disk, and then in Copy Volumes window, click on

[VGEN] Copy Volumes
IMIME Number of copies -

= including original
DX X-offset in active CS

DY  Y-offsetin active CS
DZ  Z-offset in active CS

KINC Keypoint increment

NOELEM Items to be copied |\rolumes and mesh 'l

Cancel |

Help |

Apply |

A type 0 in DX X-offset in active CS
B type 0 in DY Y-offset in active CS
C type 0.14 in DZ Z-offset in active CS
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Next, the three volumes are added to create one volume.

ANSYS Main Menu > Preprocessor > Modeling > Operate >
Booleans > Add > Volumes

In Add Volumes windows, click on

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Smart Size
B set the level to 5

In Meshed Areas window, click on

215
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ANSYS graphics show the mesh

The analysis type is changed from Static to Modal. The required
number of free modes to be calculated is five.

Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type cf analysis
™ Seatic

o A

™ Harmonic

 Transient

" Spectrum

" Eigen Buckling
© Substructurng/CMS

_o | cme | e |

A select Modal

Main Menu > Solution > Analysis Type > Analysis Options

[MODOPT] Mede extraction methed
% Block Lanczos.
" PCG Lanczos
 Ungymmetric
© Damped
QR Dsmped
 Supesnode
e s i ——10O
[MXPAND)
Expand mode thapes F Yes
ottt s i ——10
Elcale Calculate el results? I Mo
[LUMPM] Use hamped mass appeca? I No
[PSTRES] Inc prestress effects? e
o | Cancel | Help

A type 5 in No. of modes to extract
B type 5 in NIMODE No. of modes to expand
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[MODOPT] Options for Block Lanczos Modal Analysis

|

FREQB Start Freq (initial shift) D
Ll (C—
Nrmkey MNormalize mode shapes To mass matrix .l

oK | Cancel | Hep |

The left and right surfaces of the shaft are fixed, while the other
surfaces are free. No forces are applied.

Main Menu > Solution > Define Loads > Apply > Structural >
Displacement > On Areas

In the ANSYS graphics, click on the left and right surfaces of the
shaft, which are fixed. Then in Apply U,ROT on Areas window, click on

Lab2 DOFs to be constrained All DOF

Apply as
If Constant value then:
VALUE Displacement value

ok | Apply

A select All DOF

B type 0 in Displacement value

Main Menu > Solution > Solve > Current LS

&) solutionis dore!
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Main Menu > General Postproc > Results Summary

wmuxn  INDEX OF DATA SETS ON RESULTS FILE s
TIHE;FIIEQ LOAD gl‘EP SI.IBSi'l'EP GJMJiATIUE

ANSYS lists the natural frequencies of the shaft with two disks. Next,
the deformed shape of the shaft for the mode number 4 is displaced,

followed by an animation.
Main Menu > General Postproc > Read Results > By Pick

Available Data Sets:
Set Frequency Load Step Substep  Cumulative
1 82235 1 1 1
2 148,07 1 2 2
3 148 65 1 3 3
—0D
5 169.32 1 5 5

Read | Next | Previous
Close | Hep |

A select Set 4

Main Menu > General Postproc > Plot Results > Deformed Shape

A\ Pio

[PLDISP] Plot Deformed Shape

H KUND Items to be plotted
" Def shape only

@ |Def + undeformed A
 Def + undef edge

Cancel | Help |

A select Def + undeformed
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ANSYS graphics show the vibrating shaft with
two disks before and after deformation

Utility Menu > PlotCtrls > Animate > Mode Shape

His. et frames to create El | a
Tire delay (seconds) [
Acceleration Type
* Liness
 Sinumsidal
Nisdal Schuticn Data
Desplay Type [T - | (Ocfomed -
e 1 o
Stean-total %1 [Def = undef edge
Energy || Transiation ux
Strsin ener dens uy
Stran-elastic |

A type 50 in No. of frames to create
B select Def + undeformed

Animation will be shown for the third mode.

PROBLEM 4.1

Determine the first natural vibration frequency of a horizontal canti-
lever bar using finite element method, as shown in Figure 4.9. The
total bar length is 3 m. Model the bar with three elements only and let
E =180 GPa, A =4 x 10 m?, and p = 7000 kg/m?.

E,Ap

SO

3m

N
"I FIGURE 4.9 A simple cantilever bar.
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PROBLEM 4.2

A horizontal cantilever bar is composed of two different bars of dif-
ferent cross sections and lengths, as shown in Figure 4.10. Determine
the first natural vibration frequency of the bar using the finite element
method. Model the bar with three elements only, as suggested in the
figure, and let E = 210 GPa, p = 4500 kg/m3, A, =4 x 10~ m?, and
A,=2x 103 m2

PROBLEM 4.3

A horizontal beam structure is composed of three different beams
of different material properties, as shown in Figure 4.11. Determine
the first natural vibration frequency of the structure using the finite
element method. Model the structure with three elements only and
let E, = 205 GPa, p, = 4250 kg/m3, E, = 270 GPa, p, = 3000 kg/m?,
E, = 180 GPa, p, = 4000 kg/m?, and the beams have a square cross-
sectional area with height and width of 0.1 m.

PROBLEM 4.4

A horizontal cantilever bar structure is composed of two different bars
of different cross-sectional areas and lengths, as shown in Figure 4.10.
Determine the first five natural vibration frequencies of bar structure and
let E = 210 GPa, p = 4500 kg/m?; A; =4 x 102 m?, and A,=2 x 103 m>.

PROBLEM 4.5

A horizontal beam structure is composed of three different beams
of different material properties, as shown in Figure 4.11. Determine
the first five natural vibration frequencies of beam structure using
ANSYS. Also, create an animation for the second mode. Mesh each

E, Al, P E, Az, P

»1—1m4+72m4bl

Element 1 Element 2 Element 3

NONNNN

Node 1 Node 2 Node 3 Node 4

FIGURE 4.10 A cantilever bar made of two different bars.

FIGURE 4.11

E.p, E,p, E,p, L

—— 05m I 0.5m { 0.5m

A horizontal beam structure made of three different beams.
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beam with 50 elements and let E, = 205 GPa, p, = 4250 kg/m3,
E, =270 GPa, p, = 3000 kg/m?, E;= 180 GPa, p; = 4000 kg/m3, and
the beam has a square cross-sectional area with height and width
of 0.01 m.

PROBLEM 4.6

For the plate with circular holes, as shown in Figure 4.12, the left verti-
cal line is fixed. Determine the first five natural vibration frequencies of
structure using ANSYS. Also, create an animation for the third mode.
Let t =0.002 m, E = 200 GPa, and p = 7500 kg/m?.

PROBLEM 4.7
For the rectangular cross-sectional plate with square holes, as shown
in Figure 4.13, both ends are fixed. Determine the first five natural
vibration frequencies of the structure using ANSYS. Also, create an
animation for the third mode. Let t = 0.001 m, E = 270 GPa, and
p = 6000 kg/m?3.

PROBLEM 4.8

The geometry shown in Figure 4.14a is subjected to the transient force.
The relationship between force and time is shown in Figure 4.14b.
Create a graph showing the relationship between the displacement

R 0.025 m

O OO0

l SONONNNNNNNNANN

0.05m fe— 0.1m —| —] 0,05 m fe—

FIGURE 4.12 A plate with circular holes.

A

T

004m 7

—L /]

0.01 m

.

RNROOSRNNY

—{0.02m |— —{0.02m —

FIGURE 4.13 A rectangular plate with square holes.
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F(t)

0.08 m
i /]
0.02m 0.44m k—{0.02m
@
ENA
250
P-t, sec.
1.0
(b)
FIGURE 4.14 (a) A rectangular plate with a rectangular hole and (b) forcing function.

at the point where the force is applied and the load’s frequency.
Let t = 0.002 m, E = 230 GPa, and p = 4000 kg/m?. The frequency
of the load is varied between 1 and 5000 Hz, and the number of
subset is 50.

PROBLEM 4.9

For the geometry shown in Figure 4.15, the ends of the shaft are fixed,
while the disk and the shaft are vibrating freely. Determine the first five
natural vibration frequencies for the shaft. Also, create an animation for
the third mode. Let m, E = 180 GPa and p = 7000 kg/m?. Use free mesh
with Tet 4 node element, and set smart size to 5.

PROBLEM 4.10
For the airplane wing shown in Figure 4.16, determine the first five natu-
ral vibration frequencies. Let E = 180 GPa, v = 0.25, and p = 3500 kg/m?.
The wingspan is 5 m, and the left surface of the wing is fixed. Solve the
problem as a three-dimensional problem. Use Tet 10-node elements with
smart size set to 1.
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Fixed ‘/ Fixed

\1:1%/

T

[ » [0.025 m

0.2 m 0.15m
FIGURE 4.15 A shaft and disk.
7
s
/
y;
Z
R0.4 m
I 2.5m |

FIGURE 4.16 Airplane wing.
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CHAPTER FIVE

Heat transfer

5.1 Introduction to heat conduction

Whenever a temperature gradient exists in a solid, heat will flow from
the high-temperature region to the low-temperature region. The basic
governing heat conduction equation is obtained by considering a plate
with a surface area A and thickness Ax, as shown in Figure 5.1. One side
is maintained at temperature T, and the other side is at temperature T,.
Experimental observation indicates that the rate of heat flow is directly
proportional to the area and temperature difference, but inversely pro-
portional to the plate thickness. The proportionality sign is replaced by
an equal sign by introducing the constant k as follows:

Q= kAH 6D

Ax

The constant k is the thermal conductivity of the plate. This property
depends on the type of the plate’s material. Equation 5.1 is also called
Fourier’s law. Fourier’s law can be expressed in differential form in the
direction of the normal coordinate:

dT
Q=-kA— (5.2
dn
Also, Fourier’s law can be expressed for multidimensional heat flux
flow as follows:

0T~ 0JT~ OT =~
q=—k(aX1+J+k) (5.3)

An energy balance can be applied to a differential volume dx dy dz,
for conduction analysis in a Cartesian coordinate, as shown in Figure 5.2.
The objective of this energy balance is to obtain the temperature distribu-
tion within the solid. The temperature distribution is used to determine
the heat flow at a certain surface, or to study the thermal stress. The
heat flux perpendicular to the surface of the control volume is indicated

225
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|"_,_.-| Ax

T2
FIGURE 5.1 Heat transfer
through a plate.
qY
! u
q 1 o D q
1 ) ’ =T Qyiax
q, »
|
FIGURE 5.2 Differential control volume qI
y+dy

for the energy balance.

by the terms, q,, q,, and q,. The heat flux at the opposite surface can
then be expressed using the Taylor series expansion of the first order as
follows:

Qoo = g + 29 dx (5.4)
0x
Jq

qy+dy = qy + ayy dy (55)
aq,

Qurar = + 2 dz (5.6)
0z

Energy can be generated in the medium, and the expression of the
heat generation is

Egen = dx dy dz (5.7)
where q is the generated heat per unit volume, W/m?. If the heating pro-

cess is unsteady, the total energy of the control volume can be increased
or decreased. The energy storage term is expressed as

E, =pCp %—T dx dy dz (5.8)



HEAT TRANSFER 227

The sum of the energy generation in the control volume and net heat
flow should be equal to the energy stored in the control volume. The
energy conservation can be expressed in the following mathematical
form:

Byen + (Bin = Bou ) = Ea (5.9)

Substituting expressions (5.4-5.8) into (5.9), the energy conservation
equation becomes

. d
qaxdy dz+[ 2% dy dz+ 9% dx dz+ 29 dx dy | = pCp 0T dx dy dz
Ix dy Jz ot

(5.10)

The QY, QY, and Q; are obtained from Fourier’s law (5.2) as follows:

;’=—kd—T dx (5.11)
dx
” dT
y=—k— dy (5.12)
dy
Q;’:—kd—T dz (5.13)
dx

Finally, the conduction energy equation per unit volume, in a
Cartesian coordinate, is expressed as

9( aT\ a( aT) af(. aT) . T
S+ 2 ke |+ 2 kS |+ q=pC, & 5.14
ax( 8x)+8y( 8y)+82( 82)+q P& 5 619

When the system reaches the steady-state condition, the term 0T/t is
equal to zero. If the thermal conductivity is independent of the direction,
the conduction energy equation can be written in a simpler form as

O’T  o°T 0T

oT pCp JT
ox’ " ay’ " 0z’

k ot

q
I (5.15)
The energy equation is a partial differential equation with second
order in space and first order in time. The boundary conditions along its
surface as well as the initial condition must be specified. For the initial
condition, the temperature distribution in the system must be provided.
In heat transfer problems, there are three types of boundary conditions:
temperature, heat flux, and convection.
The constant temperature, also called the Dirichlet condition, corre-
sponds to a situation for which the surface is maintained at a fixed tem-
perature. The mathematical expression for this boundary condition is

Tx,0=T, (5.16)
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The second type of boundary condition, which is called the Neumann
condition, corresponds to a constant heat flux applied to a surface. The
heat flux is related to the temperature gradient at the surface by Fourier’s
law as follows:

—ka—T =q 5.17)
ox
A special case of this boundary condition is an insulated boundary
condition, and the heat flux should be zero:

-k a—T =0 (5.18)
ox
The third boundary condition corresponds to convection at a surface.
The conduction—convection heat balance at the wall surface must be sat-
isfied. The heat transfer coefficient (h) should be known, as well as the
fluid bulk temperature (T,,):

oT
—kg—h[Tw ~T(x,1)] (5.19)

5.2 Finite element formulation for conductive heat transfer

The finite element method is an efficient way to solve conduction prob-
lems. The heat transfer solution can be used to estimate the heat flow at
the boundaries or to determine the temperature distribution for thermal-
stress analysis. In this chapter, the variation formulation is used to obtain
the conductive equation. It is accomplished by minimizing the following
potential function:

1 TV . (orY
szJ‘ kel — | +ky| = dV—J-QTdV—J‘quS
2V ox dy J )

+%jh(T—Tm)2 ds
S

(5.20)

where the first term is heat conduction in the solid, the second term is
volumetric heat generation, the third term is surface heat flux, and the
fourth term is surface heat convection. For any surface, either surface
heat flux or convection is applied. The temperature function T within
each element can be expressed in terms of shape functions as

=[Ny No N, . N [{ Ty 5.21)
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and the heat flux in the x- and y-directions is given by

@ || ke O ax
HMEEESE .

The temperature gradient vector can be expressed in terms of shape
functions as

T
T ON,  ON, 9N, N || o
ox ox ox ox  ox ’
= = 5.23
g} aT 9N, 9N, N, N, Tf 629
dy dy dy dy 9y T

or symbolically,
{g} = [BI{T} (5.24)

where [B] is a derivative of the shape functions. The thermal conductiv-
ity matrix is

k, 0
[D]:[ 0 K, } (5.25)

Hence, the heat flux vector can be written in terms of the temperature
gradient vector and thermal conductivity matrix as follows:

{ x }: [D]{g} (5.26)

ay

Potential function (5.20) can be expressed as

= %j[{g}T [D){g} Jav- J{T}T [N]'Qdv - j{T}T [N]" qds

+%J.h[({T}T [N]" - T. )2]dS

S

(5.27)

Using the expression of the temperature gradient (5.24) and expand-
ing the surface convection term, the potential function (5.27) can be
written as

{T}J [D][B]{T}dV —{T}" J[N Qdv - {T}J T qds

#2 olTy INT INITY - (7Y [NT NI T =72 Jas

(5.28)
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Minimizing the potential equation (5.28) with respect to temperature
vector, it gives

- J[B] [D][B]{T}dV J-N] Qdv - J[N qds

o{T}
(5.29)
Jh J'[N{T}-[N]"T. |ds
Rearranging Equation 5.29 as
j[ I [D][B] {T}dV+Jh T[N]{T}dS
Y (5.30)

:j[N]T QdV+J[N]T qu+Jh[N]T T.dS

v S

Equation 5.30 can be expressed in terms of conductive matrix, nodal
temperature, and thermal forces as

[KIH{T} = {Fo} + {F,} + {F.} (5.3

where

- j D][B]dV + j h[NT"[N]dS (532)

The first term for the conductive matrix (5.32) is for axial conduction
through the element, while the second term is convection at the external
surface of the element, and the thermal forces are

{Fo}= J[N 1" Qav (5.33)
{F,}= j [N]" qds (5.34)
{Fc}zj.h[N]T T. dS (5.35)

The term {F,} is volumetric heat generation in the element, {F,}
is applied heat flux on the external surface of the element, and {F_} is
applied convection on the external surface of the element. The inte-
grations are over the surface where convection or heat flux is applied.
A symbolic expression for element conduction equation is

[KI{T} = {F} (5.36)
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where
{F} = {Fy} + {F} + {F.} (5.37)

The global conductive matrix is obtained by assembling the conduc-
tive matrix for each element as follows:

[K]= ) [k“] (5.38)

e=1

The thermal force vectors are assembled to form a global one as
follows:

{F}= ZN: {F9} (5.39)

Also, the temperature vectors are assembled to form a global one as
follows:

{T}= ZN:{T“)} (5.40)

5.3 Finite element method for one-dimensional
heat conduction

Consider one-dimensional heat conduction, as shown in Figure 5.3,
where the length of the element is L. The temperature function is similar
to the displacement function, which is

Tx) =N,T, + N,T, (5.41)

where T, and T, are nodal temperatures, and N, and N, are shape func-
tions, which are defined as

X
Ni=1-% (5.42)
X

The shape functions can be presented in matrix form as

X X
INI=[ Ni N ]_[ - ] (5.44)
Node 1 Ak Node 2
r 1
—* X L FIGURE 5.3 One-dimensional heat
1

conduction.
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The thermal conductivity of the material is assumed to be isotropic.
The [B] and [D] matrices are calculated as

e aN, [ 11
[B]__ ox ox }_[ L L } (5.43)
[k, 0
[DI=| & ]=[g g] (5.46)
y

In Equation 5.32, and since the element has a uniform cross-sectional
area, the integral over differential volume dV is replaced by A dx, where
A is the cross-sectional area of the element, and the integral over differ-
ential surface dS is replaced by P dx, where P is the circumference of the
element. The element conductive matrix (5.32) is expressed as

N RSN A

) (5.47)
+jh[ XX H XX ]dA
L L L L

After performing matrix operations and integration, the element con-
ductive matrix (5.47) is expressed as

[K]=Ak[ bl }thL[ 2 ]}rhA|:1 O] (5.48)
Ll -1 |Te |1 2 0 0

The first term of the conductive matrix is axial conduction, the sec-
ond term is perimeter convection, and the third term is convection at the
surface of node 1. If the convection is applied at node 2, the conductive
matrix (5.48) becomes

_Ak[ 1 -1 | hPLf 2 1 0 0
[K]—L[_1 1}6[1 2}+hA|:0 1] (5.49)

The thermal nodal forces can be calculated using expressions
(5.33-5.35) as follows:

_ X X ' _QAL ] 1
{FQ}_J[ 1 Lol }QAdx— 5 { | } (5.50)

T
PL | 1 1
{Fq}=J[ XX }qupqz{ 1 }+qA{ . } (551
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T
hT. PL
{Fc}=jh =X X | T pdx= Plopmal !
L L 2 |1 0

(5.52)

In Equations 5.51 and 5.52, the first term after integration is for heat
flux or convection applied at the perimeter and the second term is for
heat flux or convection applied at node 1. If the convection is applied at
node 2, Equations 5.51 and 5.52 become, respectively,

T
PL| 1 0
e p 3 Jwae] (2]

T
hT. PL
{FC}:Jh -2 2 | T.Pdx= P linmoal ©
L L 2 1 1

5.54)

5.4 Heat transfer through a composite wall

Consider a composite wall shown in Figure 5.4. The wall is composed
of three layers with different thermal conductivities: k, = 0.1 W/m-°C,
k; = 0.2 W/m-°C, and k. = 0.25 W/m- °C. A convection boundary con-
dition is applied at the left surface, h = 15 W/m?-°C and T, = 25°C,
while the right surface is at a fixed temperature, T, = 50°C. Calculate the
temperature at the interfaces and heat flow through the wall. Given that
L,=5cm,L;=15cm,and L. =2.5 cm.

The heat conduction in the wall is a one-dimensional heat transfer
problem and can be solved using the finite element method using three
elements only, as shown in Figure 5.4. Since the temperature varia-
tion is linear in each layer, having more than one element in each layer
would not affect the results. The convection thermal load is applied at
node 1 and temperature load at node 4. The results are per unit area A.

Element 1 Element 2 Element 3

Convection ——# &
Node 1 Node 2 Node 3 Node 4

FIGURE 5.4 Heat conduction in a composite wall and finite element mesh.
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For element 1, convection load is applied at node 1, and no nodal thermal
load is applied at node 2, there is no convection or heat flux applied at
the surface of the element, and no heat is generated in the element. The
conductive matrix and nodal thermal load vector, respectively, are

[K(‘)]=k—A o= om0
L,| -1 1 0 O

{F<1>}:{F§I>}=hn{ : }: { s }

For elements 2 and 3, no nodal thermal loads are applied on nodes,
there is no convection or heat flux applied at the element, and no heat is
generated in the element. The conductive matrix and nodal thermal load
vector are for elements 2 and 3, respectively,

[K#]=Kef 1 - l_o2[ 1 -1 ][ 133 -133
Ly| -1 1 | o015] -1 1 133 133

(ko] ke[ 1 l_o02s[ 1 -1 ][ 10 -10
Le| -1 1 | 0025 -1 1 -10 10

Assembling the conductive matrix and nodal thermal forces and
temperatures yields, it gives

17 -2 0 0 Ti 375
-2 333 -133 0 . | | O
0 -133 1133 -10 T (] O
0 0 -10 10 T, Q4

where Q, is heat flow at node 4, which is required to maintain the tem-
perature at node 4 at 50°C. Since the temperature at node 4 is known,
T, = 50°C, the last equation is modified, so that T, has a value of 50°C.
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Consequently, the third equation number 3 is also modified. The
conductive matrix and nodal thermal forces and temperatures are
expressed as

17 -2 0 0 T 375
-2 333 -133 0 T | | o

0 -133 1133 0 T, [ ] 500
0 0 0 1 T, 50

Then, there are three equations and three unknowns, the solution for
the equations is

T, = 26.175°C
T, = 34.981°C
T, = 48.237°C

5.5 Finite element method for two-dimensional
heat conduction

The simplest type of element used for heat conduction is a three-node
triangular element, as shown in Figure 5.5. The nodes are named i, j, and
m, and the temperature is linearly varying across the element.

The temperature function is the same as the displacement function
used in structural analysis:

T,
{T}=[ Ni N; Nm] T (5.55)
T

-

and the shape functions are given as

1
Ni=—(o4 +Bix+7; 5.56
o (0 +Bix+7y) (5.56)
Node m
(XY,
(x,y)
Node i
. Node j
05) FIGURE 5.5 Three-node trian-
X

gular element.
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1
N;= E(O‘j +Bx+v5y) ©-57)
N = i(am +BuX+Ymy) (5.58)

where o, B, and v are defined as

O =XiYm = YiXm O = XmYi ~YmXi  Om = XY~ YiXj
Bi=Yj=¥Ym Bi=yYm—Vi Bm=Yi—Y; (5.59)

'Yi=Xm—Xj 'Yj=Xi—Xm 'Ym=Xj—Xi
The [B] matrix is calculated using Equation 5.23 as

ON; ON; oN,

[B]= ox ox ox _ Ry Bi B PBm (5.60)
E)Ni BNJ 8Nm 2A Yi Vi Ym
dy  dy dy
where A is the area of the element. The thermal conductivity [D]
matrix is
[D]= o 0 5.61
| 0w (5.61)

The thermal conductive matrix (5.32)
[K]= [[BI'[DI[BIAV+ [n[N]' [N]as
v N

Assuming the element has a constant thickness t, the thermal conduc-
tive matrix can be written for a triangular element as

2 1 0
[K]=tA [B]T[D][B]+% 1 2 0 (5.62)
0 0 0

where A is the area of the element and L is the element side length where
the convection is applied. The second term in Equation 5.62 represents
convection on the side of the element, and the volumetric heat generation
can be considered as a nodal thermal force as follows:

1
{Fo}= _[[N]T Qav=581 (5.63)
% 3 1
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where the heat generation is equally distributed on the nodes. The heat
flux on a surface is considered as nodal thermal load as

{Fq}:J.[N]quS=J[ N, N; N, ]qus (5.64)

If the heat flux is applied on a specific side of the element, the heat
flux vector is

1
L . . S
{Fq } .l 1 if heat flux applied between nodes i and j (5.65)

1o
L; [0 ]
{Fq} = qT’m 1 if heat flux applied between nodes jand m  (5.66)
| 1
| B B
{Fq} = % 0 if heat flux applied between nodes mandi  (5.67)
1

where L;; is the side length between nodes i and j, L;,, is the side length
between nodes j and m, and L is the side length between nodes m
and i. The convection on a surface is considered as nodal thermal load
as follows:

{FC}:J[N]ThTNdS:J[ N, N, N, jIThdeS (5.68)
S S

If the convection is applied on a specific side of the element, the con-
vection vector is

hT.L; . . . L
{F.}= — 1 if convection applied between nodes i and j
(5.69)
hT.L;, 0 . . . .
{F.}= — 1 if convection applied between nodes j and m
L] (5.70)
hT..L 1 . . . .
{F.}= S 0 ¢ if convection applied between nodes m and i
I (5.71)
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5.6 Heat conduction in a solid plane

The two-dimensional body, shown in Figure 5.6a, is subjected to
convection at the vertical left side, with T,, = 50°C and h = 20 W/m?- °C.
At the right side, a fixed temperature boundary is imposed, with
T, = 100°C, while the two horizontal sides are well insulated. The
sides’ length of the body is 2 m, and it has a thermal conductivity of
25 W/m - °C. Determine the temperature at the center of the body.

There are unlimited options for elements distributions, and some of
these options are shown in Figure 5.6b. Increasing the number of elements
will definitely enhance the accuracy of the results, but up to a certain
number of elements. After which, the results become independent of the
number of the elements. The first mesh contains two elements, which is the
minimum number of elements required to solve this problem. However,
this mesh cannot predict the temperature at the center of the body because
there is no node at the center of the body. The second mesh contains 4 ele-
ments, the third mesh contains 8 elements, and the fourth mesh contains
16 elements.

For an illustration purpose, the second mesh is selected because it has
the least number of elements. Figure 5.6c shows the nodes and elements
distribution for the geometry, and it consists of four elements and five nodes.
First, the [B], [D], and [K] matrices for element 1 are formulated. The name
of node 1 is (i) and its coordinate is (0,0), the name of node 2 is (j) and its
coordinate is (2,0), and the name of node 5 is (m) and its coordinate is (1,1).
The values of s and ¥’s are required for the [B] matrix and are calculated
using Equation 5.59, and A is the area of the element, so we have

Bi=y=yn=0-1=-1
szym_}’1=1_0=1
Bn=yi-y=0-0=0
yizxm—szl—Z:—l
'Yj=Xi_Xm=O_1=_1
ym=xj—xi=2—0=2
A=052)1=1m?

Then, the [B] matrix is formulated using Equation 5.60:
Il -1 1 0
[Bl-
21 -1 -1 2
and the [D] matrix is formulated using Equation 5.61:

25 0
[D]:[ 0 25 ]
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Insulated
VTSI III I I IS IIIIIIS

T_=50"C

T =100"C
° h=20 W/m?.°C

VLTI

< 2m P

NX
PK] 6

Node 4 Node 3

Node 1 X Node 2
()

FIGURE 5.6 (a) The two-dimensional body subjected to convection and fixed temperature bound-
ary conditions, (b) suggested finite element meshes, and (c) the elements distribution.
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No convection is applied, and therefore, the convection term in
Equation 5.62 is equal to zero. Finally, the [K] matrix for element 1 is
calculated using Equation 5.62:

1 2 S
12.5 0 -125 | 1
[K<”]= 0 125 -125 | 2
~125 -125 25 5

For element 2, the [B], [D], and [K] matrices are formulated. The name
of node 1 is (i) and its coordinate is (0,0), the name of node 5 is (j) and its
coordinate is (1,1), and the name of node 4 is (m) and its coordinate is (0,2).
The values of ’s and y’s are required for the [B] matrix, and calculated
using Equation 5.59, and A is the area of the element. We then have

Bi:yj_ymzl_zz_l
Bj=ym_}’i=2_0=2
Bm:}’i_)’jzo_lz_l
yi=xm—xj=0—1=—1
yj:xi—xm=0—0:0
ym=xj—xi=1—0=l
A=052)1=1m?

Then, the [B] matrix is formulated using Equation 5.60:
Il -1 2 -1

[Bl=5| -
2 1 0 1

and the [D] matrix is the same as for element 1. No convection is
applied, and therefore, the convection term in Equation 5.62 is equal
to zero. Finally, the [K] matrix for element 2 is calculated using
Equation 5.62:

1 5 4
125 -125 0 1
[K<2)]= 125 25 -125 | 5
0 -125 125 | 4

For element 3, the [B], [D], and [K] matrices are formulated. The
name of node 4 is (i) and its coordinate is (0,2), the name of node 5
is (j) and its coordinate is (1,1), and the name of node 3 is (m) and
its coordinate is (2,0). The values of B’s and Y’s are required for
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the [B] matrix, and are calculated using Equation 5.59, and A is the
area of the element. We have

Bi=yj—ym=1-2=-1
Bj=Ym_Yi=2_2=O
Bm:}’i_)'jzz_l:l
yi=xm—xj=2—1=1
yj=xi—xm=0—2=—2
ym:xj—xi=1—0=1
A=052)1=1m?

Then, the [B] matrix is formulated using Equation 5.60:
Il -1 0 1

[B]==
21 1 21

and the [D] matrix is the same as for element 1. No convection is
applied, and therefore, the convection term in Equation 5.62 is equal
to zero. Finally, the [K] matrix for element 3 is calculated using
Equation 5.62:

4 S 3
125 -12.5 0 4
[K(3)]= 125 25 -125 | 5
0 -125 125 |3

For element 4, the [B], [D], and [K] matrices are formulated. The
name of node 2 is (i) and its coordinate is (2,0), the name of node 3 is (j)
and its coordinate is (0,2), and the name of node 5 is (m) and its coordi-
nate is (2,0). The values of ’s and y’s are required for the [B] matrix, and
calculated using Equation 5.59, and A is area of the element. We have

Bi=yj-yn=2-1=1
Bj=ym_}’i=1_0=l
Bn=yi-y=0-2=-2
%:xm—xj=l—2=—l
'Yj=xi—xm=2—1=l
Ym=%-X%=2-0=2

A=0.52)1 =1 m?
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Then, the [B] matrix is formulated using Equation 5.60:
I 1 1 =2

Bl=2| _
21 -1 1 2

and the [D] matrix is the same as for element 1. Convection is applied
on the side i—j of the element, and therefore, the convection term in
Equation 5.62 is not equal to zero. Finally, the [K] matrix for element 4
is calculated using Equation 5.62:

2 3 5 2 3 5
125 -125 0 2 133 667 0 | 2
-125 25 -125 | 3 +| 667 133 0 | 3
0 -125 125 5 0 0 0|5

Finally, the [K] matrix for the entire body is obtained by adding [K]
matrices for elements 1, 2, 3, and 4 using the expression (5.38), and the

result is
1 2 3 4 5
25 0 0 o 25 |1
s 0 3833 667 0 25 | 2
[K]=2[K“’]= 0 667 3833 0 -25 | 3
o 0 0 0 25 25 | 4
25 =25 25 =25 100 | s

Convection is applied on the side i—j of the element 4, the convection
force vector is

1 1000
hT.L;
{FC } = T] 1 = 1000
0 0

Using total conductive matrix, [K], and nodal force in expression

(5.36) yields
[KHT} = {F}
25 0 0 0 =25 T, Q
0 3833 667 0 -25 || T 1000
0 667 3833 0 -25 [{ T3 =1 1000
0 0 0 25 25 || T, Q.
25 25 -25 -25 100 T 0
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where Q, and Q, are heat flow at nodes 1 and 4, respectively, which are
required to maintain the temperature at the nodes. The temperature of
nodes 1 and 4 are known, and therefore, the above equations should be
modified. In nodal force vector, Q, and Q, are replaced by 50°C, and
consequently, equations 1 and 4 are modified. The conductive matrix
and nodal thermal forces and temperatures are expressed as

1 0 0 0 0 T 100
0 3833 667 0 =25 T, 1000
0 667 3833 0 =25 T, =1 1000
0 0 0 1 0 T, 100
0 -25 25 0 100 T 5000

There are three equations and three unknowns. The T; is the tem-
perature at the center of the body, which is 84.62°C. The temperature at
nodes 2 and 3 are equal to 69.33°C.

5.7 Thermal analysis of fin and chip using ANSYS

The fin shown in Figure 5.7 is used to manage the temperature of an
electronic chip that generates heat. Heat is generated in the heat source
within the chip, and its value is 25 Watts. The heat transfer process
is steady. Heat convection is applied at the entire external surface,
h =15 W/m?-°C and T, = 20°C, while the bottom surface of the chip
is well insulated. Determine the maximum and average temperatures at
the bottom surface of the chip. The thermal conductivities of the used
materials: kg, = 110 W/m - °C, k., = 1.25 W/m - °C, and k;, =2.5 W/m- °C.

s Bchip
Double click on the Mechanical APDL Product Launcher icon
This example is limited to thermal analysis. Hence, select Thermal

in the preferences. The Solid element is used, and its shape is Triangle
with six nodes.

Convection

Fin
\ In’/ g

LE) \ [ g
< .5 |II| I| E
© 48- | \ &

g \

s |

&) | .
% /,- | ot Chip
g i el
o
[ source

|+=—5.0cm —+ Insulation

} 9.0 cm |

FIGURE 5.7 Heated chip with fin, and the boundary conditions.
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Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Incividual disciplinets) to show in the GUI

I Suctunl ]

¥ Themal <

>

™ ANSYS Fiuid
™ FLOTRAN CFD

™ Magnetic-Nodal
™ Magnetic-Edge
™ High Frequency
I Elects

Note: If no individual disciplines are selected they will all show.

Drscipline options.
= h-Method

ok | Cancel | Hep |

A select Thermal

Main Menu > Preprocessor > Element Types > Add/Edit/Delete

Defined Element Types:

INONE DEFINED

Delete |
Help |

Add...
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Library of Element Types ‘Combination » | |Quad 4node 55 -
Thermal Mass Bnode 77 I O
- -
e v fui-har dnode 75
Bnode 78 ¥
Triangl 6node 35
Element type reference number [:[
ok spply | Caneel | Help |

A select Solid
B select Triangl 6node 35

Defined Element Types:
ype 1 PLANE35

Only the thermal conductivity is required to solve the problem. Note
that the thermal conductivities of the fin, chip, and heater are differ-
ent. By default, all areas will be assigned to material number 1. In this
problem, 1 is the material number of the fin, 2 for the chip, and 3 for the
heater.
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Main Menu > Preprocessor > Material Props > Material Models

Material Edit Favorite Help
1~ Matenial Models Defined ~ Material Models Available

L:AMatenal Model Number 1 = @ Favorites -
@ Thermal
B
¥ oortc:+ A
€ Orthotropic
@ Specific Heat
@ Density
@ Enthalpy
€ Emissivity

@ Convection or Film Coef.
P @ Heat Generation Rate

Conductivity (Isotropic) for Material Number 1

T
Temperatures

KXX 110 . A

Add Temperature | Delete Temperature | Graph |

ok | cacel |  Hep |

A type 110 in KXX

In the Define Material Models Behavior: Material > New Model

Define Material ID P

oK Cancel | Heb

Make sure that the number 2 is in Define Material ID
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AD
Materisl Edit Favorte Help
~ Matenal Models Defined - Matenal Models Available —
& Material Model Number 1 =] @ Favorites

@ Thermal conduct. (iso) @ Thermal
@_ BN saterial Model Number 2

@ Specific Heat

@ Density

€ Enthalpy

@ Emissivity

@ Convection or Film Coef
5 © Heat Generation Rate

@ Orthotropic JI o
=]

A select Material Model Number 2

B click on Thermal > Conductivity > Isotropic

Conductivity (Isotropic) for Material Number 2

T4
Temperatures

KXX 125

Add Temperature I Delete Temperature | Graph |

ok | cocd | e |

A type 1.25 in KXX

In the Define Material Models Behavior: Material > New Model

Define Material ID |3

OK Cancel | Help

Make sure that the number 3 is in Define Material ID
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Materisl Edit Favorite Help
Matenial Models Defined Matenial Models Available
@ Material Model Number 1 =] @ Favorites E
@ Thermal conduct. (iso) @8 Thermal
@@ Material Model Number 2 @ Conductivi
& Thermal conduct.(iso) @ M- LA
(B e @ Orthotropic
@ Spedific Heat
@ Density
@ Enthalpy
@ Emissivity
€ Convection or Film Coef
@ Heat Generation Rate
=l =l
| i | ]| i

A select Material Model Number 3

B click on Thermal > Conductivity > Isotropic

Temperatures
KXX

Add Temperature | Delete Temperature |

A type 2.5 in KXX

Close the Material Model Behavior window

The thermal conductivities are listed using list properties in utility
menu.

Utility Menu > List > Properties > All Materials

MPLIST
File
EVALUATE MATERIAL PROPERTIES FOR MATERIALS 1710 3 IN INCREMENTS OF 1
MATERIAL NUMBER = 1 EVALUATED AT TEMPERATURE OF  ©.0808
Kéd =  118.88
MATERIAL NUMBER = 2 EVALUATED AT TEMPERATURE OF  ©.0008
KE® = 1.2588

HATERIAL NUMBER = 3 EVALUATED AT TEMPERATURE OF  @.8888
KR =  2.5088
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The geometry is created using the ANSYS graphics. Setting up the
workspace is done using the WP Settings. Snap is enabled to allow
the mouse-click on the ANSYS graphics with an increment. Spacing
is the distance between the vertical or horizontal grids. The size of
the grids is specified in the Minimum and Maximum. The space is
divided into squares with side length of 0.01 m. Both the total width
and the height of the grids are 0.09 m. This setup makes the modeling
easy by creating keypoints, lines, and areas in the ANSYS graphics.
The grids should be first activated by selecting Display Working Plane
in the Utility Menu.

ANSYS Utility Menu > WorkPlane > Display Working Plane

Utility Menu > WorkPlane > WP Settings ...

@ Cattesian
€ Polar

" Grid and Triad
@ Grid Only
€ Triad Only

¥ Enable Snap

select Grid Only
type 0.01 in Snap Incr
type 0.01 in Spacing

type 0 in Minimum

= o a=w »

type 0.09 in Maximum
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ANSYS Utility Menu > PlotCtrls > Pan-Zoom-Rotate ...

Click on zoom in and out, until the ANSYS graphics show all the grids.

ANSYS graphics show the grids

The keypoints are created first, and then lines. Finally, fin, heater,
and chip areas are created. The thermal conductivities of the chip,
heater, and fin are assigned using element attribute in the meshing tools
window.

ANSYS Main Menu > Preprocessor > Modeling > Create >
Keypoints > On Working Plane

Click on the ANSYS graphics window at the location of the key-
points, as shown in the following figure.

Now, the grids are deactivated by selecting Display Working Plane
in Utility Menu.

ANSYS Utility Menu > WorkPlane > Display Working Plane

ANSYS graphics show the keypoints
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ANSYS Main Menu > Preprocessor > Modeling > Create > Lines >
Lines > Straight Line

Click on two keypoints to create a line, and continue to create all
lines. The created lines are shown in the following figure.

ANSYS graphics show the lines

ANSYS Main Menu > Preprocessor > Modeling > Create > Areas >
Arbitrary > By Lines

Click on chip lines to create a large rectangle area, and then in Create
Area by Lines window, click on

Click on heater lines to create a small rectangle area, and then in
Create Area by Lines window, click on

Click on fin lines to create the fin area, and then in Create Area by
Lines window, click on

ANSYS graphics show the areas
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The area between the heater and the chip is separated, and the area
of the heater is just over the area of the chip. The two areas should be
connected by common lines. Overlap merges the two areas, and the
boundary lines of the heater are sheared with the chip.

Main Menu > Preprocessor > Modeling > Operate > Booleans >
Overlap > Areas

In Overlap Areas window, click on

Pick All

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Area
B click on Set
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Click the chip’s area only

There are 2 Areas at this location.
Picked Areais 2

Continue picking or select 0K, PREY or NEXT

Prev Next

The above window will show up. Because the chip and heater
have the same centroid, ANSYS is inquiring about which area should
be selected. The chip or heater selection can be switched by clicking on
and buttons in the Multiple_Entities window. Make sure
that the chip’s area is highlighted. In Multiple_Entities window, click on

In Area Attributes window, click on

By selecting number 2, the properties of number 2 in the material
model are assigned to the chip. The fin by default has the properties of
number 1 in the material model.

il [AATT] Assign Attributes to Picked Areas
MAT Meaterial number A

REAL Real constant set number

TYPE Element type number

ESYS Element coordinate sys

SECT Element section |None defined v I

A select 2 in Material number
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Click the heater area only

There are 2 Areas at this location.
Picked Areais 3

Continue picking or select OK, PREV or NEXT

oK Prev Next

The chip or heater selection can be switched by clicking on
and buttons in the Multiple_Entities window. Make sure that the
heater’s area is highlighted.

In Area Attributes window, click on

By selecting number 3, the properties of number 3 in the material
model are assigned to the heater.

[AATT] Assign Attributes to Picked Areas

MAT Material number L A

REAL Real constant set number W
TYPE Element type number [ 1 pLANE3S

ESYS Element coordinate sys | 0 v!
SECT Element section W

A select 3 in Material number

To ensure that thermal conductivity of the fin and chip are assigned
correctly, the components are colored according to their material number.
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The material coloring has no effect on the solution. The geometry is meshed
with triangular six-node elements. A free mesh is generated using the smart
mesh option. The mesh refinement is 1.

Utility Menu > PlotCtrls > Numbering ...

[/PNUM] Plot Numbering Controls

KP Keypoint numbers
LINE Line numbers
AREA Area numbers
VOLU Volume numbers

NODE Mode numbers
Elem / Attrib numbering A

TABN Table Names

SVAL Numeric contour values

[/NUM] Numbering shown with Colors only T B

[/REPLOT] Replot upon OK/Apply?

A select Material numbers

B select Colors only

Utility Menu > Plot > Areas

ANEYE 14.5

ANSYS graphics show the heater, fin, and chip with different colors
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Main Menu > Preprocessor > Meshing > Mesh Tool

A select Smart Size
B set the level to 1

Mesh

In Mesh Areas window, click on
Pick All

Close the Mesh Tool window

Boundary conditions are applied in the solution task. A volumetric
heat generation is applied to the heater only. The convection bound-
ary condition is applied to the fin surface and the vertical sides of
the chip. The bottom surface of the chip is well insulated, and the
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zero heat flux simulates the insulation boundary condition. However,
if no boundary condition is specified at any external surface, ANSYS
will consider it as an insulated boundary condition. No boundary con-
ditions are applied at a common line between the chip and fin, and
the chip and heater. The heat generation must be per unit volume.
The applied heat generation is divided by the area of the heater
because the problem is two dimensional. The heater volumetric heat
generation is calculated as

25

= =50,000W/m’
0.05x0.01x1

Q

Main Menu > Solution > Define Loads > Apply > Thermal > Heat
Generat > On Areas

Click on the heater area, where heat generation is applied.

There are 2 Areas at this location.
Picked Areais 3

Continue picking or select OK, PREV or NEXT

0K Prey MNext

Because the chip and heater are overlapped, and having the same
centroid, ANSYS is inquiring about which area should be selected. The
chip or heater selection can be switched by clicking on and
buttons in the Multiple_Entities window. Make sure that the heater’s area
is highlighted.

In Apply HGEN on areas window, click on

[BFA] Apply HGEN on areas as a

Constant value b

¥ Constant value then:

VALUE Load HGEN value _@
ok | Cancel | Help

A type 50000 in Load HGEN value
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Main Menu > Solution > Define Load > Apply > Thermal >
Convection > On Lines

Click on fin external surfaces and two vertical surfaces of the chip
where the convection boundary condition is applied. Then in Apply
CONY on lines window, click on

. _'l‘ A ..,u!!:l&? "
[SFL] Apply Film Coef on fines

If Constant value then:
VALI Film coefficient A

[SFL] Apply Bulk Temp on lines

If Constant value then:
VAL2I Bulk temperature B

If Constant value then:
Optional CONV values at end J of line
(leave blank for uniform CONV )

VAL)  Film coefficient

VAL2) Bulk temperature

A type 15 in Film coefficient
B type 20 in Bulk temperature

The preprocessor and solution tasks are completed.
Main Menu > Solution > Solve > Current LS
"\ Solve Current Load Ste
[SOLVE] Begin Solution of Current Load Step
Review the summary information in the lister window

(entitled "/STATUS Command"), then press OK to start
the solution.

T
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@ Solution is done!

The solution is successfully completed, and no error messages are
posted. In the postprocessor, the temperature contours should be carefully
inspected to ensure that the boundary conditions are applied correctly.

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

- ltem to be contoured
& Favorites =]
& Nodal Solution
& DOF Solution
[ MNodal Temperaturegs $
& Thermal Gradient
& Thermal Flux
&=
21 5
i~ Undisplaced shape key
Undisplaced shape key [Deformed shape only =l
| Scale Fadtor [Auto Calculated =ljo
Additional Options ®|
ot | teop | cawes | b |

1
NODAL SOLUTION

STEP=1

ANSYS graphics show the temperature contours
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The temperature contours indicate that the maximum temperature is
located at the bottom surface of the chip, and is equal to 26.431°C. The
default number of contours is 9, and this number can be increased to a
higher value for better data analysis. First, the graphics device must be
changed to win32C, and then the number of contours can be increased up
to 114 contours. Notice that increasing the number of contours does not
mean that the accuracy of the result is improved. The vector plot showing
the heat flow from the chip to the fin can be presented. The red arrow is
for high value of the heat flux. The average temperature at the base of the
chip is calculated using the path operation. To create a path, there are two
options: Arbitrary and Circular paths. The Arbitrary path can be made
from straight-line segments by clicking on the ANSYS graphics, and the
grids should be enabled. For this example, the Arbitrary path is utilized.

Main Menu > General Postproc > Path Operations > Define Path >
On Working Plane

[PATH] Create Path on Working Plane
Type of path to create

" Circular path

[/VIEW] Plot Working Plane P Yes

Window number |W'|r|dow 1 = |

[/PBC] Show path on display ¥ Yes

Cancel | Help |

Click on the ANSYS graphics window at the right and left bottom
corners of the chip, as shown in the following figure.
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A click on left bottom corner of the chip

B click on right bottom corner of the chip

Then in On Working Plane window, click on

[PATH] Define Path specifications

Name Define Path Name: | A

nSets Number of data sets
Il nDiv Number of divisions B

A name the path as base
B type 100 in Number of divisions

The name of the path is optional. The number of the data set is the
maximum number of field variables. The number of division is 20 by
default, and increasing this number to 100 will produce a smoother plot.
Next, the field variable is assigned to the path for plotting. This can be
accomplished by using the Map onto Path in the path operation. Only one
variable can be selected. For this example, the temperature is selected.

Main Menu > General Postproc > Path Operations >
Map onto Path

[PDEF] Map Result lterns onto Path

Leb  Userlabel for tem

Bem,Comp ltem to be mapped v—e
Fhax & gradient
Elem table item

| TEMP
Average results across element W Yes
[/PBC] Show boundary condition symbel
Shaw path on display ™ Ne
o | Apply Cancel | Help

A select Temperature TEMP
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Now, the temperature is ready to be plotted. In the Plot path item, there
are two options. The temperature can either be plotted or listed. The list
results can be exported to another software, such as EXCEL.

Main Menu > General Postproc > Path Operations > Plot path
Items > On Graph

[PLPATH] Path Plot on Graph
Labl-6 Path items to be graphed

A select TEMP

ANFYE 14.5

ANSYS graphics show the temperature distribution at the base

The temperature at the exit is perfectly parabolic due to the sym-
metry in the problem. The above graph indicates that the maximum
temperature at the bottom surface of the chip is 26.079°C. The aver-
age temperature at the base can be determined using the integration in
the path operation. The value of the integration must be divided by the
path length to get the average value of the variable, and the path length
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is 0.09 m. Hence, number 11.111 is entered in the FACT and will be
multiplied by the integration result. Selecting S in the Lab2 means that

the integration is performed along the path.

Main Menu > General Postproc > Path Operation > Integrate

[PCALCLINTG LabR = FACT *Int (Labl) d(Lab2) )

LabR User label for result

| FACT Factor

Labl 1st Path item

Lab2 2nd Path item

A type 11.1111 in FACT Factor
B select TEMP in Labl 1st Path item
C select S in Lab2 2nd Path item

5 Mechanical APDL 14,5 Output
PATH BOUNDARY CONDITION DISPLAY
PLOT AREAS FROM | TD

ITH 1IN PAT
10N H
A.980868E-B1 A.8888
a.888a B.8888
A.8888 (55150505
TOTAL PATH LENGTH B.988BBE-A1

DEFINE PATH UARIABLE TEHP AS THE DEGREE OF FREEDOH ITEH=TEM
NUMBER OF P# ABLES DEFINED 18
SUMMARY OF [E

PATH BOUNDARY CONDITION DISPLAY KEY (5}
DISPLAY ALONG PATH DEFINED BY LPATH COMMAND.
DEFINE PATH

PATH UARI

FINAL SUM ) 2
NUMBER OF PATH UARIABI DEFINED 1S

The ANSYS output window shows the value of the average tempera-
ture at the base which is 25.076°C.



264

FINITE ELEMENT SIMULATIONS USING ANSYS

5.8 Finite element method for transient heat transfer

Finite element formulation for transient conduction heat transfer is pre-
sented in this section. The conduction energy equation in per unit vol-
ume and in Cartesian coordinate can be expressed as

d(. 9T\ a(. aT) a(. ATy . . oT
— | ky— [+—| ky— |+=—| k,— =pC,— 572
ax( axJ+8y( yay)+az( az)+q P& 5 ©72)

where C, is the specific heat of the material. The finite element method is
an efficient way to solve transient conduction problems. The heat transfer
solution can be used to estimate the heat flow at the system’s boundary,
or to determine the temperature distribution for thermal-stress analysis.
In this section, the variation formulation is used to obtain the conductive
equation, and it is accomplished by minimizing the following potential
function:

1 aTY oT 1 2
Lzﬂkx(ax) ]dV J(Q pC, at)TdV qudS+2Jh(T T.)’dS

v

(5.73)

The second term in Equation 5.73 adds an additional contribution for
transient as follows:

Q, = —J(Q —pC,T) T dV (5.74)

\%

where T =0T/ dt. The temperature at nodes can be expressed in terms
of the shape functions as follows:

{TH=[N. {T; } (5.75)

Substituting temperature function (5.75) into the transient term in the
heat conduction equation (5.74) yields

o :_J.([N‘]{Ti}Q‘PCp[Ni]{Ti}[Na]{Ta})dV (5.76)

Minimizing the transient term with respect to the nodal temperature
is as follows:

~[ix1e-p NN T} av 77

A%

AT}



HEAT TRANSFER 265

The second term in Equation 5.77 is an additional term that should be
added to the conductive matrix, and it is expressed as

J.(pcp [NJIND)av{T = [mH{ T} (5.78)

v

where [m] is the element mass matrix. Equation 5.78 is added to the
conductive matrix to account for transient heat transfer as

[KH{T}+[m{T } = {F} (5.79)
where
[K]= J[B]T [DI[B]dV +Jh[N]T [N]dS (5.80)
v s
and
{F} = {Fo} + {F} + {F.} (5.81)

{Fqy} is volumetric heat generation in the element, {F,} is applied heat
flux on the external surface of the element, and {F.} is applied convec-
tion on the external surface of the element. The integration is over the
surface in which convection or heat flux is applied. The global conduc-
tive matrix can be obtained by assembling the conductive matrixes as
follows:

N

ISEDYIS (5.82)

e=1

and the nodal heat force are also assembled to form a global one as
follows:

{F}= 2 {F©} (5.83)

Also, the global temperature vector can be obtained as

(T}= Z{T‘e)} (5.84)

59 Unsteady thermal analyses of a masonry brick
using ANSYS

The cross-sectional area of a masonry brick, as shown in Figure 5.8a,
is made of cement and hollow cylinders. The purpose of the numerical
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FIGURE 5.8 (a) Masonry brick with boundary conditions. (b) The considered geometry for numeri-

cal simulation.

simulation is to study the heat flow from an outdoor to the indoor space.
The initial temperature of the brick is 25°C.

Property Air Cement

Density (kg/m?) 1.125 2500
Conductivity (W/m-K) 0.025 0.8
Specific heat (J/kg - K) 1005 750

At the indoor surface of the brick, the convection boundary condition
is applied with time-independent temperature and heat transfer coeffi-
cient, T, = 20°C and h; = 10 W/m?- °C. At the outdoor surface, the heat
transfer coefficient is time independent, h, = 25 W/m?- °C, but the tem-
perature is time dependent. The following expression is used to simulate
the outdoor temperature variation:

T(t)= 35+SSin( 2 t)
86400

To ensure having a periodic condition, the simulation is kept run-
ning for 3 days, and the results for the last day are presented. Since
there is symmetry in the geometry and boundary conditions, only
one-eighth of the geometry is considered. Figure 5.8b shows the con-
sidered geometry for numerical simulation. Outdoor convection is
applied at the upper lateral line, and indoor convection is applied at
the lower lateral line. The two vertical lines are well insulated, which
show temperature history at the indoor and outdoor surfaces of the
brick for 1 day.
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Double click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[WEYW] Preferences for GUI Filtering

Indvichual discipline(s) 1o show im the GUI
I Benactural ]
¥ Thermal < @
™ ANSYS Flusd
I~ FLOTRAN CFD

I~ Magnetic-Nodal
I~ Magnetic-Edge
™ High Frequency
I~ Bectric

A select Thermal

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add.. | Options | Delete |

Add...

[Elemnent type reference number

o | aevty_|

A select Solid
B select Triangl 6node 35
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Defined Element Types:

ype 1 PLANE35

For the material properties, thermal conductivity, specific heat,
and density are required to solve the problem because the problem is
unsteady. Note that the material properties of the air and cement are
different. By default, all areas will be assigned to material number 1.
In this problem, the material number of the air is 1, and 2 for the cement.

Main Menu > Preprocessor > Material Props > Material Models

Materisl  Ede  Faverte Help
Material Models Defined
L R atenal Model Nurmbes 1[I
@ Comvection or Film Coel
@ Heat Generation Rate
=l =
dj | ] 2

Conductivity (Isotropic) for Material Number 1

13
Temperatures
KXX .025 <

Add Temperature | Delete Temperature |

ok | cae | e |

Gmpn.l

A type 0.025 in KXX
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Click on Thermal > Specific Heat

Specific Heat for Material Number 1

T

.AddTmperam|DeleteTen'neram| Graphl
ok | cwed | he |

A type 1005 in C

Click on Thermal > Density

Density for Material Number 1

T

Temperatures
DENS 1.125 < A

Add Temperature I Delete Temperature | I

ok | cace | He |

A type 1.125 in DENS

In the Define Material Models Behavior: Material > New Model

Make sure that the number 2 is in Define Material ID
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Material Ed Favorite Help
| Material Modeis Defined | [~ Material Models Available
@ Material Model Number 1 =] @ Favorites -
(i @ Thermal
Q_ WM Material Model Number 2 #C
@ «
@ Orthotropic
# Specific Heat
@ Density
@ Enthalpy
€ Emissivity
@ Convection or Film Coef.
€ Heat Generation Rate
=] =l
x| il | i |

A select Material Model Number 2

B click on Thermal > Conductivity > Isotropic

A
A type 0.8 in KXX
Click on Thermal > Specific Heat
A

A type 750 in C
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Click on Thermal > Density

Density for Material Number 2

T1

| Temperatures
DENS 500 < —

.Add Temperature | Delete Temperature |

A type 2500 in DENS

The geometry is modeled by creating a rectangle and circles. The
Boolean operation is utilized to merge the areas.

Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle > By 2 Corners

A type 0in WP X
B type0in WPY
C type 0.04 in Width
D type 0.16 in Height
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Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Solid Circle

A type 0.04 in WP X
B type 0.04in WPY
C type 0.02 in Radius

A type 0.04 in WP X
B type 0.12in WPY
C type 0.02 in Radius
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ANSYS graphics show the areas

The cement and the air areas are separated, and the area of the air is
just over the area of the cement. The two areas should be connected by
common lines. Overlap operation merges the areas, and the boundary
lines of the air will be sheared with the cement. Then, the extra areas of
the air are deleted.

Main Menu > Preprocessor > Modeling > Operate > Booleans >
Overlap > Areas

In Overlap Areas window, click on

Main Menu > Preprocessor > Modeling > Delete > Area and Below

Click on extra air areas to select them, and in Delete Area and Below
window, click on

ANSYS graphics show the final geometry
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Main Menu > Preprocessor > Meshing > Mesh Tool

Q= 0

I Smat Sze

,‘
i
-

1] e lole e
) |leleleiete |1, |

i
i

A select Areas
B click on Set

Select the brick area only. In Area Attributes window, click on

The following windows will show up. By selecting number 2,
the properties of number 2 in the material model are assigned to the
cement. The air by default has the properties of number 1 in the mate-
rial model.

IM Assign Attributes to Picked Areas
MAT Matesial number m.‘_ _o
REAL Real constant set numbser [Nonedefined =]
TYPE Element type number m
ESYS Element coordinate sys |°—:J
SECT Element section [Nonedefined =]
oK | Apply | Cancel Help

A select 2 in Material number
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To ensure that thermal conductivities of the air and cement are
assigned correctly, the components are colored according to their mate-
rial number. This has no effect on the solution. The geometry is meshed
with triangular six-node elements. A free mesh is generated using the

smart mesh option. The mesh refinement is 1.

Utility Menu > PlotCtrls > Numbering ...

[/PNUM] Plot Numbering Controls

©

©

KP  Keypoint numbers I~ off
LINE Line numbers I off
AREA Area numbers - off
VOLU Volume numbers I~ of
NODE Node numbers I~ off
Elem / Attrib numbering [Material numbers ~ ~ 4
TABN Table Names I~ off
SVAL Numeric contour values I~ off
TV ——— T
/REPLOT] Replot upon OK/Apply? [Repet =]
oK Apply Cancel | Help I

A select Material numbers
B select Colors only

Main Menu > Preprocessor > Meshing > Mesh Tool

Fsm-'_saﬂ—'_"—'_e
,_6
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A select Smart Size
B set the level to 1

Mesh

In Mesh Areas window, click on

Pick All

Close the Mesh Areas window

ANSYS graphics show the brick and air with
different colors, and finite element mesh

The type of the analysis is changed to Transient, and a Full solution
method is selected. This solution method fully imposes the boundary con-
ditions at time 0. The solution control window is used to specify the total
time duration, time step, and number of output results to be stored for the
postprocessor. The total time duration is 3 days, or 259,200 seconds, and
the total time duration is solved by approximately 1000 steps, or the solution
time step size is 250. If less time step size is used, such as 125 seconds, the
results will be more accurate, but the computational time will be doubled.
Data will be stored at every two subset. Hence, there will be 518 data sets
available for the postprocessor task.

Main Menu > Solution > Analysis Type > New Analysis

L New Analysi

I\ New Anal,
[ANTYPE] Type of analysis
| € Steady-State
& franseni+—a—)

" Substructuring

ok | Cancel | Help |

A select Transient
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[TRNOPT] Solution method

@ Full

" Mode Superpos'n

[LUMPM] Use lumped mass approx? ™ No

oK | Cancel | Help |

Main Menu > Solution > Analysis Type > Sol’n Controls

Basic ansient | Sofn Options| Noniinear | Advanced NL |
1 Analysis Options Write ltems to Results File
|small Displacement Transient E| & [All solution items|
™ Calculate prestress effects  Basic quantities
 User selected
Time Control

— P Timeatend ofloadstep  [259200
Automatic time stepping W

© Number of substeps Frequency

S

¥ @ Time increment [wnte every Nth substep B :8
¥ Time step size 250 whereN= |2 4

Minimum time step 0
Maximum time step 0

ox Cancal Help

type 259200 in the Time at end of loadstep
select Time increment

type 250 in Time step size

select Write every Nth substep

type 2 in where N =

mE T xR >

click on Transient tab

In the Transient tab, selection between stepped loading or ramped
loading is specified. If stepped loading is selected, loads are fully
applied at the time = 0. If ramped loading is selected, loads are linearly
increasing over the entire process. In this example, the stepped loading
is selected.
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Basic Toansient | Sofn Opsons | Monknear | Advanced HL |
Full Transient Options Time inegration
I Mransiont effacis
[A] Stepped boading
~ Ramped load n—-—.
L ﬁma-ubmm =
Damgang Coefficierts - ey
Mass matrix mulipher (ALPHA) [0 GAMMA T —
Stiftness matrx mutipher (BETA)[0  Integration parameters
ALPHA [oZ525062s
i DELTA 0 505
I Midstep Criterion ALPHAF poos
Toler Ref. for Bisection ALPHAM o
(TOLERB) 0
™ incde Response Frequency
S - |

A select Stepped loading.

Boundary conditions and initial conditions are applied in the solution
task. The function editor is used to apply a transient temperature formula
for a convective boundary condition on the upper horizontal surface.
This technique is convenient for this problem since an equation for the
temperature is given.

Main Menu > Solution > Define Loads > Apply > Functions >
Define/Edit

Ede [t peip

Function | Regime 1 | Regime 2| Regime 3| Regime 4| Regime 5| Regime 6]

Function Type
* Single equation
~ Mulinalued function based on regime variable i Regme Vars

(XY Z) interpreted in CS\'S:IO -

Resut =[35+5in(2°3. 141586400 TIME] ] i

 Degrees # Radians
usT

ERENE ™~ -
MN  ASIN e
mlwlmlr|s[9|;|am]
RCL  ACOS 10
ol tlmann] « | s | 0| | -]
INSMEM ATAN  SORT
o e | |0 | |

Pi **{1fy) T
sy o | | - | ¢

A type the equation: 35+5%sin(2*3.1415/86400*{TIME})
In Equation Editor, click on File then Save

Save the file as Tout, and this file name is optional. After saving the
function, it is required to load it to the ANSYS solution using the read file.
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Close the Equation Editor window

Main Menu > Solution > Define Loads > Apply > Functions >
Read File

Select the file Tout.func, then

Tabile parameter name
frow —10
~ Local coordinate system id for (x, v, x) interpretation
0 =
chﬁon]
Equation
el = 35455272 1 61585400 {TIME]) £ |
¥
Constant Values
None =
L |
o | comcd | He |

A type Tout in the Table parameter name, and this name is optional,
and should not be the same as the file name of the function.

Main Menu > Solution > Define Loads > Apply > Thermal >
Convection > On Lines

Click on the bottom line where the indoor convective boundary con-
dition is applied, and then in Apply CONV on lines window, click on

[SFL] Apply Film Coef on lines Constant value vl

M Constant value ther:

VAU Fimcodicin F —r0O
[5RL] Apply Bulk Temp on ines Constant value vl

¥ Constant valus then:

VALZI Bulk temperature ,_@

¥ Constant value there
Optional CONY values st end J of line
(leave blank for uniform COMNV )

R
VALl Film coefficient 1
L]

VALZ)  Bulk temperature

ok | Cancel | Help

A type 10 in the VALI Film coefficient
B type 20 in the VAL2I Bulk temperature
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Main Menu > Solution > Define Loads > Apply > Thermal >

Convection > On Lines

Click on the upper line where the outdoor convective boundary con-
dition is applied, and then in Apply CONV on lines window, click on

Il [SFL] Apply Film Coef on lines

If Constant value then:
VALI Film coefficient

[SFL] Apply Bulk Temp on lines | Existing table '“'-‘_'I

If Constant value then:
VAL2] Bulk temperature

If Constant value then:
Optional CONV values at end J of line
(leave blank for uniform CONV )
VAL  Film coefficient

[ ]

]

VAL2)  Bulk temperature :]
Help ]

Cancel |

A type 25 in Film coefficient

B select Existing table

The following window will show up to select the function.

Bulk Temperature table
Existing table

Cancel | Help I

A select TOUT
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Main Menu > Solution > Define Loads > Apply > Initial Condit’n >
Define

To select all nodes in the domain, in Define Initial Conditions
window, click on

Pick All

[IC] Define Initial Conditions on Nodes
Lab DOF to be specified
il VALUE Initial value of DOF

Apply I

A select TEMP in DOF to be specified
B type 25 in the VALUE Initial value of DOF

The solution task is now completed, and the model is now ready to be
solved. During the solution task, ANSYS output windows will show the
progress of the solution, and carefully monitor the run.

Main Menu > Solution > Solve > Current LS

[SOLVE] Begin Solution of Current Load Step

Review the summary information in the lister window
(entitled "/STATUS Command"), then press OK to start
the solution.
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The temperature contours are presented at 12 PM of the third day, or
at time = 216,000 seconds. First, the time step is loaded, and then the
temperature contours are plotted.

Main Menu > General Postproc > Read Results > By Time/Freq

[SET] [SUBSET] [APPEND]
Read results for

TIME Value of time or freq A

LSTEP Results at or near TIME

FACT Scale factor

ANGLE Circumferential location I:l
Help I

- for harmonic elements

OK | Cancel |

A type 216000 in TIME Value of time or freq

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

Item to be contoured

Favorites
@ Nodal Solution
o DOF Solution
Lgd\odal Temperaturely A
Thermal Gradient
& Thermal Flux

=

Undisplaced shape key

Undisplaced shape key |Deformed shape only
Scale Factor Auto Calculated ][0

Additional Options

A click on Nodal Solution > DOF Solution > Nodal Temperature
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ANSYS graphics show the temperature contours at time = 216,000 seconds

Determining the temperature history at a specific location in the
domain is required. Here, the temperature history at the upper and bot-
tom surfaces is presented in graphical form. Results are presented for
the third day only. Hence, the time range is from 172,800 to 259,200

seconds as follows:

Main Menu > TimeHist Postpro

A click on the data properties button

(A g

Variable XAxis | Lists |
1~ Range of Values

© Full range
e
L Min [172800

Time Vanable identification

= Data as a function of time
 Data as a function of cumiative iteration number

[
[
Max [259200 -
[
[
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A select X-Axis

B select Specified

C type 172800 in Min
D type 259200 in Max

G" Variable List @]

Lo [ ¢ |
srol|essfiiae] « | s | o | - |
INS MEM SORTE
wos Wl | 2 | o | - | e
L NI BAG I
wofoev]rea| o | | . | &

A click on green + button

~ Result ltem

Favorites
& Nodal Solution
@& DOF Solution
L dNodal Temperaturey; A
Thermal Gradient
Thermal Flux

Za Clamant Cablidan

(|

— Result tem Properties

Variable Name [TEMP_3
Sector Number

A click on Nodal Solution > DOF Solution > Nodal Temperature

Click at right bottom corner, and in Node for Date window, click on
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~ Result ltem

Favorites
& Nodal Solution
& DOF Solution
" INodal Temperature —.\
@ Thermal Gradient
Thermal Flux
Element Solution
Reaction Forces
|

~ Result ltem Properties

Variable Name [TEMP_4
Sector Number

A click on Nodal Solution > DOF Solution > Nodal Temperature

Click at right upper corner, and in Node for Date window, click on

yJ;ﬂﬁﬂf—Jﬁlﬂ Real E|
9/ nabbtum Node |Result kem Min [Maxir
o St 1
fuf
| | I (5]
] |
Al k|
Lol o | fam]
O I B B
I I I IR -
N
o | |-

A click on Ctrl key, and then click on TEMP_3 and TEMP_4 to
select both temperatures

B click on the graph button
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ANSYS graphics show the temperature history at the selected locations

Animation of the temperature contours from time = 172,800 to
259,200 seconds can be easily accomplished using animate in the
PlotCtrls. The number of the frames in the animate over time is the num-
ber of pictures in the avi file, while the animation time delay is the dis-
play period between two pictures.

Main Menu > General Postproc

Utility Menu > PlotCtrls > Animate > Over time ...

[ANTIME] Animate over time (interpolation of results)

Hurmber of ansrensteon frames ) ™ 0
Model result data

1 Cument Load Stp

1 Load Step Range

& Tk
R b, s P _8
Bt contour sealing " On
Anirnation tirme delay (sec) D

[PLDLPLNS, PLVE PLESPLVFRC]

(Flun & gradient
T TE4

l

oK | Cancel Help

A type 50 in Number of animation frames

B select Time Range

C type 172800 and 259200 in Range Minimum, Maximum
D select Temperature TEMP

The ANSYS will show an animation of the heating process of the
brick. The animation file will be stored in the working directory, and its
format is avi.
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PROBLEM 5.1

Consider a composite wall shown in Figure 5.9. The wall is composed
of four layers with different thermal conductivities: k, = 0.22 W/m- °C,
kg =0.16 W/m- °C, k- =0.25 W/m- °C, and k;, = 0.35 W/m - °C. A convec-
tive boundary condition is applied at the left surface, h; = 7.5 W/m?-°C
and T, = 22°C, and at the right surface, h = 15 W/m?2-°C and T, = 45°C.
Calculate the temperature at the interfaces, and heat flow through the
wall using the finite element method. Given that L, =2.5cm, Ly =15 cm,
L.=20cm, and L, = 2.5 cm.

PROBLEM 5.2

Consider a composite pipe shown in Figure 5.10. The pipe is composed
of three pipes with different thermal conductivities (k, = 0.22 W/m- °C,
kg = 0.16 W/m-°C, and k. = 0.25 W/m-°C), and radii (r, = 0.03 m,
1z = 0.02 m, and r. = 0.0l m). A convective boundary condition is
applied at the right surface: h; = 10 W/m?-°C and T, = 25°C, and fixed
temperature at the left surface, T, = 45°C. The external surface of the
pipe is well insulated. Calculate the temperature at the interfaces, and
heat flow through the pipe using finite element method. Given that
L,=0.05m,L;=0.075 m, and L = 0.025 m.

PROBLEM 5.3

The two-dimensional body shown in Figure 5.11 is subjected to a fixed
temperature boundary at the left and right vertical sides, T; = 100°C
and Ty = 50°C, respectively. The two horizontal sides are well insu-
lated. The side length of the body is 1 m, and it has thermal conduc-
tivity of 10 W/m-°C. Determine the temperature at the center of the
body using the finite element method. Consider the suggested four
elements mesh.

|
o ! o FIGURE 5.9 Heat conduction in a
composite wall.

| FIGURE 5.10 Heat conduction in a

composite pipe.
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FIGURE 5.11

T, =100°C
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Insulated
VIS II I I IIFINIIS

T,=50C

7 YL TS

< 1m P>

Two-dimensional body subjected to fixed temperature boundary conditions and sug-

gested finite element mesh.

PROBLEM 5.4

The two-dimensional body shown in Figure 5.12 is subjected convection
at the inclined side, with Ty = 50°C and h = 20 W/m?- °C. At the left ver-
tical side, a fixed temperature boundary is imposed, T, = 100°C, while
the two horizontal sides are well insulated. It has thermal conductivity
of 10 W/m - °C. Determine the temperature at the inclined surface of the
body using the finite element method. Consider the suggested three ele-
ments mesh.

PROBLEM 5.5

The fin shown in Figure 5.13 is used to manage the temperature
of an electronic chip that generates heat. Heat is only generated
in the chip, and its value is 15 Watts. The heat transfer process is
steady. Heat convection is applied along the entire external surfaces,
h =10 W/m?2-°C and T, = 25°C, while the bottom surface of the chip
is well insulated. Determine the maximum and average tempera-
tures at the bottom surface of the chip, given kg, = 75 W/m-°C, and
Kepin = 0.95 W/m - °C.

chip

PROBLEM 5.6

Four cylindrical heaters are embedded in a conductive epoxy for heat-
ing purposes. An aluminum alloy fin is used to enhance heat flow out of
the heaters. Figure 5.14 shows the geometry and the thermal conductivity
of the components. Each heater generates 12.5 Watts, and free convec-
tion, h = 10 W/m?-°C and T = 20°C, is applied at all external surfaces.
Determine:

1. Maximum operating temperature in the device.
2. Temperature distribution a long path A-A.
3. Average temperature a long path A-A.
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Insulated

T,=50°C
h=20 W/m2-°C

0.5m

N
'

FIGURE 5.12 Two-dimensional body subjected convection and fixed temperature boundary condi-
tions and the suggested finite element mesh.

Convection
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FIGURE 5.13 Heated chip with fin, and the boundary conditions.
Epoxy
(15W/m - K) Heater

| 2cm | |1,5 cm| 4xR 05 cm Fin (25 W/m - K)
| (85 W/m - K)

k—3 cm—f—3 cm—|

FIGURE 5.14  Cylindrical heaters with fin.
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PROBLEM 5.7

A masonry brick, as shown in Figure 5.15, is made of cement and
air holes. At the indoor surface, convective boundary conditions are
applied with time-independent temperature and heat transfer coeffi-
cient, T, = 22.5°C and h; = 7.5 W/m?- °C. At the outdoor surface, heat
transfer coefficient is time independent, h, = 27.5 W/m?- °C, but the

temperature is time dependent. The initial temperature of the brick
is 20°C.

Property Air Cement

Density (kg/m?) 1.125 2400
Conductivity (W/m-K) 0.025 0.82
Specific heat (J/kg - K) 1005 740

The following expression simulates the outdoor temperature:

T()=30+10 sm( 2n t)
86400
To ensure having a periodic condition, the simulation should be kept
running for 3 days, and the results for the last day should be presented.

Show temperature histories at the indoor and outdoor surfaces of the
brick for the last day.

PROBLEM 5.8

For the electronic board shown in Figure 5.16, the initial temperature of
the entire system is 20°C. At time = 0, 24 Watts are generated in the pro-
cessor, and convection is applied to the boundaries with h = 5 W/m?2-°C
and T, = 20°C, while the board bottom surface is well insulated. The total

T and h,

0.05 mI Air

//
0.10 m

+«——— Cement

T
0.05 m Hm 0.05 m Landh

FIGURE 5.15 Masonry brick and the boundary conditions.
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0.005 nl—b|_|4— —_D| |1_— 0.005 m

+ Fin
0.045 m
Processor
Chip
¥ Board /
Y
0.0l m i
Iy
0.0l m
.,
0.005 m

0.015m+—+— 0.065 m —+— 0.035 m -”|4— 0.04 m —+—D| 0.015 m

FIGURE 5.16 Electronic board.

time duration of the device is 10 hours. Solve this transient process using
a time step of 25 seconds. Determine the following:
a. Does the system reach the steady-state condition?

b. What is the maximum temperature of the processor and chip at
time = 5 hours?

c. Show a temperature history at the center of the processor and chip.

d. Show the temperature distribution along the external surface of
the chip at time = 5 and 7.5 hours.

Property Chip Fin Processor Board
Density (kg/m?) 900 2050 920 910
Conductivity (W/m-K) 2.1 45 2.1 32

Specific heat (J/kg - K) 2200 4500 1300 1150
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CHAPTER SIX

Fluid mechanics

6.1 Governing equations for fluid mechanics

The mass conservation equation in a differential form can be obtained
by applying the mass conservation principle on a differential control
volume as shown in Figure 6.1. Considering the control volume, the net
mass flow rate in the x-, y-, and z-directions can be expressed as

x-direction: ai(pu)dx dy dz 6.1
X
o 0
y-direction: a—(pv)dx dy dz 6.2)
y
L d
z-direction: a—(pw)dx dy dz (6.3)
z

The rate of change of mass inside the control volume can be obtained
from the Reynolds transport theory as follows:

ap ap
—dV=—-dxdydz 6.4

j ot ot Y 9

CvV

The net mass flux into the control volume should be equal to the rate
of change of mass inside the control volume. The mass conservation in
differential form can be expressed as

op 9 d 0

—+—(pu)+—(pv)+—(pw)=0 6.5

5 o, Py ay(p) 5, (Pw) ©.5)

Newton’s second law on a differential control volume, as shown in
Figure 6.1, can be used to obtain the conservation of momentum equa-
tion. The net forces on the control volume should be balanced with the
acceleration of the control volume times its mass as follows:

adm= 2@ 6.6)

293
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m, 4= T =,
2
1

FIGURE 6.1 Fixed control volume. Pyray

The acceleration vector field a is obtained from the total time deriva-
tive of the velocity vector

a= i+—j+—Kk 6.7)
dt dt dt dt

Each component of the velocity fields is a function of the space and
time. Using the chain rule, the scalar time derivative can be obtained

dufx.y.zt)_du, dudx dudy dudz 6.9)
dt Jt dx dt dy dt 9dz dt

where u=dx/dtis the local velocity component in the x-direction, v = dy/dt
is the local velocity component in the y-direction, and w = dw/dt is the
local velocity component in the z-direction. The total derivative of u is
the acceleration in the x-direction

du(x,y,z,t
o= u(x,y,z,t) _Ou_ du du_du

6.9
dt ot dx dy Yz ©)

The acceleration in the y- and z-directions can be expressed as,
respectively,

d 9 9 7t
7v(xyz ) 8V+uﬂ+vd—v+wd—V (6.10)
dt ot dx dy dz

a, =
du(x,y,z,t) ow dw dw dw
e T+ V—+ W

dt Jt dx dy dz

a, =

6.11)

The mass of the control volume must be equal to volume times the
density as follows:

dm=pdxdydz (6.12)
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The forces on the control volume are of two types: body and surface.
The body force is due to the gravity:

dF, = pg dx dy dz (6.13)
while the surface forces are due to the surface stresses, including normal

and parallel stresses. The surface stresses in the x-, y-, and z-directions
are as follows:

00 a1t ot
dE,, = Mo T T2 [dx dy d 6.14
ox dy 0z J ray ©14)
00 ot o1
dE,, = W 7 1dxdyd 6.15
Y dy dy 0z ] *ey (615)
oo} o1 ot
dF, = 747 Y ldx dy d 6.16
ox dy oz ) Y (©10

The equations of motion in the x-, y-, and z-directions can be
expressed as, respectively,

x-direction: a—u +u a—u + V87u + WELu
Ploc o oy Vo
6.17)
_ N 00 N OTyx 0Ty
PET oy "oy T
-direction: a— + a—v +v al + al
Y Plac ™M oy Vo
(6.18)
_ ¥y Txy 814
=|pgy + P + dy + . )
z-direction: p| — + ow +v aw Waﬁ
Ploc ™Mo Yoy TV
(6.19)

For Newtonian fluid, the stress components are obtained from the
theory of elasticity, and they are

O =—P+ Zu@ (6.20)
ox
Gy =—P+ zuﬂ 6.21)

dy
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ow

G, = _P"‘ZHT (6.22)
Z
Jdu ov

Txy = Tyx = H(ay"r‘axj (623)
ov 0

T, =T, =N (Z+a‘y”] 6.24)
ow  ov

=Ty = LY 6.25

Ty =Ty ”(ay+az) ( )

Substituting the stress equations into the equations of motion, we have

Plac ™ ox "Vay TV oz )T Tox Mok Tayr Ta2 ) TPE

(6.26)

Ploc ™ ox "oy "W az )T oy TRl ax? Tay? T a2 ) TPE

ow  ow_  dw _ow) OP Iw w Iw .
ot Vox oy oz PE.

p(+u+v+ ==, M o2t P 57
(6.28)

Equations 6.26—6.28 are called the Navier—Stokes equations. They
are nonlinear and nonhomogenous partial differential equations.

6.2 Finite element method for fluid mechanics

The finite element method is utilized to solve the governing equations
and to discretize the computational domain for fluid flow problems.
Four nodes of quadrilateral elements were used for the numerical dis-
cretization. ANSYS has only this type of element in its library for fluid
dynamics. Weighted integral statements of the mass, momentum, and
energy conservations over a typical element () are given by

jwlfl dQ (6.29)
Q

jwzfz dQ (6.30)
Q
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ng £, dQ 631)
Q

where f, f,, and f; are mass, momentum, and energy conservations,
respectively. Then w,, w,, and w, are weight functions, which are equal
to the interpolation functions. The choice of the weight function is
restricted to the spaces of approximation functions used for pressure,
velocity fields, and temperature. The pressure, velocity fields, and tem-
perature are approximated as follows:

P(x.t)= > @ (x)R ()= {P} 6.32)
ui(x,t):z‘l‘n (x)uf (t)=¥"{u;} (6.33)
T(x.1)= ) On(x)Ta (1) =0"{T} (6.34)

where @, y, and 6 are vectors of the shape functions, and P, u;, and
T are vectors of nodal value of the pressure, velocity components, and
temperature, respectively. The weight functions have the following
correspondence:

w =0 w, =¥, w;=0 (6.35)

The mass and momentum conservations can be symbolically written
in the following matrix form:

[AT] {u} =0 (6.36)
[C] {u} + [K] {u} - [A] {P} = {F} (6.37)
[D] {T} + [L] {T} = {G} (6.38)

The coefficients are defined by

A=Y ora 6.39)

T
Ci(uj)=J.pwui "’_ aQ (6.40)
Q
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T
K, = jp LEAVACA T 6.41)
aXi aXi
? X
F = J.\IfTidF (6.42)
T
007"
D; (uj)= Ip Cpyu; a—dQ (6.43)
Q Xi
T
L= k2999 40 (6.44)
axi an
Q
G= J@ Q”dQ + jeq”dr (6.45)
Q T

where k is the thermal conductivity, C, is the specific heat, and T, is the
component of the total boundary stress, which is the sum of the viscous
boundary stress and the hydrostatic boundary stress. The q” is the heat
flux applied at the boundary of the elements.

6.3 Entrance length in developing flow in
a channel using ANSYS

Water flow in a two-dimensional channel, as shown in Figure 6.2,
develops in the axial direction. At the inlet, the flow is uniform and
the flow velocity is 0.005 m/s. The exit condition is a reference zero
pressure. The density and viscosity of water are p = 998.3 kg/m? and
w = 1.002 x 103 (1.002e-3) Pa-s, respectively. Determine the entrance
length and show that the mass conservation principle is satisfied.

Double click on the Mechanical APDL Product Launcher icon

This example is limited to fluid analysis. Hence, select Fluid FLOTRAN.
The 2D FLOTRAN 141 element is used, and its shape is rectangle with

Wall
—

- T
Uniform Flow 0.05m
flow in — out i

—_—
—_—
Wall |
I 1.0 m d

FIGURE 6.2 Channel with developing flow.
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four nodes. The 3D FLOTRAN 142 element is for three-dimensional
analysis. The density and viscosity are the only needed properties to solve
this problem.

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering
Individual discipline(s) to show in the GUI

™ Structural
I~ Thermal
I~ ANSYS Fluid

¥ FLOTRAN CFD +—— A

Electromagnetic:
™ Magnetic-Nodal
™ Magnetic-Edge
™ High Frequency
™ Electric
Mote: if no individual disciplines are selected they will all show.

Discipline options
& h-Method

A select FLOTRAN CFD

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add... | Optlons._.l Delete |
Close | Help

Add...
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Only FLOTRAN CFD element types are shown
Library of Element Types FLOTRAN CFD
H Mot Solved

2D FLOTRAN 141

Help |

A select 2D FLOTRAN 141

Defined Element Types:
FLUID141

Main Menu > Preprocessor > Material Props > Material Models

Material Edt Favorite Help
Material Models Defined [~ Material Models Available
Matenal Model Number 1] @ Favorites =l
Density & CFD
@@ Conductivity
@ ¢ Heat
3 : )
@ Viscosity
@ Emissiity
= |
(= i | 4l 2

A click on CFD > Density
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Temperatures

DENS

Add Temperature I Delete Temperature |

ok | concel |

A type 998.3 in DENS

Click on CFD > Viscosity

Viscosity for Material Number 1

T

Temperatures
VISC 1.002e-3 < A

Add Temperature | Delete Temperature I

Graph

ok | cance | Hew

A type 1.002e-3 in VISC
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Close the Define Material Model Behavior window

Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle > By 2 Corners

Apply

Cancel

A type 0in WP X
B typeO0in WPY
C type 1 in Width
D type 0.05 in Height

[UX

The smart mesh number of one will produce insufficient mesh density
to have accurate results. The elements in the domain can be additionally
increased by using the lines size control in the Mesh Tool. Lines are divided
into segments, which will be elements in these lines. The lines are divided
by either specifying the number of divisions or the lengths of the segments.
In this example, the number of divisions is specified. The vertical and lat-
eral lines will be divided by 25 and 500 segments, respectively.
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Main Menu > Preprocessor > Meshing > Mesh Tool

A click on Set in Lines

Click on two horizontal lines. Then, in Element Sizes on Picked
Lines window, click on
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[LESIZE] Element sizes on picked lines
SIZE Element edge length
NDIV No. of element divisions A

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

( use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes

A type 500 in NDIV No. of element divisions

Click on two vertical lines. Then, in Element Sizes on Picked Lines
window, click on

[LESIZE] Element sizes on picked lines
SIZE Element edge length
NDIV No. of element divisions

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

[ ]
ANGSIZ Division arc (degrees) |:]

( use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes ™ No

Apply | Cancel | Help |

A type 25 in NDIV No. of element divisions
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Main Menu > Preprocessor > Meshing > Mesh Tool

| Areas
C Tn * Quad
@ Hq:pedr Sweep

A click on Mesh

In Mesh Areas window, click on

Pick All
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ANSYS graphics show the mesh

Zero velocity is imposed at the upper and lower walls to simulate wall
boundary condition. At the inlet, the velocity is uniform. At the exit,
zero pressure is imposed to simulate the exit boundary condition.

Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click on the two horizontal lines. Then in Apply VELO load on lines
window, click on

[DL] Apply Velocity Constraints on fines
Apply VX load 25 &

¥ Constant value then:
VX Load value

Apply VY load as a

I Constant value then:
VY a Load value

Apply VZ load as a [constantvate =]
¥ Constant value then:
1 st ]
Apply to endpoints? W Yes
Moving wall? ™ Ne
Generalized Symmetry? ™ No

ok | Cancel Hep |

A type 0 in VX Load value
B type 0in VY a Load value
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Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click at the inlet line. Then, in Apply VELO load on lines window, click on

!. .'l

[DL] Apply Velocity Constraints on lines
Apply VX load a3 3 |Conmntvuue .|
If Constant value then:
e Lorae A
Apply VY load as 3 |Cansmtu|u¢ v|
If Constant value then:
W atons e  —0
Apply VZ load asa |c=mnuau¢ -|
I Constant value then:
@ tstie —
Apply to endpaints? W Yes
Moving wall? I Ne
Generalized Symmetry? ™ No
NOTE: Blank values not interpreted as 0's 12!
oK Cancel Help

A type 0.005 in VX Load value
B type Oin VY a Load value

Main Menu > Solution > Define Load > Apply > Fluid/CFD >
Pressure DOF> On Lines

Click on the exit line, and then in Apply PRES on lines window, click on

[DL] Apply PRES on lines as a

H If Constant value then:
PRES Pressure value

Apply to endpoints?

A type 0 in PRES Pressure value
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The present problem is steady state and adiabatic. Hence, keep the
default setting in execution control. Notice that ANSYS is capable of
simulating turbulent and compressible flow. The maximum number of
iterations is 1000, and an additional 1000 iterations are required if the
termination criterion is not satisfied. The termination criterion for the
velocity components and pressure is 1 x 10-°. The iterations will stop
if the maximum number of iterations is reached or the termination cri-
terion is satisfied. The material properties are MP, which means that
the ANSYS will use properties stored in the Material Properties in the
preprocessor task to solve the problem.

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

[FLDATAZLITER Iteration Control

EXEC Global iterations m Al
QOVER .l file overwrite freq

'| APPE .l file append freq

[FLDATA3],TERM Termination Critena

VX Velocity component B
VY Velocity component C
VZ Velocity component

PRES Pressure . D
TEMP Temperature

ENKE Turbulent kinetic energy

ENDS Turbulent dissipation

Note: Termination check is ignored for a DOF
i its termination criterion is negati

[FLDATAS]L,OUTP Output Options

SUMF Output summary frequency

0K | Cancel |

A type 1000 in EXEC Global iteration
B type le-6 in the termination criterion for VX Velocity component
C type le-6 in the termination criterion for VY Velocity component

D type le-6 in the termination criterion for PRES Pressure



FLUID MECHANICS 309

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

| [FLDATA12] PROP,DENS

Density |Mpmg -Ed— —@
[FLDATA13], VARY,DENS
Allow density variations? ™ Ne
H [FLDATA12] PROP,VISC
Vicosy — )
[FLDATA13] VARY,VISC
Allow viscosity vanations? I~ No
[FLDATA12],PROP,COND
Conductivity [constant -]
[FLDATA13]VARY,COND
Allow conductivity vanations? ™ No
[FLDATA12), PROP,SPHT
Speciic heat [Constant -]
[FLDATA13] VARY,SPHT
Allow specific heat variations ™ No
ok | Apply | Cancel Help

A select MP table in Density
B select MP table in Viscosity

Density coefficients will be calculated from the MP tables

Viscosity coefficients will be calculated using the MP tables

-1: Implies conductivity need not be set
Conductivity property type CONSTANT

Gtk

-1: Implies specific heat need not be set
Specific Heat Property Type CONSTANT

Comtr o
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A confirmation window will show up. Read it carefully to avoid
an unexpected error. The value —1 indicates that the property is not
available. The conductivity and specific heat are not required to solve
the problem.

The following step will initiate the numerical iterations. Carefully
examine the normalized rate of change for all field variables. The nor-
malized rate of change should reach termination criterion for all field
variables to declare the convergence. Otherwise, additional iterations are
required. When the normalized rate of change is decreasing, the solution
process is approaching the convergence. If the solution is diverged, there
are either incorrect boundary conditions or fluid properties.

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Solution is donel

ANSYS graphics show the solution convergence

The normalized rate of change reaches the termination criterion.
Hence, the convergence is reached. The Last Set is selected in the Read
Results to ensure that the data from the last iteration set are loaded for
the postprocessor. Otherwise, no results will be shown in the postpro-
cessor. A plot of velocity vectors is presented in the postprocessor task,
followed by velocity profile along the centerline of the channel and at
the exit.
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Main Menu > General Postproc > Read Results > Last Set

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

~ Item to be contoured

& Favorites
@& Nodal Solution
e
@ Pressure
@ X-Component of fluid velocity < A
@ Y-Component of fluid velocity
@ Fluid velocity
@ Turbulent kinetic energy
@ Turbulent energy dissipation
Other FLOTRAN Quantities

]

Undisplaced shape key

Undisplaced shape key |Deformed shape only
Scale Factor Auto Calcule »||0

Additional Options

Awmva 14,9

ANSYS graphics show the vector for the velocity

The red contours are for the maximum velocity in the channel, while
the blue contours are for minimum velocity. The velocity is maximum
at the centerline and zero at the wall. The developing region is clearly
visible at the entrance region of the channel. Notice that the velocity
has a parabolic velocity profile at the exit of the channel. To determine
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the entrance length, a plot of the x-velocity component along the channel’s
centerline is created using the path operation in the postprocessor. The
x-velocity component should be increased from its initial value at the
inlet until it becomes unchanged. The path is created by specifying two
points, one at the inlet and the other at the exit along the centerline.
The number of division is the number of points used to create the plot.
A higher number of divisions will create a smoother plot.

ANSYS Utility Menu > WorkPlane > Display Working Plane

Utility Menu > WorkPlane > WP Setting

* Cartesian
" Polar

" Grid and Triad

& Grid Only : A
" Triad Only

¥ Enable Snap

Snap Incr IU-UQS B
Snap Ang |5

Spacing 0025 < C
Minmum  [1
Maximum [1
Tolerance  [0003

Reset | Cancel |
Help |

A select Grid Only
B type 0.025 in Snap Incr

C type 0.025 in Spacing
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Main Menu > General Postproc > Path Operations > Define Path >
On Working Plane

The path is arbitrary. In On Working Plane window, click on

Click on the ANSYS graphics window at the right and left ends of the
centerline of the channel as shown below.

A click on left end of the centerline

B click on right end of the centerline

In On Working Plane window, click on

[PATH] Define Path specifications

Name Define Path Name: A

nSets MNumber of data sets
nDiv  Number of divisions I B

OK I Cancel I

A type center in Define Path Name; the name of the path is optional
B type 100 in Number of divisions



314 FINITE ELEMENT SIMULATIONS USING ANSYS

Main Menu > General Postproc > Path Operation > Map onto Path

[PDEF] Map Result Items onto Path
Lab  User label for item

Item,Comp Item to be mapped DOF solution
Other quantities
Elem table item

Average results across element

[/PBC] Show boundary condition symbol
Show path on display

OK | Apply |

A select Velocity VX

The velocity in the x-direction is ready to be plotted. In the Plot Path
Item, there are two options. The velocity can be either plotted or listed.
The list results can be exported to another graphical software such as
EXCEL. First, the grids are removed from ANSYS graphics.

ANSYS Utility Menu > WorkPlane > Display Working Plane

Main Menu > General Postproc > Path Operation > Plot Path Item >
On Graph

[PLPATH] Path Plot on Graph
Labl-6 Path items to be graphed

A select VX
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ANSYS graphics show the x-velocity profile
along the centerline of the channel

The figure indicates that the flow is fully developed at the exit of the
channel. The x-velocity component becomes invariant at a distance of
0.75 m from the entrance. Experimentally, the entrance length can be
determined using the following equation:

L=0.056Re H

where Re is the Reynolds number and H is the channel’s height. The
Reynolds number is calculated using the following expression:

Re= pVH _ 998.3x0.005 x 0.05

=249.07
M 1.002x 107

Then, the entrance length is 0.697 m, which is close to the ANSYS
results. The error between the two methods can be additionally reduced
if a finer mesh is used. To determine the average velocity at the exit, the
path operation is used to plot the velocity profile with integration.

Utility Menu > Plot > Areas

Main Menu > General Postproc > Path Operation > Define Path >
On Working Plane

The path is arbitrary. In On Working Plane window, click on

Click on the ANSYS graphics window at the top and bottom
corners at the exit of the channel, and then in On Working Plane win-
dow, click on
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[PATH] Define Path specifications

Name Define Path Name : A

nSets Number of data sets
nDiv  Number of divisions B

A type Exit in Define Path Name; the name of the path is optional
B type 100 in Number of divisions

Main Menu > General Postproc > Path Operation > Map onto Path

[PDEF] Map Result ltems onto Path

e v sen [—
Jtem,Comp ltem to be mapped [Displacernent UX -

Other quartities

Elemn table tem
Average results soross elernent ¥ Wes

[/PBC] Show boundary condition symbol
Show path on display ™ No

ok | Aoty | Cancel

A select Velocity VX

Main Menu > General Postproc > Path Operation > Plot Path Item >
On Graph

[PLPATH] Path Plot on Graph
Labl-6 Path items to be graphed

A select VX
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ANSYS graphics show the x-velocity profile at the exit of the channel

The velocity profile at the exit is perfectly parabolic. This graph can
be compared to the analytical velocity profile of a fully developed flow
to ensure that the obtained solution is accurate. The average velocity
at the exit can be determined using the integration in the path opera-
tion. The value of the integration must be divided by the path length to
get the average value. The number 20 in the Factor is the inverse of the
path length. Selecting S in the Lab2 means that the integration is per-
formed along the path.

Main Menu > General Postproc > Path Operation > Integrate

LabR = FACT * Int (Labl) d(Lab2) )

LabR User label for result

FACT Factor

Labl 1st Path item

Lab2 2nd Path item

A type 20 in FACT Factor
B select VX in 1st Path item
C select S in 2nd Path item
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; PATH DEFINED
NG PLANE DISE

DISPLAY ALONG PATH DEFINED BY LPATH COMMAND. DSYS a

is based in part on wrk of the Indepen
r-1998 Copyright 1998, Thomas G. Lane

DEFINE iy ABLE THE INTE TION OF
PATH UARIAB ] PECT TO PATH UARIABLE S
FINAL
NUMB

The ANSYS Output window shows the average velocity at the exit,
which is 0.48 x 10-2 m/s. The mass flow rate at the exit and inlet should
be the same as follows:

Thi = Ihe
or

(PVA); = (pPVA),

Since the density and cross-sectional area of the inlet and exit are the
same, then

V.=V,

Comparing the inlet velocity, which is 0.005 m/s, to the exit velocity,
which is 0.48 x 102 m/s, the two velocities are close to each other with
an error of 4%.

6.4 Studying flow around a half cylinder in a channel
using ANSYS

Air at low velocity enters a channel as shown in Figure 6.3. A half
cylinder with a circular cross section is placed at the bottom wall of
the channel. The inlet velocity has fully developed velocity profile with
an average velocity of U, = 0.005 m/s. The exit condition is a refer-
ence zero pressure. Air’s density and viscosity are p = 1.25 kg/m? and

T

H=02m

Flow

~ Half cylinder out
|‘f0.15 m—-lﬂ—O.lm ‘E‘ 0.75 m

FIGURE 6.3 Flow over a half cylinder in a channel.

WL
£—-b*<

r

WL
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w = 17.7 x 10-% Pa-s, respectively. Determine the pressure drop in the

channel and drag force on the half cylinder. Use the following equation
for the velocity profile at the inlet:

3 2y )2
u(y)==U,|1-| =
(¥)=3 { ( "
Double click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Prefesences for GUI Fitering
Indnidual disciplinels) to show in the GUI

™ Magnetic-Nodsl
I~ Magnetic-Edge
I High Frequency
I~ Eectric

A select FLOTRAN CFD

Main Menu > Preprocessor > Element Type > Add/Edit/Delete

Defined Element Types:

INONE DEFINED

Add... | Options. I Delete I
Close | Help

Add...
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Ondy FLOTRAN CFD element types are shown
Libary of Element Types —g
Mot Sohved 30 FLOTRAN 142
2DFLOTRAN 141
Element type reference number 1 |

o | soy_| cancel | hee |

A select 2D FLOTRAN 141

Defined Element Types:

ype 1 FLUID141

Since this problem is fluid dynamics, density and viscosity are
required to solve this problem. The geometry is modeled by creating a
rectangle and a circle. The Boolean operation is utilized to remove the
circle from the rectangle using subtraction.

Main Menu > Preprocessor > Material Props > Material Models

Material Models Available

=l @ Favontes &=l
& CFD
': ‘Conductivity
Ec Heat

@ Viscosity
@ Emissivity

4 o] | 5

A click on CFD > Density
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Density for Material Number 1

™
Temperatures

DENS 1.25

Add Temperature | Delete Temperature | Graph ,

ok | concel | Hep |

A type 1.25 in DENS

Click on CFD > Viscosity

Viscosity for Material Number 1

T

Temperatures
VISC 17.7e-6 < —\

Add Temperature | Delete Temperature |

ok | cance |

A type 17.7e-6 in VISC
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Close the Define Material Model Behavior window

Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle > By 2 Corners

A type 0in WP X
B type-0.1in WPY
C type 1 in Width
D type 0.2 in Height

Main Menu > Preprocessor > Modeling > Create > Areas > Circle >
Solid Circle

A type 0.2 in WP X
B type-0.1in WPY
C type 0.05 in Radius
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Main Menu > Preprocessor > Modeling > Operate > Booleans >
Subtract > Areas

Click on rectangle area, and then in Subtract Area window, click on

Click on circular area, and then in Subtract Area window, click on

A free mesh is generated using the smart mesh option, and the mesh
refinement is 1. More elements will be added to the computational
domain using refinement at elements.

Main Menu > Preprocessor > Meshing > Mesh Tool

A
B
C
D
E

A select Smart Size
B set the level to 1
C Click on Mesh

In Mesh Areas window, click on
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D select Elements
E click on Refine

In Refine Mesh at Area window, click on

[AREF] Refine mesh at areas
LEVEL Level of refinement [1 Miniman |

Advanced options r E‘_;:,__,_,;jm ]

Help

ANSYS graphics show the final mesh

The modeling and meshing tasks are now completed. The hydrody-
namics boundary conditions are applied. At the inlet, Vx is a function of
the y-direction and the Vy is 0. At the exit, zero pressure is imposed to
simulate a free exit boundary condition. Zero velocity components are
applied at the surface of the cylinder and lateral surfaces of the channel
to simulate a wall boundary condition.

The inlet velocity profile can be applied easily with the function edi-
tor of ANSYS. ANSYS will create a data table from the velocity func-
tion and apply it to the selected lines.
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Main Menu > Solution > Define Loads > Apply > Functions >

Define/Edit

A type the equation 1.5%0.005*(1-(2*{Y }/0.2)"2)

In Equation Editor window, click on File then Save

Funchon | Regime 1 | Regime 2| Regime 3 | Regeme 4 | Regime 5 | Regme 8|
Function Type

= Single equatics|
I func gime variable <Hagara Vars
(Y Z) intespreded in CSYS: [0 :J

~ Degees  Radans

( )| craH e d
ASH
Lo T N
RCL _ ACOS 104
m1m|m|4|s
|

8 | | I |CLEAR|
INSMEM  ATAN  SORT
0l

9

| * |

aBs | TAN riz| 1 E
2] (1) T
M']ml 2} | 0 | R

Resut =150 00512 M0 2r2) —

Save the file as VinY. The file name is optional.

Close the Function Editor window

325

After saving the function, it is required to load the function to the
ANSYS solution using the read file in function.

Main Menu > Solution > Define Loads > Apply > Functions > Read File
Select VinY.func

oK Concel | Hep |

Table parameter name
W —1 0
Local coordinate system id for (x, y, x) interpretation
0 E|
Fmdion]
Equation
Rewut = 1. SO00STHZ (022 £ |
L.
Constant Values
None |
|
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A type VinY in the Table parameter name. The name of the table
is optional. The function “VinY” will be shown later when the
boundary conditions are applied.

Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click on the channel entrance line, and then in Apply VELO load on
lines window, click on

[DL] Apply Velocity Constraints on lines

Apply VX load as a | Existing table —.
If Constant value then:

VX Load value :l

Apply VY load as a IC:mstant value
If Constant value then:
VY a Load value B

Apply VZ load as a IConstant value
If Constant value then:

2 st —

Apply to endpoints? ¥ Yes

Moving wall? I~ No

Generalized Symmetry?

NOTE: Blank values not interpreted as 0's !!!

A select Existing table in Apply VX load as a
B type 0in VY a Load value
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Apply Table VX Load
Existing table A

A select VINY

Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click on the upper and lower lines of the channel, and the surface of
the cylinder, and then in Apply VELO load on lines window, click on

Apply VX load as a

If Constant value then:
VX Load value A

Apply V¥ load as 2 [Constant value x I

If Constant value then:

Watondte — B
Apply VZ load as a | Constant value - I

If Constant value then:

1 st —

Apply to endpoints?

Moving wall? ™ No

Generalized Symmetry? ™ Neo

NOTE: Blank values not interpreted as 0's !!!

A type 0in VX Load value
B type Oin VY a Load value
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Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Pressure DOF > On Lines

Click on the channel’s exit line, and then on Apply PRES on lines
window, click on

(00 Ay RS on i e
! I Constant value then:
PRES Pressure value ‘i.a T }.7 _Q
Apply to endpoints? W Yes
ok | Apply | Cancel Help

A type O in PRES Pressure value

The maximum number of iterations is 1000, and an additional
1000 iterations is required if the termination criterion was not satisfied.
The termination criterion for the velocity components and pressure is
1 x 10-°. The iterations will stop if the maximum number of iterations
is reached or the termination criterion is satisfied for all field variables.

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

[FLDATAZLITER Resation Control
EXEC Global iterations 1000 —i
OVER . file overwrite freq o

|

APPE A1 file append freq

[FLDATASLTERM Termination Critena

WX Veocity component [1e6 — —g
VY Velocity companent [ies Je—— —@
VZ Velocity component [D'Iﬁ" ]
s )
T T -
ENKE Turbulent kinetic energy 0m |
ENDS Turbulent dissipation foor |

MNote: Tesmination check is ignored for a DOF
 its termination criterson is negative

[FLDATASLOUTR  Output Options

SOMF Ot s e C—

A type 1000 in EXEC Global iterations
B type le-6 in VX Velocity component
C type le-6in VY Velocity component
D type le-6 in PRES Pressure
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By default, the shear stress will not be calculated by ANSYS, which is
required to calculate the lift and drag forces. To calculate the shear stress,
it must be selected in the additional output in the FLOTRAN setup.

Main Menu > Solution > FLOTRAN Set Up > Additional Out >
RFL Output Derived

[FLDATASLOUTP Output options for FLOTRAN results file
for caloulated output quantities

PTOT Output total pressure? W Yes

TTOT Output total temperature? ™ No

HFLU Output heat flud I Ne

HFLM Output film coefficients? I No

STRM Output stream function? P Yes

PCOE Output pressure coef? I Ne

MACH Output Mach number? ™ No

YPLU Output y plus? ™ Ne

TAUW Output wall shear stress? W [Yes 4——1 Q
RDFL Output radiation flus? I No

ok | Cancel | Help

A select TAUW Output wall shear stress?

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

[FLDATA12] PROP, DENS

ity MP table - _‘:’

[FLDATAL3]LVARY, DENS

Allow density variations? I~ Ne
[FLDATA12] PROP,VISC

vecesy O
[FLDATALILVARY,VISC

Allow viscosity variations? ™ No

[FLDATAL2LPROP,COND

Conductivty Constant -
[FLDATAI3LVARY,COND

Allow conductivity variations? I Ne

[FLDATA12] PROP.SPHT

Specific heat Constant »
[FLDATAI3LVARY, SPHT

Allgw specific heat variations ™ No

ok | appty | Cancel | Help

A select MP table in Density
B select MP table in Viscosity
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Density coefficients will be calculated from the MP tables

Viscosity coefficients will be calculated using the MP tables

-1: Implies conductivity need not be set
Conductivity property type CONSTANT

—— EN—

-1: Implies specific heat need not be set
Specific Heat Property Type CONSTANT

Com e Ea—

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

(&) Soltionis done!

Time = 0

ANSYS graphics show the solution convergence
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As shown in the normalized rate of change, the solution did not reach
the maximum number of iterations, which is 1000, and all field variables
reach the termination criterion, which is 1 x 10-¢. Therefore, the solution
is converged. A plot of velocity vectors is presented in the postprocessor
task, followed by pressure drop, and lift and drag calculations.

Main Menu > General Postproc > Read Results > Last Set

Main Menu > General Postproc > Plot Results > Vector Plot >
Predefined

[PLVECT] Vector Plot of Predefined Vectors
Ttem Vector item to be plotted DOF solution
Mode Vector or raster display
* Vector Mode
" Raster Mode
Loc Vector location for results
= Elem Centroid
" Elem Nodes
Edge Element edges ™ Hidden
[/VSCALE] Scaling of Vector Armows
WHN Window Number Immi -;
VRATIO Scale factor multiplier ]
KEY  Vector scaling will be [Magnitude based _+]
OPTION Vector plot based on Iuﬂddo,m,d Mesh ,i
oK | Apply | Cancel | Help

ANSYS graphics show the vector for the velocity
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The red arrows are for the maximum velocity in the channel, while
the blue arrows are for minimum velocity. The wake flow behind the
cylinder is visible in the figure, and the flow is very slow at this region.
The flow velocity is maximum above the cylinder. Notice that the veloc-
ity has a parabolic profile at the inlet and exit of the channel. To calculate
the pressure drop, the average pressure at the inlet is determined using
path operation in the postprocessor. The path at the inlet is created by
specifying two points. The grids should be enabled.

Utility Menu > Plot > Areas
Utility Menu > WorkPlane > Display Working Plane
Utility Menu > WorkPlane > WP Setting

® Cartesian
" Polar

" Grid and Triad
' Grid Only A
" Triad Only

¥ Enable Snap

Snap Incr IO.U1 B

Snap Ang

Spacing . . C
Minimum
Maximum

Tolerance

Reset |

Help

A select Grid Only
B type 0.01 in Snap Incr
C type 0.01 in Spacing
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Main Menu > General Postproc > Path Operation > Define Path >
On Working Plane

[PATH] Create Path on Working Plane
Type of path to create

" Circular path

[/VIEW] Plot Working Plane v Yes

Window number [vﬁndm 1

[/PBC] Show path on display ¥ Yes

Apply | Cancel |

ANSYS Utility Menu > PlotCtrls > Pan-Zoom-Rotate ...

Click on zoom in and out until the ANSYS graphics show all grids.
Click on the ANSYS graphics window at the top and bottom corners at
the inlet of the channel, and then in On Working Plane window, click on

[PATH] Define Path specifications

Name Define Path Name : A

nSets Number of data sets
nDiv Number of divisions -2

A type inlet in Define Path Name. The name of the path is optional
B type 100 in Number of divisions
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Main Menu > General Postproc > Path Operation > Map onto Path

[PDEF] Map Result ltems onto Path
Lab  User label for item

kem,Comp Item to be mapped

Average results across element
[/PBC] Show boundary condition symbel
Show path on display I~ No
ok | apply | Cancel | Help |

A select Pressure PRES

Utility Menu > WorkPlane > Display Working Plane

Main Menu > General Postproc > Path Operation > Plot path Item >
On Graph

[PLPATH] Path Plot on Graph
Lab1-6 Path items to be graphed

A select PRES

ANSYS graphics show the pressure distribution at the inlet of the channel
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The average pressure at the inlet can be determined using the
integration in the path operation. The value of the integration must
be divided by the path length to get the average value of the vari-
able. The number 5 in the Factor is the inverse of the path length.
Selecting S in the Lab2 means that the integration is performed along
the path.

Main Menu > General Postproc > Path Operation > Integrate

f‘_ Integrate Path Items
[PCALCLINTG LabR = FACT * Int (Labl) d(Lab2) )
LabR User label for result |:|
FACT Factor [5 <

Path i ’—E, 2
Labl 1st Path item PRES vie
Lab2 2nd Path item 5 =L

oK Apply Cancel Help

A type 5 in FACT Factor
B select PRES in Labl 1st Path item
C select S in Lab2 2nd Path item

Z CNCEEE] 0. 8008
TOTAL PATH LENGTH B.286888

OF FREEDOH ITEM

B4 HIN BA.38813

(4]

COHHAND .

IATION OF
H UARIABLE S

The ANSYS Output window shows the average pressure at the
inlet, which is 0.34299 x 10-* N/m?. At the exit, the pressure is speci-
fied as a boundary condition and equal to zero. Hence, the pressure
drop in the channel is equal to 0.34299 x 10-* N/m?2. To determine
the lift and drag forces on the surface of the cylinder, nodes along
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the surface of the cylinder should be selected first. Then, ANSYS
automatically integrates the pressure and shear stress along the
surface of the cylinder. The nodal selection is performed in the fol-
lowing steps:

Utility Menu > Plot > Areas

Utility Menu > PlotCtrls > Pan-Zoom-Rotate ...
Zoom the area around the cylinder.

Utility Menu > Select > Entities

|By Num/Pick ~|

* From Full
" Reselect
" Also Select
" Unselect

Sele All Invert
Sele None| Sele Belo

OK Apply
Plot Replot
Cancel| Help

A select Lines

Carefully select the two lines at the surface of the cylinder, and then
in Select Lines window, click on
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Utility Menu > Select > Entities

Attached to

" Elements

" Keypoints

" Lines, interior
" Areas, all

" Areas, interior
" Volumes, all

" VYolumes, interior

@ From Full
" Reselect
" Also Select
" Unselect

Sele All | Invert |

Sele None| Sele Belol

OK | Apply |

Plot ] Replot I

Cancel | Help |

A select Nodes
B select Attached to

C select Lines, all

337
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Utility Menu > Plot > Nodes

ANSYS graphics show the nodes at the cylinder

Main Menu > General Postproc > Nodal Calcs > Surface Integral

[INTSRF] This function integrates the chosen variable over
H all selected nodes.
Opt Scalar Quantity to Integrat

" Pressure

" Wall Shear

Both Le.
o

« (A

A select Both

Eite

SUM THE UALUES OF PRES OUER THE SURFACE DEFINED BY THE SELECTED NODES

®.¥,Z FLUID LOAD ON BOUNDARY SURFACE = 1.53464687BE-B6-6.556592423E-87 0.00800088
MOHENTS ABOUT RSYS ORIGIN-  B.00000008 8. PeBaRRBa 2.234644013E-88

SUH THE VALUEE OF TAUW OUVER THE SURFACE DEFINED BY THE SELECTED NODES

®.¥,Z FLUID LOAD OM BOUNMDARY SURFACE = & 8235‘?‘?!812—07 2. 6793!876035—&‘? [ ]
MOMENTS ABOUT RSYS ORIGIN=  ©.B0@88sea A, BABERAEE B8.245508217E-88

ANSYS shows the net pressure in the x- and y-directions, which are

P, = 1.534646078 x 10-% N/m?
P =-6.556592423 x 10”7 N/m?

Notice that P, has a negative value because the pressure in the y-direction
is downward. The net shear stresses in the x- and y-directions are

T,= 6.823577481 x 10~ N/m?
1,=2.67938876 x 107 N/m?
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Hence, the net drag force is (P, + T,) x S, and the net lift force is
(Py+ 1) x S, where S is the circumference of the half cylinder, and it
is equal to 0.05w. To visualize the flow streamlines, the flow is traced
with particles. First, the trace points will be defined at the entrance and
behind the cylinder to capture the wake flow. Then, the trace particles
are plotted. Finally, an animation is created.

Utility Menu > Select > Everything
Utility Menu > Plot > Areas
Main Menu > General Postproc > Plot Results > Defi Trace Pt

Click on all grid points at the entrance and just one grid point behind
the cylinder, and then in Define Trace Point window, click on

Main Menu > General Postproc > Plot Results > Plot Flow Tra

A\ Piot e
[PLTRAC] Plot Flow Trace
hem to be contoured slong trace

OPTION Plot flow trace based on Undeformed Mesh vI
Store trace path data in array parameters
Numtr Valid trace point number D
Mamel Array param. identifier @
Miloop Max number of loops El
ok | Appy | Cancel | Help

A select VSUM

ANSYS graphics show the streamlines
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Utility Menu > PlotCtrls > Animate > Particle Flow

Animation data
Mo. of frames to create ko + o
Time delay (seconds) F]
Particle Spacing factor [:l
Particle Size factor 025 @
Particle Length Fraction
Muxdoop Max number of loops
[PLTRAC] Plot Flow Trace
Ttem to be contoured along trace DOF solution Velocity VX -
Other quantities vy
: 10O
Pressure  PRES :
VSUM
oK I Cancel I Help

A type 50 in No. of frames to create
B type 0.25 in Particle Size factor
C select VSUM in Plot Flow Trace

ANSYS graphics show the animation of the particles flow in the channel.

PROBLEM 6.1

Air at low velocity enters a channel as shown in Figure 6.4. An object
is placed in the channel, at the location shown. The inlet velocity is uni-
form, 0.005 m/s. The exit condition is a reference zero pressure. Let
p = 1.25 kg/m3 and p = 17.7 x 107 Pa-s. Determine the pressure drop
in the channel and net drag force on the object. Also show that the mass
conservation principle is satisfied.

PROBLEM 6.2

Water at low velocity enters a channel as shown in Figure 6.5. A trian-
gular cross-sectional area cylinder is placed in the channel, at the loca-
tion shown. The inlet velocity has a fully developed profile. The exit
condition is a reference zero pressure. The properties of water are

—’ _’

—’ 4

o —
Flow Flow 75 0.12m

in —» out —»

—b _’
= R0.03 Q R0.03 =
k—015m—] 0.09m | 0.5m |

FIGURE 6.4 Flow over an object in a channel.
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— —
Flow —* Flow —»
. — X QT 1.0 cm —» 4cm
in —p S out
— i —
—> 1.0cm —

25 cm ‘|

FIGURE 6.5 Channel with a triangular cylinder.

—

p =998.3 kg/m? and u = 1.002 x 103 Pa-s. Use the following equation
for the velocity profile at the inlet:

u(y)= % 0.0001{1 - (zgﬂ

where H = 0.04 m. Determine the pressure drop in the channel, and
drag and lift forces on the cylinder, and show that the mass conservation
principle is satisfied.

PROBLEM 6.3
Two cylinders in a wind tunnel, as shown in Figure 6.6, are used to simu-
late heat exchanger tubes. The inlet velocity is 0.0025 m/s, and air is the
working fluid (U =20 x 10-°Pa-s, p = 1.25 kg/m?). The exit condition is
a reference zero pressure. Determine the following:

a. Is mass balance satisfied?

b. What is the maximum shear stress on the first and second

cylinders?

c. What is the average shear stress on the first and second cylinders?

d. What is the pressure drop in the channel?

e. Is the exit flow fully developed?

PROBLEM 6.4

Water at low velocity enters a backward-facing step channel as shown
in Figure 6.7. The height in the channel is increased at a distance 0.5 m
from the entrance as shown in the figure. The inlet velocity has a fully

—
— —
2xR0.05
Flow —* * Flow —» 04m
in —p out —p
— 0.2m —»
" i >

|~7 0.4m —se 03 m 4

2.5m |

FIGURE 6.6 Two cylinders in a wind tunnel.
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y e
Flow —
W — Lx Flow —*
in —» —# 0.4 m
out —p
0.1 m —»

2.0 m |

FIGURE 6.7 Flow over a backward-facing step.

developed profile. The exit condition is a reference zero pressure. Water
is the working fluid, and its properties are p = 997.1 kg/m? and | =
1.003 x 103 Pa-s. Use the following equation for the velocity profile at
the inlet:

u(y)=3 0.001[1—(3’)2}

where H = 0.15 m. Flow over a backward-facing step generates a recircu-
lation zone due to the separation flow obtained from the adverse pressure
gradients in the fluid flow, and the flow reattached again. Determine the
reattachment length.



CHAPTER SEVEN

Multiphysics

71 Introduction

In practice, the engineering problems to be simulated are multiphysics,
and there has not been sufficient capability in the past to address the
full physics of the problems. Therefore, there has been a tendency
to simplify the problems by either focusing on the primary physics
or decoupling the physics. For example, for heat exchanger analysis,
fluid flow is solved first, followed by the thermal solution. Recently,
significant improvements have been achieved in both hardware and
software capabilities that made the multiphysics simulations inexpen-
sive and accurate. As computing power increases, the ability to model
the full physics is becoming a practical possibility. Hence, there is an
increasing demand for multiphysics simulation software. ANSYS has
the capability to model such complicated simulations. ANSYS can
effectively simulate the thermal-structural, thermal—fluid, and fluid—
structural problems.

In this chapter, the setting up of problems involving multiphysics
is introduced. The level of coupling for multiphysics simulations is
illustrated. Examples of thermal-structural and thermal—fluid sys-
tems are presented. The coupling between the physical phenomena
can be classified into three levels: low, medium, and high. With a
low level, it may be sufficient to use a simple one-way coupling with
file transfer between two physics, as analysis is thermal—structural
and thermal-fluid with temperature-dependent properties. In the
thermal-structural system, the thermal analysis is done first, and then
the temperature distribution is transferred to the structural analysis as
a boundary condition. This analysis is fast, and the thermal and struc-
tural analysis is completely separate, because the structural defor-
mation has a negligible effect on the temperature distribution. The
process is shown in Figure 7.1.

The problem with a medium level of coupling is that the solution
of each physics depends on another but requires no mesh movement,
such as thermal—fluid analysis with temperature-dependent properties.
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In the thermal-fluid analysis, the properties of the fluid, such as the
density and viscosity, are a function of temperature. In this analysis, fluid
is solved first, followed by thermal solution. The properties of the fluid
are updated, and then the fluid is solved again. This process is continued
until the solution is fully converged. The process is shown in Figure 7.2.
If all properties of the fluid are independent of the temperature, the heat
transfer and fluid flow can be solved separately, and the simulation is
considered as a low-level analysis.

The fluid—structural analysis is considered as a high-level analysis.
It requires a degree of compatibility in the solver technologies and
often involves a mesh movement, which may be accounted for using
the Arbitrary Lagrangian Eulerian method. The computation time for
this analysis is high, and it requires high-performance computers. The
process is shown in Figure 7.3. There are two types of fluid—structural
analyses. In the first type, the solid is moving in a specified way and
the fluid pressure has no effect on the movement of the solid. In the
second type, which is much more complex, the fluid pressure affects
the movement of the structure, and possible structural deformation
occurs.

Geometry == | Thermal =—P Thermal =  Structural — Structural
R 2] results results
Properties
FIGURE 7.1 Low-level analysis.
Boundary
conditions
Fluid Thermal
Geometry =% | Flud —%» . —» | Thermal —» .
Properties
Properties
update
FIGURE 7.2 Medium-level analysis.
Boundary
conditions
Fluid Structural
Geometry =  Fluid —9 I
results results

Properties

| Geometry |

update

FIGURE 7.3 High-level analysis.
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7.2 Thermal and structural analysis of a thermocouple
using ANSYS

Furnaces use thermocouples to control their temperature, and they
come in various designs. The common design of thermocouples is
the two-plate design. It consists of aluminum and carbon steel plates
attached to each other as shown in Figure 7.4. The left end is fixed
and maintained at 100°C, and other surfaces are exposed to a free
convection boundary condition with h = 5 W/m?-°C and T, = 15°C.
Determine the maximum displacement in the y-direction. The ther-
mophysical properties of the aluminum and carbon steel are shown
in Table 7.1.

This problem is considered as multiphysics, and physics are not
coupled because the structure and heat transfer are solved sepa-
rately. The deformation of the thermocouple has no effect on the
heat transfer. The heat transfer must be solved first, and then the
structure.

Double click on the Mechanical APDL Product Launcher icon

A solid thermal element is used, and its shape is quadratic with four
nodes. This element will be replaced by a structural element when the
thermal part is completely solved.

T=15°C,h=5W/m?.°C

Aluminum

T =100°C

Carbon steel

T=15°C,h=5W/m?.°C

0.1m

FIGURE 7.4 A thermocouple consists of aluminum and carbon steel plates.

Table 7.1 Thermophysical properties of aluminum and
carbon steel

Property Aluminum  Carbon steel
Thermal conductivity (W/m-K) 83 111

Young modulus (Pa) 70 x 10° 210 x 10°
Poisson’s ratio 0.33 0.29

Thermal expansion (1/K) 23 x 10 12 x 10¢
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Main Menu > Preferences

[KEYW] Preferences for GUI Filtering

Individual discipline(s) to show in the GUL
1= <+ i
@ hemsl_+—— 8
™ ANSYS Fluid
I~ FLOTRAN CFD

Electromagnetic:

[~ Magnetic-Nodal
I~ Magnetic-Edge
[~ High Frequency
™ Electric

Note: If no individual disciplines are selected they will all show.

Discipline options
& h-Method

| [ad| A

A select Structural

B select Thermal

Main Menu > Preprocessor > Element Types > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Delete |

Help

Add...
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p
& pes for multipl sh
Library of Element Types o @
Snode 77 .Ej
Triangl Gnode 35 i
Aui-har dnode 75
0 o .
Element type reference number
oK Hep |

A select Solid in Thermal Mass
B select Quad 4 node 55

Defined Element Types:

The thermal conductivity is required for the thermal part, and the
modulus of elasticity and Poisson’s ratio are required for the struc-
tural part. Additionally, the thermal expansion of both materials is
important to account for the deflection of the thermocouple. There
will be two different sets of properties for aluminum and carbon
steel. The material number 1 in the Define Material Model Behavior
is for aluminum, while material number 2 is for carbon steel.
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Main Menu > Preprocessor > Material Props > Material Models

et . Help
Matenal Modets Defined
ERtatenal Model Number 1| 4}
\A
{8 Damping
@ Friction Coefficient
@ Specialized Materials W
]| | i Thermal |
== i | =] =]
A click on Structural > Linear > Elastic > Isotropic
Linear Isotropic Material Properties for Material Number 1
T .
Temperatures
EX 0e9 < A
PRXY 33 < B
Add Temperature | Delete Temperature | Graph |

o | cwod | w |

A type 70e9 in EX
B type 0.33 in PRXY

Click on Structural > Thermal Expansion > Secant Coefficient >

Isotropic
Thermal Expansion Secant Coefficient for Material Number 1
Reference temperature |
T1

Temperatures
‘ALPX Eae-ﬁ .= A

Add Temperature | Delete Temperature l Graph |

ok | concd | e |

A type 23e-6 in ALPX
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Click on Thermal > Conductivity > Isotropic

Conductivity (Isotropic) for Material Number 1

| Temperatures

KXX A

Add Temperature | Delete Temperature | Graphl

ok | cance | Hep |

A type 83 in KXX

In the Define Material Models Behavior menu: Material >
New Model

Select material number 2 in the Material Models Defined, and then

Click on Structural > Linear > Elastic > Isotropic

Linear Isotropic Material Properties for Material Number 2

| T1
| Temperatures

Ex ‘ A
' PRXY . —=]

A type 210e9 in EX
B type 0.29 in PRXY
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Click on Structural > Thermal Expansion > Secant Coefficient >
Isotropic

Thermal Expansion Secant Coefficient for Material Number 2

Reference temperature |

T1

Temperatures
ALPX 12e-6 —

Add Temperature I Delete Temperature |

A type 12e-6 in ALPX

Click on Thermal > Conductivity > Isotropic

Conductivity (Isotropic) for Material Number 2

T1
Temperatures

KXX 111 )

Add Temperature | Delete Temperature | Graph I

oK | coce |  Hep |

A type 111 in KXX

Close the Material Models Behavior window

The geometry of the problem is relatively simple. Two rectangles are
created, and then they are glued.
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Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle by 2 Corners

A type 0in WP X

B typeO0in WPY

C type 0.1 in Width

D type 0.005 in Height

A type 0in WP X
B type 0.005in WP'Y
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C type 0.1 in Width
D type 0.005 in Height

Main Menu > Preprocessor > Modeling > Operate > Booleans >
Glue > Areas

In Glue Areas window, click on
Pick All

Main Menu > Preprocessor > Meshing > Mesh Tool

Shape:  Tii @ Quad
@ Free Mapped © Sweer

|3ordsided '|

A select Areas in Element Attributes
B click on Set in Element Attributes
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select the carbon steel area only, and then in Area Attributes window,
click on

Il [AATT] Assign Attributes to Picked Areas
T Material number . - _@
REAL Real constant set number [Nonedefined =]
TYPE Element type number [T s o
ESYS Element coordinate sys [o—j
SECT Element section [Noveadfned =]
ok | Apply | Cancel Help

A select 2 in Material number

Utility Menu > PlotCtrls > Numbering ...

"N io

UM] Plot Numbering Controls
KP Keypoint numbers I~ off
LINE Line numbers I~ off
AREA Area numbers I~ off
VOLU Volume numbers I off
NODE Node numbers I~ off

Elem / Attrib numbering Material numbers - _@
TABN Table Names ™ off
SVAL Numeric contour values I~ off
(s T e
/REPLOT] Replot upon OK/Apply? [Repot <]

ok | Apply | Concel | Help |
i

A select Material numbers in Elem/Attrib numbering

B select Colors only in Numbering shown with
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Main Menu > Preprocessor > Meshing > Mesh Tool

3

*

o

e

Elelzlelele |¥,

ELR
=1
=l
_Com |
=
=

i

Shape: " Tii # Quad
* Fi rﬂwrivn‘:fr-

I 3 or 4 sided 'I

A select Smart Size
B set the level to 1

Mesh
In Mesh Area window, click on
Pick All

Close the Mesh Tool window
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ANSYS 14.3

ANSYS graphics show the mesh

Main Menu > Solution > Define Loads > Apply > Thermal >
Temperature > On Lines

Click on the two left vertical lines where the temperature bound-
ary condition is applied, and then in Apply TEMP on Lines window,
click on

[DL] Apply TEMP on lines
Lab2 DOFs to be constrained

Apply as ICanmnt value - |

If Constant value then:
VALUE Load TEMP value

KEXPND Apply TEMP to endpoints? =

ok | Apply | Cancel |

A select TEMP
B type 100 in VALUE Load TEMP value
C select Yes
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Main Menu > Solution > Define Loads > Apply > Thermal >
Convection > On Lines

Click on lines where the convection boundary condition is applied:
the two external horizontal lines and the right two vertical lines. Do not
click on the line between the two materials. Then in Apply CONV on
lines window, click on

[SFL] Apply Film Coef on lines

I Constant value then:
VALI Film coefficient . A

[SFL] Apply Bulk Temp on lines

If Constant value then:
VALZI Bulk temperature =]

If Constant value then:
Optional CONV values at end J of line
(leave blank for uniform CONV )
VALl Film coefficient

VALZ) Bulk temperature

A type 5 in Film coefficient
B type 15 in Bulk temperature

Now, the problem is ready to be solved as a heat transfer problem.

Main Menu > Solution > Solve > Current LS
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The thermal solution is now completed. The thermal elements must
be replaced by structural elements with the same element type. This can
be done using the Switch element type in the preprocessor. The tempera-
ture contours are plotted to ensure that the thermal solution is correct

before solving it as a structural problem.

Main Menu > General Postproc > Plot Results > Contour Plot >

Nodal Solution

[~ tem to be contoured

& Nodal Solution
& DOF Solution

@ Favorites £

[ INodal Temperature
@ Thermal Gradient
@ Thermal Flux
£ |
i~ Undisplaced shape key

Undisplaced shape key |Deformed shape only =

Scale Factor Auto Calculated =llo

ok | e | cees | e

Additional Options ®J

A click Nodal Solution > DOF Solution > Nodal Temperature

ANSYS graphics show the temperature contours

The temperature contours show the left side is maintained at 100°C,
and the temperature is decreasing in the positive x-direction due to
the convective cooling. In general, the temperature contours are as
expected. Next, the element type is switched to structural type, and
the nodal temperature solution from thermal analysis is loaded to the

structural nodes.
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Main Menu > Preprocessor > Element Type > Switch Elem Type

[ETCHG] Switch Element Types Depending on Analysis
H Change element type

oK I

The ETCHG command has changed some element types. Please
examine not only the KEYOPTS, but also the real constants, material
properties, boundary conditions, and loadings, and then modify as
needed.

| Close

Main Menu > Solution > Define Loads > Apply > Structure >
Temperature > from Thermal Analysis

[LOREAD], TEMP Apply Temperature from Thermal Analysis

Identify the data set to be read from the results file
LSTEP, SBSTER, TIME
Lo ey | ——
or
e —
Frame Name of results file [ | srowse.t | _@
ok | Apply | Cancel Help |

A click on Browse ...

Select from the thermal results file that has an extension of rth, and
then click on

[LDREADLTEMP Apply Temperature from Thermal Analysis
Identify the data set to be read from the results file
LSTEP,SBSTER, TIME
st oo ——
or
Tne o —
Fname Name of results file [thermal_structure.th ] Browse.. |
o« | Apply | Cancel | Help |
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The structural boundary condition is the zero displacement at the left
side of the thermocouple.

Main Menu > Solution > Define Loads > Apply > Structural >
Displacement > On Lines

In the ANSYS graphics, click on the two vertical left lines where
zero displacement is applied. Then, in Apply U,ROT on Lines window,
click on

/\ Apply UROT on L

[DL] Apply Displacements (U,ROT) on Lines
Lab2 DOFs to be constrained All DO A

Apply as ICun:tmt value v|

VALUE Displacement value B

ok _|

A select All DOF
B type 0 in VALUE Displacement value

Main Menu > Solution > Solve > Current LS
A Sobe Curentlosd step L et
[SOLVE] Begin Iution of Current Load Step
Review the summary information in the lister window

(entitled "/STATUS Command"), then press OK to start |
the solution.

ok ] Cancs
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Main Menu > General Postproc > Plot Results > Deformed Shape

[PLDISP] Piot Deformed Shape
KUND ltems to be plotted

™ Def shape only

& Def + undeformed A
" Def + undef edge

Cancel | Help

A select Def + undeformed

ANSYS graphics show the thermocouple before and after deformation

The plot shows downward deflection of the thermocouple because the
thermal expansion of the aluminum is higher than that of the carbon steel.

Main Menu > General Postproc > Plot Results > Contour Plot >

Nodal Solution
@ me A\
@ Displacement vector sum Q
& Stress
i Total Mechanical Strain iy
17| H
-~ Undisplaced shape key
Undisplaced shape key [Deformed shape only K|
Scale Factor [Auto Calculated ~|[6.44457597251
Additional Options ®|
ok | deob | ces | He |
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A click on Nodal Solution > DOF Solution > Y-Component of
displacement

ANSYS graphics show the displacement in the y-direction

The ANSYS results indicate that the maximum displacement in the
y-direction is equal to 0.755 x 10~ m.

7.3 Chips cooling in a channel using ANSYS

Study the thermal characteristics of two electronic chips mounted on
a channel’s bottom wall using ANSYS. The configuration is shown in
Figure 7.5. The working fluid is air, and thermophysical properties of
the chips are listed in Table 7.2. The inlet velocity is 0.01 m/s, while the
exit condition is a reference zero pressure. The inlet temperature is 25°C,
and 5 W are generated in each chip. Consider the problem as a steady
fluid flow and heat transfer. Determine the following:

1. Maximum velocity in the x-direction, and temperature in the domain

2. Satisfaction in mass and energy balances

3. Heat transfer coefficient distribution at the surface of the first chip

Electronic manufacturers are continuously providing the market with
high-performance devices, but with high heat dissipation. Heat highly

affects the performance and durability of electronic devices more than
any other factor, and operating electronic devices at a temperature higher

— —
Flow —* Chips Flow —*
in 5 out —3 0075m
- [ ] [ ]7o00sm - |
f——0.1 m——0.05 m|0.05 m| . 0.35m |

FIGURE 7.5 Channel with two chips.
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Table 7.2 Thermophysical properties of
the air and electronic chips

Property Air Chips
Density (kg/m?) 1.25 2500
Conductivity (W/m-°C)  0.025 0.25
Specific heat (J/kg-°C)  1006.2 850
Viscosity (N -s/m?) 185x10° —

than its recommended operating value will significantly affect their
reliability and functionality. Thermal analysis of a channel containing
multiple heated blocks subjected to forced convection flow is extensively
addressed in the literature because it simulates integrated circuit chips
placed on a horizontal board. In this analysis, researchers are focusing
on the temperature distribution within the chips, the maximum tempera-
ture of the chips, and distribution of the local Nusselt number along the
chips’ surface. Temperature distribution within the chips is typically
used to predict the reliability of some of its components, such as the
solder joints, and to establish a guide for safe operating conditions. The
Nusselt number is used to estimate the heat flow out of the chips and to
determine the required cooling load. In addition, researchers are inter-
ested in the friction factors on the surface of the chips, and the pressure
drop in the channel, which are used to measure the required fan power.

Double click on the Mechanical APDL Product Launcher icon

This problem is considered as multiphysics and physics are not
coupled because the fluid flow and heat transfer are solved separately.
ANSYS will solve the fluid flow first, and then it uses the velocity com-
ponents to solve for the temperature field. ANSYS Flotran CFD can solve
fluid dynamics problems, as well as the thermal problems. The selected
FLOTRAN 141 element has temperature as a degree of freedom.

Main Menu > Preferences

[KEYW] Preferences for GLII Filtering
Indeidual discipline(s) to show in the GUI

™ Structusl

™ Themal

I~ ANSYS Fiusd
W i)

[>]

Electromagnetc:
™ Magnetic-Nodal
™ Magnetic-Edge
™ High Frequency
™ Blectric
Nete: If no indradual disciplines are selected they will all thow.

Duscipliree options
& heMethod

[ Cancel Help

A select FLOTRAN CFD
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Main Menu > Preprocessor > Element Types > Add/Edit/Delete

Defined Element Types:

NONE DEFINED

Add...

Ondy FLOTRAN CFD element types are thown
Library of Blement Types —@
30 FLOTRAN 142
2D FLOTRAMN 141
Element type reference number
o | ooy o _|

Defined Element Types:
Type 1 FLUID141
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There will be different sets of properties for air and chips. The
material number 1 in the Material Model Behavior is for the fluid only,
and material numbers 2 to 10 are for the solids.

Main Menu > Preprocessor > Material Props > Material Models

Conductivity (Isotropic) for Material Number 1

T
Temperatures
KXX 025

Add Temperawrel Delete Temperature | Graph |

ok | cacel | Hep |

A type 0.025 in KXX

Click on CFD > Specific Heat

Specific Heat for Material Number 1

T1
Temperatures

Cc 1006.2 - A

Add Temperature | Delete Temperature |

ok | cacel | Hep |

A type 1006.2 in C
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Click on CFD > Density

Density for Material Number 1

T1
| Temperatures
'DENS 1.25 < s mA

Add Temperature | Delete Temperature |

A type 1.25 in DENS

Click on CFD > Viscosity

Viscosity for Material Number 1

ik
| Temperatures
VISC 18.5e-6 < A

Add Temperature | Delete Temperature | Graph ]

ok | coca | Hen |

A type 18.5e-6 in VISC

In the Define Material Model Behavior menu: Material > New Model

Define Material ID |2

Cancel | Help
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| @ Density
@ Specific Heat
@ Viscosity
@ Thermal conduct. (iso)
Q— - o Material Model Number 2

| 4 2]

| @ Material Model Number 1~ =]

FINITE ELEMENT SIMULATIONS USING ANSYS

|~ Material Models Available

@ Favorites
@& CFD

A select Material Model Number 2
B click on CFD > Conductivity > Viscosity

Conductivity (Isotropic) for Material Number 2

T
Temperatures
KXX

A type 0.25 in KXX

Click on CFD > Specific Heat

A type 850in C
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Click on CFD > Density

Density for Material Number 2

™
Temperatures
DENS 500 < —
Add Temperature‘ Delete Temperature | Graph I

S - I T

A type 2500 in DENS

Close the Define Material Model Behavior window

The geometry is created by first creating a large rectangular area for
fluid flow. Then, the two chips are created. Overlap is utilized to insert
the chips into the fluid rectangular area.

Main Menu > Preprocessor > Modeling > Create > Areas >
Rectangle by 2 Corners

A type 0in WP X

B type0in WPY

C type 0.6 in Width

D type 0.075 in Height
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" Unpick

A type 0.1 in WP X

B type0in WPY

C type 0.05 in Width
D type 0.025 in Height

" Unpick

A type 0.2 in WP X

B type0in WPY

C type 0.05 in Width
D type 0.025 in Height
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Main Menu > Preprocessor > Modeling > Operate > Booleans >
Overlap > Areas

In Overlap Areas window, click on
Pick All

The following step is for changing the material properties of the chips
from number 1 to 2. By selecting number 2, the properties of number 2
in the material model are assigned to the chips. Air by default has the
properties of number 1 in the material model.

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Areas
B click on Set

Select both chips, and then in Area Attributes window, click on
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B =
MAT Matesial number [ - —@
REAL Real constant set number W
TYPE Element type number [1 paness -]
ESYS Element coordinate sys [0 =
SECT Element section [None defined  ~]
o« | s | _cew| v |

A select 2 in Material number

To ensure that the properties of air and chips are assigned correctly,
the air and chips are colored according to their material number in the
material model. This step has no effect on the solution.

Utility Menu > PlotCtrls > Numbering ...

[/PNUM] Plot Numbering Controls
KP  Keypoint numbers

LINE Line numbers

AREA Area numbers

VOLU Volume numbers

NODE Node numbers
Elem / Attrib numbering

TABN Table Names

SVAL Numeric contour values

[/NUM] Numbering shown with

I/REPLOT] Replot upon OK/Apply?

A select Material numbers in Elem/Attrib numbering

B select Colors only in Numbering shown with



MULTIPHYSICS 371

The smart mesh number 1 has insufficient mesh density to have
accurate results for fluid dynamics problems. The number of elements in
the domain is increased by using the area size control in the Mesh Tool.

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Smart Size
B set the level to 1
C Mesh

In Mesh Area window, click on

Pick All
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D select Areas in Refine at
E click on Refine

In Refine Mesh at Area window, click on

Pick All

[AREF] Refine mesh at areas
LEVEL Level of refinement

Advanced options

ANSYS graphics show the mesh

Using refine at elements instead of refine at areas will generate a
similar mesh. Notice that the ANSYS properties of the material model
behavior will be used for air and chips.

Close the Mesh Tool Window

Main Menu > Solution > Define Loads > Apply > Thermal >
Temperature> On Lines

Click at the inlet line of the channel to specify the inlet temperature,
and in Apply TEMP on Lines window, click on
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R oS

[DL] Apply TEMP on lines
Lab2 DOFs to be constrained All DOF
VX
Y
vz
PRES
=)
ENKE
ENDS
TEMP
Apply as Constant value bt |
¥ Constant value then:
VALUE Load TEMP value
KEXPND Apply TEMP to endpoints? FPlee—1
oK l Apply | Cancel | Help |
&

A select TEMP
B type 25 in VALUE Load TEMP value
C select Yes

The heat generation must be per unit volume. The applied heat genera-
tion is divided by the area of the chip because the problem is two dimen-
sional. The chip’s volumetric heat generation is calculated as follows:

5

———————— =4000 W/m*
0.05x0.025

Q=

Main Menu > Solution > Define Loads > Apply > Thermal > Heat
Generat > On Areas

Click on both chips. Then, in Apply HGEN on ARs window, click on

| (BFA] Apply HGEN on areas as a

I If Constant value then:
VALUE Load HGEN value

A type 4000 in Load HGEN value
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The top and bottom boundaries are wall and insulated. Zero x- and
y-velocities should be imposed. There is no need to impose a velocity bound-
ary at the bottom surface of the chips. By default, any unassigned thermal
boundary conditions will be considered as insulated. Do not impose any
boundary conditions on the surface of the chips that are exposed to the flow.

Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click on the inlet of the channel. Then in Apply VELO load on lines
window, click on

Apply Vi load a3 & [Conmantvate =]
I Constant value then:
VK Load value N g
Apply VY load a5 2 Constant value -|
I Constant value then:
V2 Load vakue 0 | e——] _9
Apply VT load 253 [Conantvaie =]
W Comstant value then:
VZ Load vabue I

Apply to endpoints?  Yes

Marving wall? I Ne

‘Generalized Symmatry: I Ne

NOTE: Blank values not interpreted as 003 =

A type 0.01 in VX Load value
B type Oin VY a Load value

Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Velocity > On Lines

Click on the top and bottom walls. Then, in Apply VELO load on lines
window, click on

pply VELD
[DL] Appily Velocity Constraints on nes
Apply VX load a5 8 Constant value -
¥ Constant vakue then:
VK Losd value CE g
A
Apply VY load 5.0 fcemnrl vahse =
¥ Constant value then:
VY Load value o j — —@
Apply VT load 25 2 Constant value bl
¥ Constant value then:
VT Load value
Apply to endpoints? # Yes
Moving wall? M Ne
Generalized Symmetry? I Ne
NOTE: Blank values not interpreted as 0's 1

A type 0in VX Load value
B type 0in VY a Load value
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Main Menu > Solution > Define Loads > Apply > Fluid/CFD >
Pressure DOF > On Lines

Click on channel’s exit. Then, in Apply PRES on lines window, click on

[DL] Apply PRES on lines as a |Cum»tw|u: v|

¥ Constant value then:
PRES Pressure value (1] ]]: a
Apply to endpaints? W Yes

oK Apply | Cancel | Help

A type 0 in PRES Pressure value

The fluid flow and heat transfer are solved at the same time. In
solution options, the problem will be solved as steady state, and the sys-
tem is thermal. Flow can be changed from laminar to turbulent and from
incompressible to compressible in this window.

Main Menu > Solution > FLOTRAN Set Up > Solution Options

)
| [FLDATALLSOLU
TRAN Steady state or transient? [Stesdystate <]
FLOW Sobve flow equations? W Yes
|
TEMP Adiabatic or thermal? [Themal a
TURE Laminar or turbulent? Laminar =
COMP Incompress of compress? Wﬂ
VOF Activate VOF advection? ™ Ne
SFTS Surface tension effect? ™ No
IVSH Incompress viscous heat? ™ No
SWRL Axisymmetric with swirll  No
SPEC Multiple species transport ™ No
ALE Allow mesh motion 7 ™ Ne
RDSF Sobve radiosity equation 7 W Yes
ok | Aerly | Cancel | Heip |

A change to thermal in TEMP Adiabatic or thermal?
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In execution control, it is required to specify the number of iterations
for fluid flow. Then 1000 iterations will be sufficient to reach the conver-
gence criteria for all field variables, which is 1 x 10-¢ (le-6).

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

[FLDATAZLITER heration Control

V¥ Velocity component

VI Velocity component

EXEC Global terations [1000 le——1
QVER il file averwrite freq lo ]
| I
APPE rfl file append freq 0 |
[FLOATALTERM Termination Criteria
v Vi [
'docity component [1e6 —

type 1000 in EXEC Global iter

= o aw »

PRES Pressure 1e6 —

TEMP Tempesature [1et Je—o

ENKE Turbulerit kinetic energy |00

ENDS Turbulent dissipation lom

Note: Termination check is ignoned for a DOF

if its termination criterkon is negative
[FLOATASLOUTP Output Options
SUMF Output summary frequency [10
ok | Cancel | Hep |

ations

change the termination criteria for VX Velocity component to le-6
change the termination criteria for VY Velocity component to le-6
change the termination criteria for Pressure to le-6

change the termination criteria for Temperature to le-6

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

A -
[FLDATA121PROP,DENS

P MP table - -—@

[FLDATALILVARY,DENS

Allow density vatiators? I Ne

[FLDATAL2] PROPVISC

Viscosity WP table - — —@

[FLDATALILVARY,VISC

Allow viscosity varistions? I Ne

[FLDATALZLPROR. COND

Conductivity e J—1—@

[FLDATALILVARY,COND

Allow conductivity variations? rNe

[FLDATALZLPROR.SPHT

spctichon Cr—

[FLDATALILVARY SPHT _®
ok | aply | Cancel | Help
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select MP table in Density
select MP table in Viscosity
select MP table in Conductivity
select MP table in Specific heat

o aw»

For the heat transfer coefficient calculation, the flow bulk temperature
is required. In the reference condition, the bulk temperature is specified,
which is equal to the flow inlet temperature.

Main Menu > Solution > FLOTRAN Set Up > Flow Environment >
Ref Conditions

[FLDATA15] PRES REFE

Reference pressure

[FLDATA16] BULK BETA

Bulk modulus parameter e+015

[FLDATA1T), GAMM,COMP

Ratio of Cp/Cv A

[FLDATAL4], TEMP,NOMI

Nominal temperature
15 <—j
C—

[FLDATAI4L TEMP,TTOT

Stagnation (total) temp

[FLDATAI41 TEMP,BULK

Reference (bulk) temp

[TOFF] Temp offset from ABS zero

ok | Cancel | Heip |

A type 25 in Reference (bulk) temp



378 FINITE ELEMENT SIMULATIONS USING ANSYS

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

ANSYS graphics show the normalized rate of change of the field
variables. Note the solution is fully converged. All field variables reach
1 x 10~ at the iteration number 185, which is less than the specified 1000
iterations. In read results, the last set must be read to have the results
from the last iteration.

Main Menu > General Postproc > Read Results > Last Set

Main Menu > General Postproc > Plot Results > Contour Plot >

[ cortour Nodisc
Item to be contoured
& Favorites e

@ Turbulent energy dissipation
& Other FLOTRAN Quantiies
=
i =
Undisplaced shape key
Undisplaced shape key [Deformed shape only |
Scale Faclor [Auto Caleutated =l
Addtional Options @
o |y |_cms | we |

A click on Nodal Solution > DOF Solution > X-Component of fluid
velocity
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NOOAL BOLOTION

aTEPEl
sun =1
™ (7S

ANSYS graphics show the x-component velocity contours

For the obtained results, the maximum and average velocity in the
x-direction occurred above the chips, and the maximum velocity is
0.021396 m/s. This is expected because this region has the smallest
cross-sectional area that forces the flow to accelerate. At the walls, the
velocity is 0. Notice that the velocity has a parabolic profile at the exit
of the channel.

Main Menu > General Postproc > Plot Results > Contour Plot >
Nodal Solution

@ X-Component of fluid velocity

@ Y-Component of fluid velocity

@ Fluid velocity

@ Turbulent kinetic energy

@ Turbulent energy dissipation
& Other FLOTRAN Quantities

£1] il
Undisplaced shape key

Undisplaced shape key |Deformed shape only =
Scale Factor Auto Calculated o

Additional Options @
ok | oy | cae | mew |

A click on Nodal Solution > DOF Solution > Nodal Temperature
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ANSYS graphics show the temperature contours

As shown in the temperature contours, the maximum temperature is
73.2043°C, and this occurred at the second chip. To ensure that mass and
energy balances are satisfied, the average velocity in the x-direction and
temperature at the exit are determined using the path operation in the
postprocessor. The path at the exit is created by specifying two points.

ANSYS Utility Menu > WorkPlane > Display Working Plane
Utility Menu > WorkPlane > WP Setting

A select Grid Only
B type 0.025 in Snap Incr
C type 0.025 in Spacing



MULTIPHYSICS 381

Utility Menu > Plot > Areas
Utility Menu > PlotCtrls > Pan-Zoom-Rotate ...
Click on zoom in and out until the ANSYS graphics show all grids.

Main Menu > General Postproc > Path Operations > Define Path >
On Working Plane

| [PATH] Create Path on Working Plane
Type of path to create

_____ itrary path
" Circular path

[/VIEW] Plot Working Plane W Yes
Window number IWindnw 1

[/PBC] Show path on display V Yes

Click on the ANSYS Graphics window at the exit’s top and bottom
corners of the channel, and then in On Working Plane window, click on

| [PATH] Define Path specifications

Name Define Path Name : A

nSets Number of data sets

i nDiv Number of divisions B

A type Exit in Define Path Name; the name of the path is optional
B type 100 in Number of divisions
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Main Menu > General Postproc > Path Operations > Map onto Path

[PDEF] Map Result ltems onto Path
Lab  User label for item :|
Itern, Comp Ttem to be mapped ISUIM 3
| Other quantities _--—0
Elern table itern vy LS
vZ
vibM =)
Awerage results across element W Yes
[/PBC] Show boundary condition symbel
Show path on display ™ No
ok | Apply | Cancel Help

A select Velocity VX

[PDEF] Map Result ltems onto Path
Lab  Userlabel for item i:|
Rem,Comp Item to be mapped
Other quantities
Elem table item
Average results across element W Yes
[/PBC] Show boundary condition symbel
‘Show path on display I Ne
ok | Apply | Cancel Hep |

A select Temperature TEMP

ANSYS Utility Menu > WorkPlane > Display Working Plane

Main Menu > General Postproc > Path Operations >
Plot Path Item > On Graph

[PLPATH] Path Plot on Graph
Labl-6 Path items to be graphed

A select VX
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ANSYS graphics show the velocity profile at the exit of the channel

Main Menu > General Postproc > Path Operation >
Plot Path Items > On Graph

[PLPATH] Path Plot on Graph
Lab1-6 Path items to be graphed

A select TEMP

Annys 14,5

ANSYS graphics show the temperature profile at the exit of the channel



384

FINITE ELEMENT SIMULATIONS USING ANSYS

The average velocity and temperature at the exit are determined
using the integration in the path operation. The value of the integration
must be divided by the path length to get the average value of the vari-
able. The number 13.333 in the Factor is the inverse of the path length.
Selecting S in the Lab2 means that the integration is performed along
the path.

Main Menu > General Postproc > Path Operations > Integrate

/\ Integr

| PcaLcLINTG LabR = FACT * Int (Lab1) d(Lab2) )

LabR User label for result

FACT Factor

Labl 1stPath item
Lab2 2nd Path item

A type 13.333 in Factor
B select VX in 1st Path item
C select S in 2nd Path item

LabR = FACT * Int (Labl) d{Lab2) )

LabR User label for result

FACT Factor

Labl 1stPath item

Lab2 2nd Path item

A type 13.333 in Factor
B select TEMP in Ist Path item
C select S in 2nd Path item
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‘ATH COMMAMD .

ATH COHMAND.

| DEFINE PATH UAR
ATH Ui

S THE INTEGRATI(
SPECT TO PATH UA

The ANSYS Output window shows the average velocity and tempera-
ture at the exit, which are 0.95993 x 102 m/s and 36.052°C, respectively.
The mass flow rate at the exit and inlet should be the same as follows:

Ii1i = Ihe
or

(pVA=(pVA)

Since the density and cross-sectional area of the inlet and exit are the
same, then

V.=V,

Comparing the inlet velocity, which is 0.01 m/s, to the exit velocity,
which is 0.0095993 m/s, the two velocities are close to each other with
an error of 4%. The heat gained by air in the channel can be determined
using the first law of thermodynamics:

Q=mCp(T. - T,)
or
Q=(pVACNT,-T))
Q = (125 x 0.01 x 0.075) x 1006.2 x (36.052 — 25) = 10.425 Watts

The heat gained Q should be equal to the generated heat in the two
chips. Comparing the heat gain to the generated heat in the two chips,
which is 10 Watts, the energy balance is satisfied with an error of 4.25%.
The error found in mass and energy balances can be reduced if the
computational domain is meshed with a finer mesh. The path opera-
tion is performed in the following steps to obtain the distribution of the
average heat transfer coefficient around the first chip. Here, the film
coefficient is selected.

Utility Menu > Plot > Areas
ANSYS Utility Menu > WorkPlane > Display Working Plane

Main Menu > General Postproc > Path Operations > Define Path >
On Working Plane
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| [PATH] Create Path on Working Plane
Type of path to create
@
" Circular path
[/VIEW] Plot Working Plane W Yes
Window number E“rm‘wl -l
[/PBC] Show path on display W Yes
ok | Apply | Cancel Help
= =1

Click on the ANSYS Graphics window at locations A, B, C, D, and E,
as shown in the following figure, and then in On Working Plane window,
click on

[PATH] Define Path specifications

Name Define Path Name :

nSets Number of data sets
nDiv Number of divisions

A type Chipl in Define Path Name; the name of the path is optional
B type 100 in Number of divisions
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Main Menu > General Postproc > Path Operations > Map onto Path

Average revits scross element " Ve

1/PBC) Show boundary condin srmbel
S path a ditpley ™ No

A select Other quantities
B select Film coeff HFLM

Now, the stored variable, HFLM, is ready to be plotted. In the Plot path
item, there are two options. The stored data can be either plotted or listed.
The list results can be exported into other software such as EXCEL.

ANSYS Utility Menu > WorkPlane > Display Working Plane

Main Menu > General Postproc > Path Operations >
Plot of Path Item > On Graph

A\ Piot of Path Items
[PLPATH] Path Plot on Graph
h Labl-6 Path items to be graphed

A select HFLM

ANSYS graphics show the heat transfer coefficient around the first chip
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The average heat transfer coefficient at the chip surface can be
determined using the integration in the path operation. The value of
the integration must be divided by the path length to get the average
value of the variable. Selecting S in the Lab2 means that the integration
is performed along the path.

Main Menu > General Postproc > Path Operation > Integrate

Integrate Path | |
[PCALCLINTG LabR = FACT * Int (Labl) d(Lab2) ) I
LabR User label for result I I
FACT Factor | 10 - a
Labl 1st Path item IHFLM x| =
Lab2 2nd Path item ﬁ <+
oK | Apply Cancel ! Help

A type 10 in Factor
B select HFLM in 1st Path item
C select S in 2nd Path item

|||[-:H OFF

PLOT AREA
PLOT AREAS
DISPLAY ALONG

DEFINE
THE 1

WITH T
NUMEE TH UAR NED 1§ 6

AS THE INTEGRATION OF
ESPECT TO PATH VARIABLE S

5 DEFINED IS 6

The ANSYS Output window shows the value of the average heat
transfer coefficient around the first chip, which is 1.642 W/m?- °C.

PROBLEM 7.1

The thermocouple shown in Figure 7.6 consists of copper and carbon
steel plates attached to each other. The left end is fixed and maintained
at 200°C, and the thermocouple is exposed to a free convection
boundary condition with h = 15 W/m?-°C and T, = 20°C. Display the
y-displacement contours and determine the maximum displacement in
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Copper

0.0005 m
e 7N, Towim

] T = 20°c, h=15 W/m2-°c

_ Carbon steel

<+ 0.05 m

FIGURE 7.6 A thermocouple consists of copper and carbon steel plates.

the y-direction. The thermophysical properties of the used materials are

shown Table 7.3.

PROBLEM 7.2

A pipeline used for transporting highly corrosive liquid is made of con-
centric carbon steel and aluminum pipes as shown in Figure 7.7. The inner
pipe is made of aluminum to prevent corrosion, while the outer pipe is
made of carbon steel to add strength to the pipeline in Table 7.4. At the
inner surface of the pipe, the temperature is 100°C, while on the outer sur-
face the temperature is 25°C. Due to thermal expansion variation between
the carbon steel and aluminum, a thermal stress is developed at the contact
surface that could damage the pipeline. Determine the maximum stress in
the pipe. The displacement at inner surface of the pipe is fixed.

Table 7.3 Thermopbhysical properties of the used materials

Property Copper Carbon steel

Thermal conductivity (W/m-K) 401 111

Young’s modulus (GPa) 140 210

Poisson’s ratio 0.34 0.29

Thermal expansion (1/K) 16.5x10¢ 12x10°
Aluminum

Carbon steel

=—— 8.0 cm ——=

I 10.0 cm | FIGURE
I 11.0 cm {

pipeline.

7.7 A composite
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Table 7.4 Thermophysical properties of aluminium and
carbon steel

Property Aluminum  Carbon steel

Thermal conductivity (W/m-°C) 83 111

Young’s modulus (Pa) 70 x 10° 210 x 10°

Poisson’s ratio 0.33 0.29

Thermal expansion (1/K) 23 x 10 12 x 10¢
PROBLEM 7.3

Study the thermal characteristics of an electronic chip mounted on a
channel using ANSYS. The configuration is shown in Figure 7.8. The
working fluid is air, and thermophysical properties of the chip and air
are listed in Table 7.5. The inlet velocity is 0.0125 m/s, while the exit
condition is a reference zero pressure. The inlet temperature is 20°C, and
5 Watts are generated in a heat source. Consider the problem as a steady-
state heat transfer. Determine the following:

a. Maximum velocity in the x-direction and temperature in the
domain

b. Satisfaction of the mass and energy balances

c. Heat transfer coefficient distribution at the surface of the chip.

PROBLEM 7.4

The two cylinders in a wind tunnel, as shown in Figure 7.9, are used
to simulate heat exchanger tubes. The inlet velocity and tempera-
ture are 0.002 m/s and 25°C, respectively. Air is the working fluid
(M =20 x 10°° Pa-s, C, = 1000 Jkg-°C, k = 0.025 W/m-°C, and
p = 1.25 kg/m?). The surfaces of the cylinders are maintained at 50°C.
The exit condition is a reference zero pressure.

0.0175
— X m |
quw Chips - " Heat source Flow —® 0.045 m
in = t
— 0005 m T | =1 0.015 m _’—*

f—— 0.05 m —{0.025 m| 0.25m |
FIGURE 7.8 A channel with a chip.

Table 7.5 Thermophysical properties of
the chip and air

Property Air Chip
Density (kg/m?) 1.25 2250
Conductivity (W/m-°C)  0.025 04
Specific heat (J/kg-°C) 1005 950

Viscosity (N s/m?) 20x10° —
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— —
—s <
2xR0.05
Flow _’—' * Flow —» 04
R 4 m
in —p out —p
— 0.2m —
— | —

|~—0.4m—-{+0.3m+}

I 2.5m |

FIGURE 7.9 Two cylinders in a wind tunnel.

a. Show that the mass balance is satisfied.
b. Ensure maximum shear stress on the first and second cylinders.

c. Find the average heat transfer coefficient on the first and second
cylinders.

d. Determine pressure drop in the channel.

PROBLEM 7.5

Water at low velocity enters a channel as shown in Figure 7.10. A trian-
gular cross-sectional area cylinder is placed in the channel, at the shown
location. The inlet velocity has a fully developed profile, and its tem-
perature is uniform at 25°C. The exit condition is a reference zero pres-
sure. The properties of water are p = 997.1 kg/m?®, C, = 4180 J/kg°C,
k = 0.6076 W/m-°C, and n = 0.891 x 103 Pa-s. Use the following
equation for the velocity profile at the inlet:

Mﬂzgammﬁ-fﬁf]

where H = 0.04. Ten Watts are generated in the triangular cylinder, which
has properties of p =4600 kg/m?*, C,= 1055 J/kg-°C, and k =76.5 W/m-°C.
a. Show that the mass balance is satisfied.
b. Show that the energy balance is satisfied.

c. Determine the maximum shear stress at the surface of the triangular
cylinder.

d. Determine the average heat transfer coefficient in a triangular
cylinder.

e. Determine pressure drop in the channel.

|

Flow

0 X 4 :I:I,O cm Flow ——_: 4 cm
fe—s]

WL

1.0cm —

L.
!~—4cm——| ‘

25 cm

FIGURE 7.10 Channel with a triangular object.
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CHAPTER EIGHT

Meshing guide

8.1 Mesh refinement

The accuracy of the finite element model can be enhanced by increasing
either the number or the order of the elements. An increasing number of
elements is called h-refinement, while increasing the order of the elements
is called p-refinement. Increasing the number of elements or their order
will lead to a significant increase in the computational time and required
memory to solve the problem. Consider the stress analysis of a plate shown
in Figure 8.1a. A linear quadratic element is used to mesh the domain.
The stress concentration factor is required, and the exact solution is avail-
able from theory of elasticity. Figure 8.1b shows the finite element mesh.
The mesh consists of 55 elements. To study the effect of the number of
elements on the solution, the number of elements is increased and the
stress concentration is obtained for the corresponding elements number.

Figure 8.2 shows the error of the stress concentration for different num-
bers of elements using linear quadratic elements. The domain is meshed
with three different meshes, A, B, and C. The number of elements of mesh C
is higher than that of mesh B, and the number of elements of mesh B is
higher than that of mesh A. The figure indicates that as the number of ele-
ments increases, the relative error is decreased to approach a fixed value.
Adding more elements to the mesh C will insignificantly reduce the error.

When the number of elements has no effect on solution, the solu-
tion is called a mesh-independent solution. On the other hand, increas-
ing the order of the elements reduces the error for the same mesh size.
Figure 8.3 indicates that replacing the linear quadratic elements with
cubical ones reduces the percentage of the error by about 10%.

With high-order elements, the mesh-independent process is faster
than with low-order elements, as shown in Figure 8.4. In addition, a
mesh with the linear quadratic elements is becoming mesh independent
at a very slow rate.

The higher order elements lead to more accurate results than lower
order elements. However, the time required to complete the solution
is important, especially for very large meshes. In addition to time,
the higher order elements need a large amount of memory that could not

393
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(a) (b)

FIGURE 8.1 (a) Geometry of a plate and (b) finite element mesh.

&

Error (%)

] 1
1 T

A B C

Number of elements

FIGURE 8.2 Error of the stress concentration for different mesh sizes using linear quadratic elements.

r s

20 +

15+

Error (%)

10+

. — .,

FIGURE 8.3 Percentage of error with different element orders.

be afforded. Figure 8.5 indicates that in spite of a low mesh convergence
rate of linear quadratic elements, the time required to solve the problem
is nearly independent of the number of elements in the mesh. In addi-
tion, increasing the order of the elements significantly increases the time
required to solve the problem.
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Error (%)

Number of elements

FIGURE 8.4 Error of the stress concentration for different numbers of elements and orders.

Normalized computational time
= ~
I
i

v

T T t
A B C

Number of elements
FIGURE 8.5 Normalized computational time for different quadrilateral elements.

3.2 Element distortion

When a complex geometry is meshed using an automatic mesh gen-
erator, elements at some critical regions in the geometry are distorted
and the accuracy of the results is significantly decreased at these
regions. Hence, this section concerns the element distortions and
identifies these elements. In addition, guidelines about good element
shapes are also introduced. In general, there are four types of ele-
ments distortion:

1. Mid-side node off-center
2. Taper

3. Skew
4. Aspect ratio

The mid-side node off-center type is when side nodes are shifted
from the center of the side. As the node moves away from the center,
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the errors increase. In practice, the mid-side node should not be shifted
more than one-eighth of the side’s length. Rectangular elements can be
skewed or tapered. The angles of the rectangular elements should be 90°.
For a rectangular element, and when the height-to-width ratio exceeds 2,
the element has an aspect-ratio problem. It turns out that the aspect ratio
for a perfectly shaped rectangular element is 1 and 1.15 for an equilateral
triangle element. Aspect ratios higher than the recommended value can
only occur in noncritical regions of the model, such as in uniform temper-
ature or stress regions. Figure 8.6 shows the major types of element dis-
tortions. Element distortions are not limited to two-dimensional spaces,
they can also occur in three-dimensional spaces. The most common one
is the warping. Warping occurs when the face of a solid element does not
lie in the same plane, and the warping angle should not be more than 10°.

8.3 Mapped mesh

Meshes can be classified as free or mapped meshes. The elements of the
free meshes are randomly distributed in the domain with different sizes
and shapes, and element distortions are most likely to appear in these
meshes. Figure 8.7 shows a free mesh of a corrugated channel used for
fluid flow analysis. Most of the finite element software generates this
type of mesh. Poor results are always associated with free meshes. The
free meshes should be only limited to very complex geometries.
Mapped meshes have organized distributed elements, and the meshes
are almost free of the element distortions. Figure 8.8 shows a mapped
mesh of a corrugated channel. The mesh designers can fully control the

()

(c)

FIGURE 8.6 Major types of element distortions: (a) mid-side node off-center, (b) taper and skew,

and (c) aspect ratio.
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FIGURE 8.7 Free mesh

of a corrugated channel.

FIGURE 8.8 Mapped mesh of a corrugated channel.

size of the elements and their distribution in the computational domain.
These meshes are typically used in finite element simulations because of
their flexibility and ability to mesh complex geometries. Mesh designers
should have a strong understanding of the physics of the problem before
generating the mapped meshes. For example, for solid mechanics prob-
lems, the areas with high and uniform stress gradients should be identi-
fied, and the mesh should be designed accordingly.

For fluid problems, the regions close to the walls have very high veloc-
ity gradients due to shear forces, and elements should be dense at the
region close to the walls. The geometry shown in Figure 8.9 is fin, and
a thermal analysis is required. High temperature gradients at the upper
region are expected. Therefore, elements must be concentrated at this
region. The geometry is meshed with three different mapped meshes.
The mesh in Figure 8.9a is unacceptable because the elements are not
concentrated in the upper region, and poor results are expected. In the
second mesh (Figure 8.9b), the upper region of the geometry has more

ARNERRWEEER

FIGURE 8.9 A fin (a) without elements concentration, (b) with only elements concentration at the
upper region, and (c) with elements concentration at the upper region with gradual changes.
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elements than the first mesh, but an abrupt change in element size should
be avoided, because errors in the large elements will be transferred to
the small elements. In addition, performing matrix operations of these
meshes is difficult. The third mesh, Figure 8.9c, is the ideal mesh.
Elements are concentrated at the upper region, and the change from the
large elements in the lower region to small elements in the upper region
is gradual.

8.4 Mapped mesh with ANSYS

The square plate with a hole shown in Figure 8.10 is subjected to tensile
pressure at both vertical sides. Use ANSYS to create a mapped mesh of
the plate and concentrate elements at the region close to the hole where
high stress gradients are expected. Use quadratic elements with four
nodes to mesh the plate.

Double click on the Mechanical APDL Product Launcher icon

Main Menu > Preferences

[KEYW] Preferences for GUI Filtering

Individual discipline(s) to show in the GUI
% Btructural 4 o
™ Thermal
™ ANSYS Fluid
[~ FLOTRAN CFD

Electromagnetic:

™ Magnetic-Nodal
™ Magnetic-Edge
I~ High Frequency
[ Electric

MNote: ¥ no indnidual disciplines are selected they willl all show.

Discipline cptions
& h-Method

oK Cancel Help

A select Structural

FIGURE 8.10 Square plate with |
a hole.




MESHING GUIDE 399

Main Menu > Preprocessor > Element Types > Add/Edit/Delete

Defined Element Types:

[NONE DEFINED
Add ] Options J Delete ]
_Gise | _teb |

Add...

A select Solid
B select Quad 4 node 182

Defined Element Types

Add. | Options.. | Delete |
_Close | __teb |

The geometry is modeled by creating a square and a circle. A Boolean
operation is utilized to remove the circle from the square using subtrac-
tion. The advantage of symmetry in the problem is considered. Only
the upper right quarter is considered. To create a mapped mesh with
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ANSYS, the computational domain must be divided into areas, and each
area must have four sides only.

Main Menu > Preprocessor > Modeling > Create >
Areas > Rectangle > By 2 Corners

" Unpick

A type 0in WP X
B type0in WPY
C type 0.025 in Width
D type 0.025 in Height

Main Menu > Preprocessor > Modeling > Create > Areas >
Circle > Solid Circle




MESHING GUIDE 401

A type 0.0in WP X
B type 0.0in WPY
C type 0.00625 in Radius

Main Menu > Preprocessor > Modeling > Operate >
Booleans > Subtract > Areas

Click on square area, and then in Subtract Areas window, click on

Click on circular area, and then in Subtract Areas window, click on

Utility Menu > Plot > Lines

ANSYS graphics show the lines of the geometry

As shown in the figure, the geometry is one area which is composed
of five lines. Therefore, the mapped mesh cannot be created. The area
should be divided into areas that each should be composed of four sides,
and there are many options. As a suggestion for this example, the area is
divided into two areas along the symmetry line of the geometry. First,
a keypoint is created at the origin. Second, a line is created between the
keypoints at the origin and upper right corner of the plate. Third, the
area is divided by a line, which has just been created. The new Keypoint
will have number 10, and this number is selected to avoid a conflict with
existing keypoints.
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Main Menu > Preprocessor > Modeling > Create >
Keypoints > In Active CS

| K] Create Keypoints in Active Coordinate System '
| NPT Keypoint number 10 < 9

XY.Z Location in active C5

A type 10 in NPT Keypoint number
B type 0 and O in X,Y,Z Location in active CS

ANSYS Main Menu > Preprocessor > Modeling > Create >
Lines > Lines > Straight Line

Click on keypoints at the origin, and at the origin and upper right
corner of the geometry. Then, in Create Straight Line window, click on

ANSYS graphics show the created line

ANSYS Main Menu > Preprocessor > Modeling >
Operate > Booleans > Divide > Area by Line

Click on area to select it. Then, in Divide Area by Line window,
click on

Click on the just created line to select it. Then, in Divide Area by Line
window, click on
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Utility Menu > Plot > Areas

ANSYS graphics show the areas

Now the geometry is ready to be meshed. It consists of two areas,
and each area is composed of four lines. Elements should be concen-
trated at the region close to the hole since high stress gradients are
expected at this region. The lines should be divided into segments, and
the two opposite lines of an area must have the same number of division.

Main Menu > Preprocessor > Meshing > Mesh Tool

A click on Set in Lines
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The lines indicated in the following figure should have the same line
division and spacing ratio.

Select the lines as shown in the figure. Then in Element Sizes on
Picked Lines window, click on

[LESIZE] Element sizes on picked lines
SIZE Element edge length
NDIV  No. of element divisions

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

{ use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes

A type 25 in the NDIV

The number 25 means that the selected lines will be divided into
25 segments, and each segment will be one element.
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Select the lines, as shown in the following figure. Then in Element
Sizes on Pick Lines window, click on

[LESIZE] Element sizes on picked lines

SIZE Element edge length
NDIV  No. of element divisions

(NDIV is used only if SIZE is blank or zero)
KYNDIV SIZE,NDIV can be changed

SPACE Spacing ratio

ANGSIZ Division arc (degrees)

{ use ANGSIZ only if number of divisions (NDIV) and
element edge length (SIZE) are blank or zero)

Clear attached areas and volumes

A type 50 in NDIV
B type 10 in SPACE

The number 50 means that the selected lines will be divided into
50 segments, and the segments are gradually increasing by a spacing
ratio of 10.
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Utility Menu > Plot > Lines

ANSYS graphics show the lines division

Notice that the division of the horizontal and vertical lines is wrongly
implemented. The segment lengths are increasing toward the hole, and
they should be reversed. The reversion can be easily done using flip in
Mesh Tool as follows:

Main Menu > Preprocessor > Meshing > Mesh Tool

A click on Flip in Lines

Select the horizontal and vertical lines, which have a wrong division.
Then in Flip Line Bias window, click on



MESHING GUIDE 407

Utility Menu > Plot > Lines

ANSYS graphics show the lines division

A select Mapped

In Mesh Areas window, click on
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FIGURE 8.11

FINITE ELEMENT SIMULATIONS USING ANSYS

ANSYS graphics show a mapped mesh

PROBLEM 8.1
Create a mapped mesh for the geometries shown in Figure 8.11, and the
geometries are used for solid mechanics.

AF R1.0cm
P . P 35cm

(@

R0.01 m

R0.01 m

(©

Geometries for solid mechanics: (a) a rectangular plate subjected to vertical and hori-

zontal forces, (b) a notched rectangular plate subjected to a tensile pressure, and (c) two horizontal
cylinders on a flat plate with a force.
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PROBLEM 8.2
Create a mapped mesh for the geometries shown in Figure 8.12, and the
geometries are used for heat transfer.

PROBLEM 8.3
Create a mapped mesh for the geometries shown in Figure 8.13, and the
geometries are used for fluid mechanics.
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—en—
(a)
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je———90cm— >
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FIGURE 8.12 Geometries for heat transfer: (a) two-dimensional body subjected to fixed temperature
and convection boundary conditions, (b) a chip and fin with heat generation in the heat source, and
(c) electronic board assembly.
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FIGURE 8.13 Geometries for fluid mechanics: (a) flow over a backward-facing step, (b) flow over
a half cylinder in a channel, and (c) flow over a triangular cylinder in a channel.
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