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Preface

Due to the complexity of modern-day problems in mechanical engineering, relying
on pure theory or pure experiments is seldom practical. The use of engineering soft-
ware is becoming prevalent among academics as well as practicing engineers. For a
large class of engineering problems, especially meaningful ones, writing computer
codes from scratch is seldom found in practice. The use of reputable, trustworthy
software can save time, effort, and resources while still providing reliable results.

This book focuses on the use of ANSYS in solving practical engineering prob-
lems. 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 laborato-
ries in most renowned universities and institutes around the world. Courses such as
computer aided design (CAD), modeling and simulation, and core design all utilize
ANSYS as a vehicle for performing modern engineering analyses. Senior students
frequently incorporate ANSYS in their design projects. Graduate-level finite element
courses also use ANSYS as a complement to the theoretical treatment of the finite
element method.

The book provides mechanical engineering students and practicing engineers with
a fundamental knowledge of numerical simulation using ANSYS. It covers all disci-
plines in mechanical engineering: structure, solid mechanics, vibration, heat transfer,
and fluid dynamics, with adequate background material to explain the physics behind
the computations. It treats each physical phenomenon independently to enable read-
ers to single out subjects or related chapters and study them as a self-contained unit.
Instructors can liberally select appropriate chapters to be covered depending on the
objectives of the course. For example, multiphysics analyses, such as structure—thermal
or fluid—thermal analyses, are first explained theoretically, the equations governing the
physical phenomena are derived, and then the modeling techniques are presented. Each
chapter focuses on a single physical phenomenon, while the last chapter is devoted to
multiphysics analyses and problems. The basic required knowledge 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 in a
concise manner because the theory is well documented in other finite element books.

Each chapter contains a number of pictorially guided problems with appropriate
screenshots constituting a step-by-step technique that is easy to follow. Practical end-
of-chapter problems are provided to test the reader’s understanding. Several practical,
open-ended case studies are also included in the problem sections. Additionally, the
book contains a number of complete tutorials on using ANSYS for real, practical prob-
lems. Because a finite element solution is greatly affected by the quality of the mesh, a
separate chapter on mesh generation is included as a simple meshing guide, emphasizing
the basics of the meshing techniques. The book is written in such a manner that it can
easily be used for self-study. The main objective of this book is guiding the reader from
the basic modeling requirements toward getting the correct and physically meaningful
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Preface

numerical result. Many of the sample problems, questions, and solved examples were
used in CAD courses in many universities around the world. The topics covered are

DN Rk W =

6.

. Structural analysis

. Solid mechanics and vibration

. Steady-state and transient heat-transfer analysis

. Fluid dynamics

. Multiphysics simulations, including thermal-structure, thermal—fluid, and

fluid—structure
Modeling and meshing guide

Undergraduate and graduate engineers can use this book as a part of their courses,
either when studying the basics of applied finite elements or in mastering the 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,
which is, in most cases, ANSYS. Senior students also use ANSYS in their design
projects. Graduate-level finite element courses frequently use ANSYS to comple-
ment the theoretical analysis of finite elements. The courses that use this book should
be taken after an introduction to design courses, and basic thermal—fluid courses.
Courses such as senior design can be taken after this course.
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’I Introduction

1.1 FINITE ELEMENT METHOD

The basic principles of the finite element method are simple. The first step in the
finite element solution procedure is to divide the domain into elements, and this
process is called discretization. The elements’ distribution is called the mesh. The
elements are connected at points called nodes. For example, consider a gear tooth,
as shown in Figure 1.1. The region is divided into triangular elements with nodes at
the corners.

After the region is discretized, the governing equations for each element must be
established for the required physics. Material properties, such as thermal conductivity
for thermal analysis, should be available. The elements’ 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

[K]{A}={B} (1.1)

where
[K] is called the stiffness matrix
{A} is the nodal degree-of-freedom, the displacements for structural analysis,
or temperatures for thermal analysis
{B} is the nodal external force, forces for structural analysis, or heat flux for thermal
analysis

The [K] matrix is a singular matrix, and consequently it cannot be inverted.
Consider a one-dimensional bar with initial length L subjected to a tensile force at
its ends, as shown in Figure 1.2. The cross-section area of the bar is A. The bar can be
modeled with a single element with two nodes, i and j, as shown in Figure 1.2.
Assuming that the displacement of the bar, d(x), varies linearly along the length
of the bar, the expression of the displacement can be represented as

d(x)=a+bx (1.2)

The displacement at node i and j are d, and d,, respectively. Then,

d (x)=a+bx, (1.3)
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Boundary

N

Element

FIGURE 1.1 Finite element mesh of a gear tooth.

Node i Node j

Element

FIGURE 1.2 One-dimensional bar element.

dj (x)=a+ bxj (1.4

where
X; is the x-coordinate for node i
x; is the x-coordinate for node j

Solving for a and b, it is found that

dx. —dx
az—( d /L J ) (1.5)

b= (d, _dj)
L

(1.6)

where L is the length of the element, L = x; — x;. Substituting a and b into the dis-
placement equation (Equation 1.2) and after rearranging, the displacement function
becomes
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X, —X X —

J 'xi
d(x)==—d,+ d. (1.7)

i L J

or

d(x)=N.d, —dej (1.8)

where N; and N, are called the shape functions of the element. When the bar is loaded,
it will be in an equilibrium position. The sum of the strain energy (y) and work (w)
done by external force is the potential energy (r) of the bar. The potential energy at the
equilibrium position must be minimized, and it is defined as

m=y-w (19)

For a single bar element, the strain energy stored in the bar is given by
_ (! Adx
Y= f 50¢ (1.10)

Since strain is related to stress by Young’s modulus (¢ = E¥¢), the strain energy can
be expressed as

y=—]¢€"dx (1.11)

The strain is equal to the elongation of the bar in the x-direction, as follows:

(d/' - d,' )
€= 1 (1.12)
The strain energy in Equation 1.11 becomes
AE
v=z(d,—d,-)2 (1.13)

In matrix form,

AE Lo-1jd| 1, .
v="2,1d dj][ I 1:Hd}_5{d} [l (19
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The work done by the applied forces at the nodes can be expressed as
T
w=dF+dF ={d} {F} (1.15)

Hence, for a single bar element, the total potential energy becomes
1
v= @ [KRa}-{a} {F} (116)

For the minimum potential energy, the displacement must be

Ny

Sl (1.17)

Therefore, Equation 1.16 becomes

[K{a}-{F}=0 (118)

F:' _AE 1 _1 I/t[
E[7 L1 1]y (1.19)

The above derivation is valid only for one bar element. In practice, a model consists
of many elements of different properties. The total potential energy of E number of
elements is

and therefore

E
n= E_;(Y“ -w) (1.20)
Minimizing the above equation, it is found that

i[K] {a}-{F}=0 (1.21)

1.2 ELEMENT TYPES

Depending on the problem, the elements can have different shapes, such as lines,
areas, or volumes. Figure 1.3 shows the basic element types. The line elements are
used to model trusses made of spring, links, or beams. The area elements that could
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Line /

Area

Volume

FIGURE 1.3 Basic element types.

FIGURE 1.4 A shell element.

be rectangle or triangle are used to model two-dimensional solid areas, such as stress
analysis for a plate, or fins for thermal analysis.

The volume elements are used to model three-dimensional bodies. Shells are spe-
cial elements. They do not fall into either the area or the volume division. They are
essentially two-dimensional in nature, but the area of the elements can be curved to
model a three-dimensional surface. Figure 1.4 shows a rectangular shell element.
This type of element is very effective for modeling very thin bodies such as cans
under a stress.

1.3 SYMMETRIES IN MODELS

The discretization of a body is the first step in the finite element solution, where the
body could be in two- or three-dimension space. The discretization should be in a
certain way to avoid potential errors and to save time and effort. All structures in
the real world are three-dimensional space. However, some effective approxima-
tions can be made to reduce the size of the computation domain. If the geometry
and loads of a problem can be completely described in one plane, then the model
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Longitudinal direction

FIGURE 1.5 Two-dimensional plane representations of three-dimensional objects.

can be modeled in two-dimensional space. For example, consider the analysis of an
electronic fin and a shaft, as shown in Figure 1.5. These objects are long, and if the
loads are not varied in the longitudinal direction, then the physical characteristics do
not vary significantly in the longitudinal direction. The two-dimensional assumption
is valid anywhere in the object except at the ends.

There are four common types of symmetry encountered in an engineering problem:

1. Axial
2. Planar
3. Cyclic
4. Repetitive

In the axial symmetry cases, the variables distribution is constant in the circumfer-
ential direction. The distribution and loading are confined to only two directions, the
radial and axial. In these problems, the axisymmetric elements must be used to mesh
the model. Figure 1.6 shows an example of the axial symmetry for heat transfer prob-
lem of a pipe. The top and bottom surfaces are maintained at uniform temperatures,
while the inner and outer surfaces are insulated. The boundary conditions should
not be modified.



Introduction 7

T=25C

T=95C

T=95C

FIGURE 1.6 Type of symmetry: axial.

trettts
b bt et

FIGURE 1.7 Type of symmetry: planar.

Consider a flat plate with a hole, as shown in Figure 1.7. A tensile pressure is
applied at the left and right sides. It is only necessary to consider one-quarter of the
problem. This type of symmetry is called the planar. The boundary condition should
be modified at the surfaces of symmetry. For the example shown in Figure 1.7, the
vertical line of symmetry should have zero displacement in the x-direction, and
the horizontal line of symmetry should have a zero displacement in the y-direction.

The cyclic symmetry is similar to the planar symmetry except that it is described
in a cylindrical rather than a rectangular coordinate system. The common problem
found in practice is a washer under stress, as shown in Figure 1.8.

When the geometry and boundaries of the model are repeated in a particular
direction, then the model has a repetitive symmetry. The repetitive symmetry is also
called a periodic. For example, the simulation of a flow in a wavy channel can be eas-
ily modeled using the repetitive symmetry, as shown in Figure 1.9. Special periodic
boundary conditions should be imposed. In addition, the size of a long beam with
holes under a distributed pressure can be significantly reduced using the repetitive
symmetry. In this case, the vertical line of symmetry should have a zero displacement
in the x-direction, as shown in Figure 1.9.
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FIGURE 1.8 Type of symmetry: cyclic.

FIGURE 1.9 Type of symmetry: repetitive.

1.4 INTRODUCTION TO ANSYS®

ANSYS software is the most advanced package for single- and multiphysics simu-
lations, offering enhanced tools and capabilities that enable engineers to complete
their jobs in an efficient manner. ANSYS includes significant capabilities, expand-
ing functionality, and integration with almost all CAD drawing software, such as
Pro/ENGINEER, AutoCAD, and Solid Edge. In addition, ANSYS has the best-
in-class solver technologies, an integrated coupled physics for complex simulations,
integrated meshing technologies customizable for physics, and computational fluid
dynamics (CFD).

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

e Linear

* Geometric and material nonlinearities

* Contact

* Static

* Dynamic

» Transient, natural frequency, harmonic response, response spectrum, random
vibration

* Buckling

» Topological optimization

Thermal

» Steady state or transient
¢ Conduction

* Convection

* Radiation

* Phase change

Fluids

» Steady state or transient

* Incompressible or compressible

e Laminar or turbulent

¢ Newtonian or non-Newtonian

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

¢ Surface-to-surface radiation heat transfer
e Multiple species transport

¢ Free surface boundaries

¢ 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
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FIGURE 1.10 The ANSYS family.

¢ Seeback effect
* Thermocouple effect
¢ Electromechanical circuit simulator

ANSYS is not a single program, but it is a family of CAD programs (Figure 1.10).
The ANSYS Multiphysics package consists of ANSYS/Emag for magnetic field
analysis, ANSYS/Flotran for fluid dynamics, ANSYS/LS-DYNA for dynamics
analysis, and ANSYS/Mechanical for structural and thermal analyses.

To start ANSYS, double click on the ANSYS icon or Start > Programs > ANSYS >
ANSYS Product Launcher. The ANSYS Product Launcher window will show up.
First, select the ANSYS Multiphysics. Then, enter the location for ANSYS files in
the Working Directory. All ANSYS files will be stored in this directory including
images and AVI files. The session name is entered in the Job Name. Finally, run
ANSYS, as shown below:

i 50.0: ANSYS Product Launchar [Profile: == Laat ANSYS Run =]
Fiw  Protie dors T " Hp

Simusation Ermirsnmn.

m - =

A Select multiphysics in License
B Change the working directory to C:/
C Change the initial job name to Problem
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Then the ANSYS windows will be shown with the ANSYS Output. The ANSYS
window has the following components:

Comments input

Utility menu —»

Tool bar = |

s
Main menu —» - .

- «++— View tools
-
9

Graphics —
=

In addition, the ANSYS Output window will show up. The Output window dynami-
cally lists important information during the preprocessor, solution, and postproces-
sor. Any warning in the ANSYS Output should be carefully considered to avoid
unexpected errors.

* ANSYS 10.0 Output Window

ANSYS Hultiphysics

wownn (INEYS
INITIAL JOBNAME

START-UP FILE
TOP FILE H
TED

1 UERSION=INTEL NI
JOBNAHE=FProhlen 14:17:

/BEHOM SET WITH DRIVER NAME-
RUN SEIUF PROCEDURE FROM FILE=
Uy .

#INPUT FILE= menust.tmp LINE= a
#INPUT FILE= Progran Files® Ineswi@AANEBYSsapd1satartiBA.ans

4 Y
ACTIUATING THE GRAPHICAL USER THTERFACE <GUI>. PLEASE WAIT...

I TO THE WORKING FLANE

DAl

| L T
F WORKI

PLOT IN D a
NG PLANE DISPLAY
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ANSYS Utility Menu

fle Gelect (st Pt PlotQirs ‘WorkPlne Paameters Meoo Megultis  Heb

Within the Utility Menu, the file operations, list and plot items, and change dis-
play options can be done. In the Pull-down File Menu, the following tasks can be
performed:

Clear & Start New ...
Change Title ...

Resume Jobname.db ..

Save as Jobname.db ..
m& LLL]
wm mmfh L

Mm&m (L]
Switch Output to

&

s

List
File Operations

Import
Em LT

S

A Clear and starting a new job. This operation will not restart the log or the error files
B This task is for resuming a job, the database file should be available

C To save the current work

D To import geometry to ANSYS or to export an ANSYS model

E To exit ANSYS

The Pull-down List Menu is for listing the model components, such as key points,

areas, and nodes. In addition, the properties of the material can be listed. The bound-
ary conditions imposed on the model can also be listed.
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Files

Status
Keypoint
Lines ...
Areas
Volumes
Nodes ...
Elements
Components
Parts ...
Picked Entities +

Properties
Loads
Results
Other

The Pull-down plot Menu is similar to the List Menu. Plotting geometry’s compo-
nents, such as key points, can be performed in this menu. In the PlotCtrls Menu,
printing the model in the ANSYS graphics, changing the style of the ANSYS graph-
ics, or changing the quality of the graphics can be done. The Workplane is for the
grids setup.

ANSYS Main Menu

Most of the ANSYS jobs are done in the Main Menu, from building the model to get-
ting the results. In the Preprocessor, the material properties are assigned, real con-
stants are specified, element type is selected, and model building and meshing tools
are available. In the solution, the boundary conditions are imposed, and the solution
setup parameters are specified. In the Postprocessor, the presentation of the ANSYS
results is performed. List, plot results, and path operations can be performed. 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
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Postprocessor

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

AN arsvs butiphymics Uity Menu @ robismn)

Be St U B PR Wi Paseier e Mtk (e
Ol @l oo & ol vl 5 - =
ANEYS Tooka &)

540 b RESUM D8] 0UT| FOWNGESY:

(A S— @lh=
S e 2%
(B P revviat pustzes o)
—  Tapelogical Opt e
I.CJ A B sl L4 |

ezl ||

[Pk s marin o1 e RS TS Lo [PREFT [t = [t [ewrt [’

A Preprocessor
B Solution

C Postprocessor



2 Trusses

2.1 DEVELOPMENT OF BAR ELEMENTS

The derivation of the stiffness matrix for a bar element is applicable to the solution of
pin-connected trusses. The bar element is assumed to have a constant cross-section
area A, uniform modulus of elasticity E, and initial length L. The bar is subjected to
tensile forces along the local axis that are applied at its ends. There are two coordi-
nate systems: a local one (%, y) and a global one (x, y). The nodal degrees of freedom
are the four local displacements: d,, i, d,,, and d,,. The strain—displacement rela-
tionship is obtained from Hooke’s law

o, =Ee, 2.1)
where
ai
¢ = aﬁ‘ 2.2)
Ao =T 2.3)

iiis the axial displacement in the x-direction
T is the tensile force

Note that the bar element cannot sustain shear forces. Substituting &, and e, into
Hooke’s law:

g(AEd_'f)zo 2.4)
A ST

Assuming a linear displacement along the local x-axis of the bar, the displacement
function can be written as

i=a +a,x .5)

Now, the displacement function is expressed as a function of the nodal displacement
d,, and d,,, which can be achieved by evaluating # at the nodes, and solving for a,
and a,, as follows

15
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i(0)=d, =q, 2.6)
i(L)=d,, =a,L+d, @7)
and solving for a,
‘22 _gl
a, =—"—= 2.8
> 3 2.3

The displacement function becomes

d, —d R
= [%jx +d,. .9)

In matrix form, the above equation can be written as

i=[N, N, ]{g'*} (2.10)

2x

with the shape functions:

N =1-2 2.11)
N, =2 (2.12)
L
The strain—displacement is
dﬁ C}ZX B ézl X
6 = —=
Todx L
The stiffness matrix is derived as follows
T=Aoc, (2.13)
or
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Also, the nodal force at node number 1 should have a negative sign, as follows:

fu=-T 2.14)

. AE
fo=——=— (2.15)
L(dlx - dZ)c)

On the other hand, the nodal force at node number 2 should have a positive sign,
as follows:

f=T (2.16)
A AE
fz_‘_ == = _ (2-17)
L(d2x - dlx )

Expressing the nodal forces in the x-direction in a matrix form
fi|l ae[1 -1]|d
Jf‘* = —{ } e (2.18)
f‘Zx L _1 1 d2x
and similarly for the nodal forces in the y-direction
]?2 , L|-1 1 622)_ @19

Since f=kd, the stiffness matrix for a bar element in a local coordinate can be
written as

|3=>

=£[1 ‘1} (2.20)
Ll-1 1

The local coordinate system is always chosen to represent an individual element,
while 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 2.1 shows the general displacement vector with local and global coor-
dinate systems.

The angle 0 is positive when it is measured clockwise from the global to the local
x-axis. The transformation matrix is used to relate the local to the global displacement
at node 1, as follows
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FIGURE 2.1 Relationship between the local and global displacements.
CAZIX | cos®  sin6 d,. 51
&U " | —sin® cos® d, 2.21)
and for node 2
6}2X | cos® sin@ ||d,, 5
d,, | -sin® cos8||d,, 222

The global element nodal forces vector is related to the global displacement vector
using the global stiffness matrix, as follows

fix (}lx
Alv C?lv
ol (2.23)
f‘2x 2x
f‘Zy 2y
where
1 -1 0
(2.24)

|D>
o
=)
- o = o
=)
|
_

From Figure 2.2, the displacement for the nodes 1 and 2 in the local coordinate sys-
tem can be obtained from its global one using the transformation matrix
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FIGURE 2.2 Bar element subjected to tensile force, and the displacements at the nodes.

~

d, =d, cos®+d, sinB

~

d, =d, cos®+d, sinb

and in a matrix form

dlx
c}x _|cos® sin6 0 0 1|4,
UAZV 1o 0 cos® sin@||d,,
d

2y

and in a compact form

A

d=Td

At each node, the displacement transformation can be written as

(S

=

cosO sin® 0 0 d,
o| _|-sin® cos® 0 0 ||4,
0 0  cos® sin®||d,,
0 0 —sin® cos6]|d,,

~

>

[od

>

)
-

(2.25)

(2.26)

(2.27)

2.28)

(2.29)

Similarly, the nodal force is transformed from the global to the local coordinate sys-

tem in a similar manner:
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Ji
I cos® sin® 0 0 ]|/,
N ) (2.30)
g 0 0 cos® sin®||f,.
f
In a compact form:
]_? =Tf (2.31)

The force transformation can be written as

A

i cos® sin® 0 0 fix
hy —sin® cosO 0 0 ||/

= i (2.32)
£ 0 0 cos® sin®||f,,
£ 0 0 —sin® cosO||f;,
2y -
Substituting c_Al: Td and z= Tf into f: éc_Al , we obtain
Tf=krd (2.33)
By multiplying both sides of the above equation by T-!, we have
f=T"krd (2.34)

Since the transformation matrix is orthogonal, the transpose of T is equal to the
inverse of 7. Hence

f=T"kTd (2.35)

Since f = kd, the global stiffness matrix for an element can be written as
k=T"kT (2.36)
Expanding the stiffness matrix, we obtain

cosOcos®  cosOsin® —cosOcos® —cosOsinO
k= ﬂ cos0sin O sinBsin® —sinBcos® —sinOsin® 2.37)
L | —cosOcos® —sinOcos® cosBcosO sin@cos O

—cos0sin® —sinBsin® sinBcosO sin0sin©
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Assembling the global stiffness and force matrices using the direct stiffness method
to obtain

N
K=Yk (2.38)
e=1

and

M=

F=Y ¢ (2.39)

e

The global stiffness matrix is related to the global nodal force matrix and the global
displacement matrix for the whole structure by

F=Kd (2.40)

Example 2.1: Solving a plane bar-truss problem

For the plane bar-truss structure shown in Figure 2.3, determine the horizontal
and vertical displacements at node number 1. Horizontal and vertical forces are
applied at node 1. Given £ =210GPa and A = 4.0 x 10~* m?.

Step 1:  Constructing the stiffness matrix for each element.
The stiffness matrix for element 1, between nodes 1 and 2 with & = 90°,
is calculated using Equation 2.37:

00 0 O
k1:4><10*“(210><1o9) 01 0 -1
3 00 0 O
0 -1 0 1
1./\7.%6.’_(..{'./
2 _
e
o
<
3
3m
3m
1 45 4/52
10kN - ON
¢ 3m \:[\\
v
20 kN

FIGURE 2.3 Bar-truss structure.
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The stiffness matrix for element 2, between nodes 1 and 3 with 6 = 45°, is calculated
using Equation 2.37:

05 05 -05 -0.5

, 4x10™@210x10%| 0.5 0.5 -05 -0.5
- 3 05 05 05 0.5
0.5 -0.5 0.5 0.5

k

The stiffness matrix for element 3, between nodes 1 and 4 with 8 = 0°, is calcu-
lated using Equation 2.37:

10 -10
k3:4><10*4<210x1o") 0 000
3 -10 1 0

00 00

Step 2: Assembling the elements’ stiffness matrices to form a global stiffness
matrix using Equation 2.38:

(15 05 0 0 -05 -05 -10

05 15 0 -1 -05 =05 0 0

0 0 0 0 © 0 00

K:4x1o4‘<210x109) 0 -1 0 1 0 0 0 0
- 3 -05 -05 0 0 05 05 0 O
-05 -05 0 0 05 05 0 O

-1 0 0 0 © 0 10

| 0 0 00 O 0 0 0]

Step 3:  Applying the boundary conditions to the global stiffness matrix using
Equation 2.40:

f;x =-10 d1x

f, =20 d,
fo de = 0
f, 7 d,, =0
f3x d3x = O
f,, d, =0
f4x d4x = O
f, d,, =0]

Step 4:  Eliminating rows and columns from the global stiffness matrix:
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fu==10] _4x107(210x10%)[1.5 0.5]]d,
f, ==20{ " 3 0.5 1.5]|d,

Step 5: Solving for dy, and d:

d,, =-0.0893x107m
d,, =-0.4464x10" m

2.2 ANALYZING A BAR-TRUSS STRUCTURE

For the plane bar-truss structure shown in Figure 2.4, determine the horizontal and
vertical displacements at node number 1 using the ANSYS, and the reactions at the sup-
ports. The geometry is similar to the previous example. Horizontal and vertical forces
are applied at node number 1, as shown. Given E = 210GPa and A = 4.0 x 10~ m2.

Double click on the ANSYS icon

m 10.0: ANSYS Product Launcher [Prafile: ®™= Last ANSYS Hun ™|
Fila Profies Jpons  Tools  Links  Help

Add.on Modules
Simulation Emaranmont:

File
[ Hanagsment

Producd He'p

A select Multiphysics in License
B change the Working Directory to C:\

C change the initial Job Name to Truss
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2 -
.__
3
3m
3m
1 45° 4 E
10kN <& (S
3m E
\
20 kN

FIGURE 2.4 A plane bar-truss structure.

Main Menu > Preferences

mprufercm:cﬁ far GUI Filtering

[KEVWI/PME TH] Preferences for GUI Filering

[ndnadual decipine(s] to show in the GLI
I~ Themal
[~ ANSYS Fluid
[~ FLOTRAM CFD

Electromagnetic:

[~ Magnetic-Hodal
I Magretic-Edge
[~ High Frequency
™ Electiic

Moate: I no individual dizciplines are soected they will al show,

Dizcopline options
= hMethod
" p-Method Struct.
" pMethod Electy.

oK J Carcal Help

A select the Structural

This example is limited to structural analysis. Hence, select Structural. The selected
link element will not support pressure on the elements or moment on the nodes and
the 2D spar type is limited to two-dimensional analyses.

Main Menu > Preprocessor > Element type > Add/Edit/Delete
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m Element Types

Defined Element Types:
MONE DEFINED.

Dptions... |

4

Delete |

mi ibrary of Flement Types
Drily struchuael dament lypes e shovn
Lbray of Element Tyoss

Elerment ype iefevences numbe:

ok m]

1

o
[ 3] |30 fnit 2tn 130

A select Link
B select 2D spar

m Element Types

Diefined Element Types:
Tyoe 1 LINK1

Add. |

Close i

25
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The cross-section area of the bar is required for the analysis. The initial strain is by
default zero.

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

m Real Constants X
Defined Real Constant Sats
MONE DEFINED
Add.. | Edi. | Delsts |
Close Help

Add...

m Element Type for Real Co... X
Chaose element type:

Twpe 1 LINK1

OK | Cancel




Trusses 27

m Real Constant Set Number 1, for LINK1 s
Element Type Reference No, 1

Real Constant Set Ma

Cross-sectional arles  AREA

Initial sheain ISTRM

il

oK Appiy Cancel I Hop |

A type 4e-4 in Cross-sectional area

m Real Constants
Delined Real Constant Sets

X

Set 1

Material properties of the bars are specified in the following steps. The bars are elas-
tic and independent of direction, and are isotropic. Only the modulus of elasticity

is required, and the zero Poisson’s ratio, or any value to avoid an error message from
ANSYS.

Main Menu > Preprocessor > Material Props > Material Models
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m Define Material Model Behavior

Material Eck Faverks Helo
Matmiial Modais [Dsfred
© Mateiial Mods! Humber 1 =
¥
I I K|

Finite Element Simulations Using ANSYS

©

@ Themal Expantion
3 Vamemm
B Frictinn Costliciect =l

A Double click on Structure > Linear > Elastic > Isotropic

The following windows will show up

m Linear Isotropic Properties for Material Num... X

T
Temperatures
EX 21 0e9
PR¥Y \J

Linear lsotropic Matenal Propeities for Matenal Number 1

Add Temperature | Delete Tempmlurel

Ok

ET
o
o

A type 210e9 in EX
B type 0 in the PRXY

Close the material model behavior window

The modeling session is started here. First, four nodes are created, followed by creating
the elements. The x- and y-coordinate of each node are identified for the ANSYS

with its number.

Main Menu > Preprocessor > Modeling > Create > Nodes > In Active CS
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m Create Modes in Active Coordinate System

[M] Create Nodes in Active Coordinate System
NODE Node number

¥Y.Z Location in active CS

THRY. THYZTHZX
Flotation anglss [degreeas]

ok Aoply |

[ e

—

| Il Il |
Cencel | Heo |

©E

A type 1 in the Node number

B type 0 and O in the X, Y, Z Location in active CS

m(‘reale Modes in Active Coordinate System

[M] Create Nodes in Active Coordinate System
MODE Node number

¥Y.Z Location in active CS

THAY. THYZ.THZX
Halation angles [deciess]

oK Aoty |

o
(»)

A type 2 in the Node number

B type 0 and 3 in the X, Y, Z Location in active CS

m Create Modes in Active Coordinate System

[M] Create Nodes in Active Coordinate Syslem
NODE Node number

Y2 Location in active C5
THRY.THYZ.THZX
Flolahon angles |degees]|

ok Am|

-
2= |12 «J—1

L

A type 3 in the Node number

B type 2.12132 and 2.12132 in the X, Y, Z Location in active CS

29
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m(‘reale Modes in Active Coordinate System

[M] Create Nodes in Active Coordinate System

NODE Node nunker :]4”/‘. —®
(»)

XY Z Location in active C5 13 Hu - H ]

THAY THYZTHZX
Flotalicn angle: [degrees] | I | |

ok ooty | Cancel | Help |

A type 4 in the Node number
B type 3 and 0 in the X, Y, Z Location in active CS

NODES

ANSYS graphics shows the created nodes

Creating elements is done using the mouse only. Two nodes should be connected by
one element only, and a single node can connect more than one elements.

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

Click on node 1 then 2, |Apply
Click on node 1 then 3, |Apply
Click on node 1 then 4,
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NODES

ANSYS graphics shows the elements

The solution task starts here. Nodal forces and displacements are applied. Starting
with forces or displacements will not affect the solution. A zero displacement at a

node means that the node is fixed.

Main Menu > Solution > Define Load > Apply > Structural > Displacement >

On Nodes
Click on nodes 2, 3, and 4

mhpply U,ROT on Nodes 4

[D] &pply Displacements [U,ROT] on Nodes
Lab2 DOFs ta be constrained

Apply a5
If Conatant value then:
VALUE Displacement value

ok | Apoly

lCanﬂaﬂ walue Ll
1)

Cancel | Heo |

A select All DOF

B type O in the Displacement value
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Main Menu > Solution > Define Load > Apply > Structural > Force/Moment >
On Nodes

Click on Node 1

[F] Apply Foice/Moment on Nodes
Lab  Diection of force/mom m <

Apply 2s | Constant valus |
If Constant value then:

VALUE Force/moment value —@

0K Bpply Cancel ‘ Help |

A select FX in the Direction of force/mom

B type -10e3 in the Force/moment value
Apply

Click again on node number 1

FiX Apply F/M on Nodes X

[F] Apply Force/Moment on Nodes
Lab  Direction of force/mom IFY = I D —

Apply as ICcnstant value j
If Constant value then:

VALUE Force/moment value _®

oK fovy | Cencel | Hep |

A select FY in the Direction of force/mom

B type -20e3 in the Force/moment value

The negative FX means that the force at node 1 is in the negative x-direction, and nega-
tive FY means that the force at node 1 is in the negative y-direction. Clicking Apply
button will not close the window, but allows for additional inputs. Clicking OK
will close the window. The ANSYS graphics will show the applied forces and their
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direction by a red arrow. Reapplying the force at the node 1 will automatically delete
the force input and apply the new input.

HODES

Box 4

.

ANSYS graphics shows the forces with direction and the displacement on nodes

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

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step
[SOLVE] Begin Solution of Cunent Load Step

Review the summary information in the lister window [entitled "/STATUS
Command"], then press 0K to start the solution,

i Ok Cancel Help

:\i) Sohsion it donel
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Results can be viewed and listed in the general postprocessor task. Inspecting the
deformation of the bar structure will help to identify if any boundary condition was
wrongly applied.

Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape

[PLDISP] Plot Deformed Shape
KLUMD  Items to be plotted
" Def zhape only

& Def + undefoimed g—— _®

" Def + undef edge

oK Apphy Cancel Help |

A select Def + undeformed

DISPLACEMENT
aTEp=1

UB =1

TIME=1

DMX =.455E-03

ANSYS graphics shows the bar before and after deformation

From the above figure, the result is as expected. Nodes 2, 3, and 4 are fixed, while
node 1 is moved in the direction of the applied forces. The following steps are devoted
to list the nodal results.
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Main Menu > General Postproc > List Results > Nodal Solution

Fi\List Nodal Solution X
Item to be listed

Favorites 2 |
@8 Modal Salution
@ DOF Solution
e _
o : ner]
@ Displacement vector sum l
Stress
(B4 Total Strain
Elastic Strain
Plastic Stran
(B4 Creep Strain o |
Themal Strain
Total Mechanical and Thetmal Strain

®

63 Swelling strain _.J
I 2
Vale for computing the EQV shian I
ok | Ak ‘ Coced | Heb ‘

A select Nodal Solution > DOF Solution > Y-Component of displacement

PRNSOL Command X

£l

PRINT U HODAL SOLUTION PER HODE
wwuws POSTL HODAL DEGREE OF FREEDOM LISTING wwsss

LOAD STEP= 1 SUBSIEP= 1
TIRE= 1.B888 LOAD CASE= ®©

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

NODE uy
1 -@.41613E-83

2  ©.9800

3 B.0088

4 ©O.0888
HAXKIHUM ABSOLUTE UALUES

HNODE 1
UALUE -B.44643E-03

A list of nodal displacement in the y-direction is shown. In addition, the maximum
nodal displacement is shown at the end. The displacement in the x-direction can be
determined by selecting X-Component. Notice the results are identical to the results
of the previous example.

Main Menu > General Postproc > List Results > Reaction Solution
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mList Reaction Solution :

[PRASOL] List Aeachon Schsion /,_\
Lab ltem lo be keted i e A
Struct force FX u
FZ
All struc forc F
Struct moment Mx
MY
M2
All struc mome M
[Al tems |
oK Apply Carcel | Heb |
A select All items
Fi\PRRSOL Command X

Fil

| PRINT REACTION SOLUTIONS PER NODE
sssssese POSTL TOTAL REACTION SOLUTION LISTING sesesessse

LonD STEP= 1 SUBSTEP= i
TIME= 1.60008 LOAD CASE= @
THE POLLOWING X,Y.Z SOLUTIONE ARE TH THE GLOBAL COORDINATE BYSTEM
NODE FX FY
2 B.AARA 1250@.
3 75088.8 7588.8
4 2568.8 u.8auda
TOTAL UALUES
UALUE 16606 . 280808 .

From the reaction results at the supports, the forces are balanced in the x- and
y-directions. Results for node number 1 is not shown because force is applied on it.

2.3 DEVELOPMENT OF HORIZONTAL BEAM ELEMENTS

A beam is defined as a long and slender structural member that can be subjected
to transverse loading. The bar elements theory that is discussed in Section 2.1 can
sustain transverse loading only. Consider the beam element shown in Figure 2.5.
The beam has a length L, and the local displacement and rotation at nodes 1 and 2
are (‘?lw @1) and (cizy, @2), respectively. The local nodal forces and bending moments
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y
P N, .5
My (Z)ly y z My, 2y
; t
flx dly fo d2y

FIGURE 2.5 Beam element subjected to forces and moments.

37

atnodes 1 and 2 are (f 1y 1) and (fzy, m,), respectively. It is assumed that the beam
has an initial length L, constant modulus of elasticity E, and uniform moment of

inertia I.

All moments and rotations are positive if their direction is counterclockwise
and negative if their direction is clockwise. The horizontal forces are positive if the
direction is positive in the local x-direction and negative if the direction is negative
in the local x-direction. The vertical forces are positive if the direction is positive in
the local y-direction and negative if the direction is negative in the local y-direction.
Consider a differential beam element subjected to a distributed pressure loading

w(x), as shown in Figure 2.6.
Applying the force balance in the local y-direction, we obtain

V-(V+dV)-w(x)dx=0
or
R 1%
w(X)=——1
(x) o
Applying the moments balance at node 2, we obtain

—Vdx+dM + w(fc)dfc(%) =0

w(x)

—_
(3%

|4 V+dV
FIGURE 2.6 A differential beam element.

(2.41)

(242

(2.43)
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or

V=-

= (2.44)

The curvature of the beam can be related to the applied moment. The radius of
the deflective curve p is varied along the beam, while & is the rotation, and the
function $ (X ) is the transverse displacement in the y -direction. Figure 2.7 shows
the deflected beam.

The radius of the deflection can be expressed as follows:

M
o El (2.45)
The rotation of the deflection can be expressed as
A db(x)
D=
& (2.46)

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

dii
“=% (2.47)

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

y(dv)
T (2.48)

h=-

Substituting Equation 2.48 into Equation 2.47, yields

y

K>

FIGURE 2.7 Radius and rotation at p (£).
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FIGURE 2.8 Beam cross section.

_ 5@

€ = TS (2.49)

For the cross-section area of the beam shown in Figure 2.8, dF = ¢, dA, the differen-
tial moment along the center of the beam is equal to

dM = o dA (2.50)

Using Hooke’s equation and Equation 2.49, the differential moment becomes

A 12 A
dM = Ec ydA = —E&%M 2.51)
Integrating Equation 2.51
&b ¢y
M=E fy dA 2.52)

Since the moment of inertia is equal to jyz dA | Equation 2.52 becomes

d*v
M =EIl e (2.53)
Also, the shearing force can be expressed as
d’v
V=EI o (2.54)

The variation of curvature of the beam is assumed polynomial of the third order,
and the constants in the polynomial are determined using the boundary conditions,
as follows:
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P=a% +a, +ai+a, (2.55)

Applying the boundary conditions
W0)=d, :a,=d,
W(L)= azy cal’+a,’ +a,L+a, = &zy

2(0)=D, 1a, =D,

N

Q(L) =D, :3a,I* +2a,L+a, = D,

Solving the above equations for a,, a,, a;, and a, and substituting the solution into
Equation 2.55, we have

A n 2 n A | N 34 A Lioa 5 \]|a
0= 20, -d) + £ @40) [P 4|~ 2, -d,) -1 (8,-0) |
+QD,3+d,, (2.56)
Finally, the element stiffness matrix is derived using the equilibrium approach. The
nodal shear force and bending moment are calculated using Equations 2.53 and 2.54,

respectively, as follows:

d*$(0) _ EI

fi,=V=EI yre (12d +6LD, —12d, +6LD,) 2.57)
#, = —ih = —EI dl(f) El Z(6d, +4°0, 6d, +2°D,) (258
f,,=-V=-EI d;vx(f) Bl = (-12d, -6LD, +12d,, -6LD,)  (2.59)
i, = i = EI sz(L) (6d +202Q, -6d,, +41°D,) (2.60)

The above results can be expressed in a matrix form, ¥ = K d ; the matrix expres-
sion will have the following form
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fy 12
iy | _EI| 6L
7 L -12
i, 6L

where the local stiffness matrix is

12

A 6L
i==

r{-12

6L

6L 12 6L ]|
4>  -6L 2L’ ||9,
6L 12 -6L sz
2 _ 2 ~
21 6L AL 5,
6L -12 6L
41>  -6L 2I*
—-6L 12 -6L
217 —6L 4I°

Example 2.2: Solving horizontal beam structure

41

.61)

(2.62)

For the horizontal beam shown in Figure 2.9, determine the displacement and
slopes at the node number 2. Force and moment are applied at node 2, as shown
in Figure 2.9. Given E =210GPa and / = 4 x 10~* m*.

First, the stiffness matrix for each of the two elements is created using

Equation 2.62:

kl

33

|18

[ 12 18
_210x10°(4x10%)| 18 36
B : -12 =18 12 -18

[ 12 18 -12 18]
. _210x10°(4x10%| 18 36 18 18

—-12 18]
-18 18

18 -18 36 |

k 3
3 -12 -18 12 -18
|18 18 -18 36 |
10 kN

/) 20 kN-m L/
7 AN 7
' L
/1 3_/ 3
/1 L

| 3m I 3m |

FIGURE 2.9 Beam structure for Example 2.2.



42 Finite Element Simulations Using ANSYS

Assembling the above two matrices using Equations 2.38 through 2.40:

ﬁy (12 18 -12 18 0O 0 ]
m, 18 36 -18 18 0 O
f,, =-10x10°| _210x10°(4x10")|-12 ~18 24 0 12 18
M, =20x10" [ 3 18 18 0 72 -18 18
7 0 0 -12 -18 12 -18
3y
i, | 0o o 18 18 -18 36|
[d, =0]
@,=0
d,,
2,
d, =0
.®3=0,

Finally, solving the for 82y and (32, the results are

d, =-1.34x10"m and &, =8.928x10"rad

2.4 ANALYZING A HORIZONTAL BEAM STRUCTURE

For the horizontal beam in Figure 2.10, use ANSYS to determine the displace-
ment and the slopes at the node numbers 1 and 2, and the reactions at the support.
Force, distributed pressure, and moment are applied as shown in the figure. Given
E=210GPa,A=2x103m? andI,,=4 x 10 m

100 kN/m
10kN/m 15 KN SOkWI/I

| | | | |
|-—1m | 1m | 1m | 1m i 1m [ lm—v-l

FIGURE 2.10 Beam structure.

NN

Double click on the ANSYS icon

Main Menu > Preferences
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mprn[cmncn.w_ far GUI Filtering .

[KEYWI/PMETH] Preferences for GUI Fitering
Incichaal deecinfine{z] to show in the GLI

Electromagnebic:

Nete: I no individual discipines are sslected they vll 3 show.

I Themal
[ ANSYS Fiuid
[~ FLOTRAN CFD

[~ Magnatic-Modal
[~ Magnetic-Edge
[™ High Frequency
I Elsctric

Dizipline opbons

13

= hMethod
" pMathod Stuct.

" pMethod Electr

_cancd |

A select the Structural

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

Add...

m Element Types

Defined Element Types:
MNONE DEFINED

Add...

Close I

X

®

43
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ml ibrary of Elemenl Types >

Dy shiuciural slsment types ars shown
Libezry of Element Types

®

Element lype reference ranbsr

ok Apoly | Cancel | Help

A select Beam

B select 2D elastic

The beam element can support the moment. Elastic type of beam with a two-
dimensional capability is used because this problem is limited to elastic deformation
in two-dimensional space.

m Element Types =

Defined Element Types:
Type 1 BEAM3

Add... Options... l Delete
Cloze Help |

The beam cross-section area and moment of inertia are specified for the ANSYS
in real constants, while for material properties, only the modulus of elasticity is

required, and any value for the Poisson’s ratio is required to avoid an error message
from ANSYS.
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Main Menu > Preprocessor > Real Constants > Add/Edit/Delete

Add...

m Real Constants X
Defined Real Constant Sets
MOME DEFINED
Add.. | Edt. | Deits |
Close | Help |
m Element Type for ... = O [X

Choose element type:

Twpe 1 BEAM3

Ok

Cancel

45
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m Real Constants for BEAM3 -

Element Type Reference No. 1
Real Constant Set No.

I

o0

Cross-sectional area  AREA

(%]

e-3

Areamoment of inettia (22

=

e
Total beam height HEIGHT
Shear deflection constant SHEARZ
Initial steain ISTAN

Added mazs/unit length  ADDMAS

JI1

oK Apply Cancel | Heb |

A type 2e-3 in Area

B type 4.0e-4 in Area moment of inertia

m Real Constants
Delined Real Constant Sets

X

Set 1
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Main Menu > Preprocessor > Material Props > Material Models

FiX Define Material Model Behavior
Matarial Ect Favonte  Help

Matesial Models Defined

© ot Miodsl Humse 1 =

Matesial Models Available
{8 Favoeites
@ Stuctaal
o Linear
B Elastic
& BEEE <

© Onotrope
@ Anisotropc
& Noniesr
@ Densty
@l Themsl Expantion
& Dampng

_'] B Eacsion (-
i

®

A Double click on Structure > Linear > Elastic > Isotropic

The following window will appear:

Lineai |sotropic M ateral Propeities for Matenal Number 1

T1
Temperatures . /- il
EX 210e9
PRXY 0 <

Add Temperature| Delete Temperaturel

ok |

=
[
k=)

A type 210e9 in EX
B type 0 in the PRXY

Close the material model behavior window

47

The nodes are created using the work plane. The size of the work plane is six and
the space between the grids is one. In the WP setting, the number O for minimum
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means that no grid will be in the negative x—y plane. Number 6 in maximum and
number 1 in spacing mean that grids will be divided into six-by-six squares and the
sides’ length of the squares is one. The snap increment is equal to the grid spacing to
insure that the node will exactly be located at the grid points. Nodes are created by
clicking on the grid points.

Utility Menu > WorkPlane > WP Setting

WP Seltings

% Callesian
" Polat

" Gnd and Tnad

¥ Enable Snap

Snaplncr |1 -+
Spacng [} 4]
Minamum 0 -
Manimuam B -—

Toletanze  [0003

o |
Fesel I Cancel I

EEO @ ©

A select Grid only

B type 1 in Snap Incr
C type 1 in Spacing
D type 0 in Minimum

E type 6 in Maximum

Activating the work plane is required to show the grids. The grids can be temporarily
disappeared by deactivating the work plane.

ANSYS Utility Menu > WorkPlane > Display Working Plane

ANSYS Utility Menu > PlotCtrls > Pan, Zoom, Rotate
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Pan-Zoom Rolale

Window | 1 v]

o] | 1
v 5] o
1| o] |

Zoom | BackUp
BoxZoom| WinZoom|

A
!E (A

£
4] & E

Rale

™ Dynamic Mode

& o €
Fa Resst ]
Close Help

A click on zoom in and zoom out, moving cursor button until the ANSYS graphics
shows all grids.

ANSYS Main Menu > Preprocessor > Modeling > Create > Nodes > On Working
Plane

Using the mouse, click on the ANSYS graphics window at the location of nodes 1-7.

ANSYS Utility Menu > WorkPlane > Display Working Plane

Notice that minimum seven nodes are needed to model the beam. If more nodes are
used, such as inserting nodes between 1 and 2, the ANSYS results will definitely be
more accurate.

manEs
RODE WM

ANSYS graphics shows the nodes with their number
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Main Menu > Modeling > Create > Elements > Auto Numbered > Thru Nodes
Click on node 1 then 2, |Apply
Click on node 2 then 3, |Apply

Click on node 3 then 4, |Apply

Click on node 4 then 5, |Apply

Click on node 5 then 6, |Apply

Click on node 6 then 7,

ANSYS graphics shows the elements

Modeling is completed at this point. Next, the boundary conditions are applied start-
ing with the support, then the force and moment, and finally the pressure. This order
is not important for solution.

Main Menu > Solution > Define Load > Apply > Structural > Displacement >
On Nodes
Click on node number 7

m Apply U,ROT on Nodes X

(0] Appiy Displacements [UAOT| on Nodes
Lab2 DOFs to be constrained

Apply a5
If Conatant value then:
VALUE Displacement valus

oK Apoly
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A select All DOF
B type O in the Displacement value

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

Click on node number 2

[F] Apply Foice/Moment on Nodes
Lab  Direction of force/mom B | <
PRl as |Constml value j

If Constant value then:

©
VALUE  Fotce/moment vabe

ok | Aoply | Concel | Hep |

A select FY in the Direction of force/mom
B type -15€3 in the Force/moment value

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

Click on node number 1

m Apply F/M on Nodes

[F] Apply Foice/Moment on Nodes
Lab  Direction of force/mam MZ - | ——

Apply 2 | Constant value ;I

If Constant value then;

®
VALUE. Fotce/moment vake

oK. Apply Cancel | Hep |

A select MZ in the Direction of force/mom

B type 10e3 in the Force/moment value

The positive moment means its direction is counterclockwise. The pressure variation
between nodes 3 and 4 is linear. The value of 1 in the following windows is the pressure
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at node 3, and the value of J is the pressure at node 4. ANSYS will automatically
distribute a linear variation of pressure between the two nodes. The value of I should
be assigned to the smallest node number in the selected element.

Main Menu > Solution > Define Load > Apply > Structural > Pressure > On beam

Click on the element number 3, which is for nodes 3 and 4

[SFBEAM] Apply Pressure [PAES] on Beam Elements
LKEY Load key

VALl Pressure value at node | e
VALl Pressure value al nodeJ

[leave blark for uriform pressurs)

-

Opticnal offsels for pressure load
IOFFST  Offset from | node

JOFFST  Difset from J node

| Fql

oKk | footy | Carcel | Heb |

A type 50e3 in Pressure at node I

B type 75e3 in Pressure at node J

Click on the element number 4, which is between nodes 4 and 5

[SFBEAM] Apply Fressure [PRES] on Beam Elements
LKEY Load key

VALl Pressure value at node |

()
VALl Pressure valus at nods.J 100e3

[leave blank lor uniform pressure]

Dplional offsets for pressure load
IOFFST  Offset from | node

JOFFST  Olfset from J node

Il F?ﬂ

ok Appl Cancel | Heb |
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A type 75€3 in Pressure at node I

B type 100e3 in Pressure at node J

ELEMENTS

s

53

ANSYS graphics shows the pressure, force and moment with direction, and the displacement

The final step is to run the ANSYS solution. ANSYS will assemble the stiffness
matrix, apply the boundary conditions, and solve the stiffness matrix.

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step
[SOLVE] Begin Solution of Cunent Load Step

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

TTOK T Caneel Help
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Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape s

[PLDISF] Plot Deformed Shape
KLND  Items to be plotted

" Def hape only

" Def +undef edge

_®

ok | Apely | Cancel Hep |
A select Def + undeformed

' DISPLACEMENT m.l i
STEP=L

sup =1

TIME=L

oMx =, 050228

X 5 [3 k.
2 3

ANSYS graphics shows the beam before and after apply the loads

Main Menu > General Postproc > List Results > Nodal Solution

T\ List Nodal Solution X

[ Memn bo be isted

Favorites
| @ Modal Salution
I @ DOF Solutien
| @ ¥-Component of displacement
. el .

srETRT

D ¥-Component of displsc
) Displacement vector sum

Stiess

[EA4 Total Strain

(&8 Elastic Strain

Plashic Strain

(£ Creep Strain

B Themal Stiain

[E4 Total Mechanical and Thesmal Stran

@ Sweling strain

1|

Wake for computing the ETV shain

0K

D
A&



Trusses 55
A select Nodal Solution > DOF Solution > Y-Component displacement

Fi\PRNSOL Command X
Elle

PRINT U NODAL SOLUTION PER MODE
wwnwn POSTL NODAL DEGREE OF FREEDOR LISTING swwws

LOAD STEP= 1 SUBSTEP= i
TIHE= 1.08088 LOAD CASE= a

THE FOLLOWING DEGREE OF FREEDOHM RESULTS ARE IN THE GLOBAL COORDINATE SY¥STER

HODE uy

-8.58228E-81
-A.396A3E-A1
-8.29127E-@81
-8.18976E-A1
-8.97222E-82
-8.27579E-82

8.06000

-

JONAawWh

MAXIHUM ABSOLUTE VALUES
HODE i
VALUE -8.5822BE-81

A list of nodal displacements in the y-direction is shown. The maximum nodal
displacement is shown at the end. Notice that the displacement of the node number
7 is 0 because it is fixed, and node 1 has the highest deflection, as expected. The
nodal reactions are displayed in the following steps.

Main Menu > General Postproc > List Results > Reaction Solu

mList Reaction Solution x

[PARSOL] List Aeachon Sohation
Lab [tem lo be Bsted

T
&

Struct force FK.

oK Apply Carcel | Heb |

A select All items
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FA\PRRSOL  Command P
File

PRINT REACTION SOLUTIONS PER NODE
ssesese POST1 TOTAL REACTION SOLUTION LISTING sestsesese

LOAD STEP= 1 SUBSTEP= 1
TIME= 1.66860 LOAD CASE= @

THE FOLLOWING ¥.Y.Z SOLUTIONS ARE IN THE GLOBAL COORDINATE SYSTEM

NODE F& FY NZ
7 B.P6AG A.165A0E+A6-0.51833E+A6

TOTAL UALUES
UALUE 0.8088 0.1658BE+B6-0.51833E+86

The results are for node 7 only, and the moment reaction is listed.

2.5 BEAM-TRUSS STRUCTURE UNDER A TRANSIENT LOADING

For the beam truss shown in Figure 2.11, a transient force, with a frequency f=0.01 Hz
and an amplitude Ap = 25kN, is oscillating harmonically around a steady load
Fs = 25kN. Use ANSYS to determine the displacement at the point where the force
is applied as a function of time. Also, create an animation file for the loading process.
The total time for the loading process is 500s. Given E = 190GPa, A =2 x 102 m?, and
I, =5 x 10~* m*. Use the following formula to simulate the applied transient force:

F(t) = Fs+ Apsin(2mnft)

I’—Zm { 2m I 2m I 2m I

FIGURE 2.11 Beam truss under transient loading.

Double click on the ANSYS icon

Main Menu > Preferences
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mprefcrentcs for GUI Filtering

[KEWI]|/FME TH] Preferences for GUI Fitering
Indrvidusal discipinedz] to show in the GUI

Electiomagnetc:

Mate: If no ndividuzl disciplnes are selected they wil all show.

™ Themal
[~ ANSYS Fluid
[~ FLOTR&N CFD

[~ Magnatic-Hodal
[~ Magnetic-Edgs
[~ High Frequency

[" | Electric

Dizciphne optionz

oK

+ heMethod
™ p-Method Struck.
" p-Method Elect:

el |

A select the Structural

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

m Element Types

Defined Element Types:
NONE DEFINED

Add..

Close I

Options... !

Delete
Help |

X

Add...

®

57
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ml ibrary of Elemenl Types

Dby shruchuaal element lypes e chovn
Lieary of Element Types

D
\&/

Elerment lype reference rumber

13

A select Beam

B select 2D elastic

m Element Types

X

Defined Element Types:
Type 1 BEAM3

Add... Optiohs... ! Delete
Close l Help I

The selected beam element can support the moment. Elastic type of beam with a
two-dimensional capability is used because this problem is limited to the elastic
deformation in two-dimensional space. The cross-section area of the beam and its
moment of inertia are required to solve the problem.

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

m Real Constants
Delined Real Constant Sets
MOME DEFINED
add. | Edt. | Delste |
Close | Hep |

X

m Element Type for Real Co... X

Choose element type:
Type 1 BEAM3
Ok Cancel

59
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m Real Constants for BEAM3 -

Element Type Reference No. 1
Real Constant Set Mo.

D

Cross-sectional alea  AREA

[%]
o
na

Areamoment of mertia 22

OO

Total beam height HEIGHT
Shear deflection constant SHEARZ
Initial strain ISTRM

Added mass/unit length  ADDMAS

i1

oK Apply Cancel | Hep |

A type 2e-2 in area

B type 5e-4 in Area moment of inertia

m Real Constants X
Detined Real Constant Sets
St 1
add.. | Edt. | Dests |
Close | Help |

For material properties, only the modulus of elasticity is required, and any value for
the Poisson’s ratio is required to avoid an error message from the ANSYS.
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Main Menu > Preprocessor > Material Props > Material Models

m Define Material Model Behavior

= L o
Materia| Edt  Favonte Help
Matesial Modals Dafined Matensl Models Avaitable
S & G Favoiss ~
i Stuctual
i Linssr
i Elwtic
¢ [ < @
@ Orthatropic
© Anisatropic
(& Noninear
8 Densiy
(B8 Themal Expansion
= ” =
i | i i

A Double click on Structure > Linear > Elastic > Isotropic

The following window will appear:

Linear lsotropic Matenal Properties lor Matenal Mumber 1

_ T1 _ ,—@
Temperatures
®

PR=Y 0 <%

Add Temperature | Delete Terrpefaturel Graph

Ok | Cancel I Help

A type 190e9 in EX
B type 0 in the PRXY
Close the material model behavior window

Here, modeling is entirely done using the ANSYS graphics. The nodes and elements
are created using the work plane. The size of the work plane is eight and the space
between the grids is two.
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Utility Menu > WorkPlane > WP Setting

WP Seltings

¥ Catesian

" Polar

" Giid and Triad

@ Giid Only g—————
" Triad Ony

¥ Enable Srap

Snap Inct 12 -+
nepdng. |8

37
500 & O

A select Grid Only

B type 2 in Snap Incr
C type 2 in Spacing
D type 0 in Minimum

E type 8 in Maximum

ANSYS Utility Menu > WorkPlane > Display Working Plane
ANSYS Utility Menu > PlotCtrls > Pan, Zoom, Rotate

Click on zoom in and zoom out, moving the cursor button until the ANSYS graphics
shows all grids.

ANSYS Main Menu > Preprocessor > Modeling > Create > Nodes > On Working
Plane

Using the mouse, click on the ANSYS graphics window at the location of node
numbers 1-8.
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ANSYS Utility Menu > WorkPlane > Display Working Plane

ANSYS graphics shows the nodes with their number
Main Menu > Modeling > Create > Elements > Auto Numbered > Thru Nodes

Click on node 1 then 2,

and similarly for all elements, as shown in the figure below.

B x

ANSYS graphics shows the elements

This problem is a transient structural analysis. In the new analysis option, the type
of the analysis should be changed from static to transient. Then, the solution control
inputs will be activated to specify the transient input parameters such as the time
duration and time step size.
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Main Menu > Solution > Analysis Type > New Analysis

Finite Element Simulations Using ANSYS

m New Analysis

[ANTYPE] Typm ol anabysic

" Shatio
™ Modal
I Hamoni:
+ Trangier| ————
" Spectnm
 Eigen Bucking
 Subsbuctumg/CMS

Help

(&)

A select Transient

m Transient Analysis X

[TANOPT] Solutia

n method

& Full
™ Reduced
" Mode Superposn

0K

[LUMPM] Use lumped mass approx?

Cancel I

[~ Mo

Help

Main Menu > Solution > Analysis Type > Sol’n Control

!;' Solution Conirols

|_—"

==
/

Q0e3

Anslyen Dptisng
Semal Displacement Transiert =

™ Calculate poestress olfecs

Time Covind

Teedendolbadten  [500
Fudomaic bame ileppng F‘m
™ umbes o mbetapn

 [Time increment

Time ctep tize -
Minigwur fiwe: step [ 0
M gmimna e slep ,J_

Baic | Towsert | SoinOpii | Mo | Acvencedhl |

Wiite Ie b0 Flesuks Fle

AN sohution bems

" Bawc quanlies
™ Lisse salected

=
Todal Veiocty =
N odal Azzsleistion

=)
Fiequency:

Wiribn wney ik substes |-

whoe N = |1

(

ok | Help
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A type 500 in Time at end of loadstep
B turn Off the Automatic time stepping
C select Time increment

D type 5 in Time step size

E select Write every Nth substeps

By selecting the Nth substeps in the frequency, the results at every time step will be
stored in the ANSYS result file. Otherwise, only the result at time = 500s will
be stored. 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. Notice that the negative FY means that the force is in the
negative y-direction.

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

m Function Editor X
file Edt Help

Function l Hegms 'I] Regime 2] F=gime 3] Regime -!l Regms '3] Fegmes EI

i Function Type
+ Single equabon
o akaad

ion based sgime vaniable <Regme Yar»
XY Z) intetpreted in CS'YS: |0 =

ek = |-25£I]}2S:|D}'m|0.02"3 1415°(TIME]) R E— —@
| Degess = Radianz

LsT
\EI\I-I%W | TIME |

MIN ASIN &'
[ | SN | LN | 7 | 8 | 3 | ¢ | CLEAR |
RCL ACOS 10%%
570 I cos | LOG I 4 | 5 | B | 8 I L |
IMS MEM  ATAN SORT
ABS | TAN | A2 | 1 | 2 | 3 | | E
F %14y ’lﬂ
1Ny I atanz | oy 0 | ) | + | |E=|

A type the equation: —25000-25000*sin(0.02%3.1415*{ TIME})
B click on GRAPH
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m Plot Information X

Equation

Result=25000+25000"5in(0.02°3.4154TIME})

— Wariable Data

O TIMEI

~ Range Data

»-Axis Range:

—— O,
Number Of Paoints: [ 100 Q\
@— ——> Graph it | Owe | Hep |

A type 0 and 500 for X-Axis Range
B type 100 in the Number Of Points
C click on Graph

0 and 500 are the range of the data in 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
higher number of it will just create a smother plot. The equation should be saved.

=)
=3

2|
(=]
A

“grphple(1,2) AN

(x10%*1)
2400
1600
800
o
-800
¥ 1600
=-2400
=-3200
=-4000
=-4800
-5600

o 100 200 300 400 500
50 150 250 3so 450
X

ANSYS graphics shows the oscillating function of the force
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In the Equation Editor click on File then Save

X

Save As ?
Savein: |3 ANSYS | e®msE

My Recent
Daocuments

(2

Deskiop

I

My Documenis

—

My Computer

T

My Nelwork il e [ForceTime - s ]
Saveasiype:  [FUNC Files ["func) - Cancsl |

Save the file as ForceTime, and the file name is optional

After saving the function, it is required to load it to the ANSYS solution using the
read file.

Close the equation editor

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

X

Open ?
Lookin [ 3 ANSYS ] BB
_,& ZForceTime.func|

My Recent
Documents

Deskiop

My Documenis

—

My Computer

To

My Melwork File name: [cheTine func L]
Places
Flesofype:  [FUNC Files ["func) = Cancs|

i




piwstk|402064(1435433823

68 Finite Element Simulations Using ANSYS

A select ForceTime.func

T\ Function Loader X
Cowraments
&
1|
Tahle paramebes name
- == 20
Local i seshean i for fie, y, &) &
0 |
Fmdm}
Equation
Flesul = 25000+ 25000 002" 215 (TIME ) =
=
i~ Conatant Valus:
Mare ....I
ok | cawsl | He |

A type F_t in the Table parameter name, and this name is optional.

Main Menu > Solution > Define Load > Apply > Structural > Displacement >

On Nodes

Click on node number 1

VX Apply U,ROT on Nodes %

[D] Apply Displacements [UROT) on Nodes
Lab2 DOFs to be constained

Apply a5
If Constant value then:
VALUE Displacement valus

OK Spply

Cancel |

i Constant value ;I

-

Help |
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A select UX and UY
B type O in the Displacement value

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

Click on node number 5

m Apply U,ROT on Nodes X

[D] Applv Displacements [UROT) on Nodes
Lab2 DOF: to be constiained

Apply a5 |Ccmtanr value ﬂ
If Constant value then:
VALUE Displacement value 0 - @
oK Apply Cancel | Holp |
A select UY

B type O in the Displacement value

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

Click on node number 3

FiX Apply F/M on Nodes

[F] Apply FoiceMoment on Nodes
Lab  Direction of force/mom
Apply as

|f Constant value then:
VALUE Force/moment value

ey

OK Apply
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A select FY in the Direction of force/mom

B select Excising table

m Apply F/M on Nodes

Apply Table Loads
Existing table @
(i3 Apply Cancel |
A select F_T
b 1

ANSYS graphics shows the displacement and force with direction

The final step is to start the solution process. ANSYS will assemble the stiffness
matrix, apply the boundary conditions, and solve the stiffness matrix.

Main Menu > Solution > Solve > Current LS
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m Solve Current Load Step
[SOLVE] Begin Solution of Cunrent Load Step

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

0K | Cancel Help

[ Close |

The displacement history at the point where the force is applied is presented. In the
time history of the postprocessor, the location of the node is selected first, and then a
graph is created in the ANSYS graphics. The displacement history can also be listed.

Main Menu > TimeHist Postpro

m Time Hislory Variables - beam_Tran. rst

Fie Help
bt ¢ I | 5 o e ERSE |Rea =l
@ Werigbls Lt : @]
Tve g3 S =
=]
1| i |
Caleulator @

( | J [ =i E
MIN comd il
Lt | L] I N | 7 [ E

| 2 | ¢ [
ROL
srulassa| 106 | 4 [ 5 | 5 ‘ | - |
INS MEM SORT
485 |Amu| 2 I 1 [ 2 | 3 ‘ | £
INTY I 3 l
v |oenw[m| 0 | | f

A click on the green X button
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ViV Add Time-History Variable X

— Result ltem

54 Favoites =
& Nodal Solution

@& DOF Salution

E2 X-Component of displacement
®
i Z-Component of rotation

= Vlalasing Calidiae - I

= RAesult ltem Properties —

‘Yanable Name |LIY_2

ok | ey | Cae Help

A select Y-Component of displacement

Click on the node where the force is applied

m Time History Yariables - beam_Tran.rst

Fle Help
@_%g!}mﬂﬂmﬂﬂ i Ao ;j

{ [.<|
ik | =l
— o
[ | [ =i E |
M 0N &%
Sl | o | o | e
AL
smln:spl Losl 4 | 5 | 8 | | - |
N5 MEM SaRT
8BS | ATaM r‘zl 1 | 2 | 3 I | 5
N1 s é
[

IWlDEHNlFEALl ]

A click on the graph button
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(x10%*-4)

-.25

VALU  _

50 150 50 50 4350

ANSYS graphics shows displacement history of the selected location

Animation of the deformed structure from time = 0 to 500s can be easily accom-
plished using animate command in the PlotCtrol options. The number of the frame
in the animate over time is the number of pictures in the avi file, while the anima-
tion time delay is the display period between two pictures. One hundred animation
frames produce a good resolution animation file, and with 0.5s the animation file
duration is 50s (100 frames x 0.5 delay).

Main Menu > General Postproc

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

m Animate Over Time X

[ANTIME] Arvenate over time (interpolation of results)
Mumbes of aremination frames "IfJ'J—ll -+

®

Modsl ekt data
" Cunent Load Stn

 LoadStep Range

& Tims Range <—

OF

Range Mirwnum, Maamuan 1] I IHEE +— |
Auto conlou scaing [+ On
Arimation time delay [3ec] 0.5

[PLDI.FLNS FLVE FLES FLVFRC]
Contour data for arimation

®

oK I Cancal Heip

A type 100 in Number of animation frames

B select Time Range
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C type 0 and 500 for range Minimum, Maximum

D select Deformed Shape

PROBLEMS

2.1 For the bar structure shown in Figure 2.12, determine the reactions at the sup-
ports, and nodal displacements in the y-direction. Let £ =210GPa and A = 4.0 x
10~* m?. The applied force is 150kN.

2.2 For the bar structure shown in Figure 2.13, determine the reactions at the supports,
and nodal displacements in the y-direction. Let E = 210GPa and A = 4.0 x 10~* m2.

<

0.25 m

i 0.25m 0.25 m 4.|

\/

F

FIGURE 2.12 Bar structure for Problem 2.1.

<

0.1 m

10 kN <

Ho.lm —te———— 0.1m __‘

\{

20 kN

FIGURE 2.13 Bar structure for Problem 2.2.
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2.3 Determine the displacement at the points of the applied forces for horizontal
beam shown in Figure 2.14, and the reactions at the supports. Given E = 220 GPa,
A=20x10"*m? and [,,=4 x 10~ m*.

2.4 Plot the deflection curve for the beam shown in Figure 2.15, and determine the
reactions at the supports. Given E = 200GPa, A = 3.0 x 10 m?, and [, =
4x 104 m*.

2.5 For beam-truss structure shown in Figure 2.16, determine the maximum nodal
displacement, and identify its location. Also, print out the deformed structure.
Given E =230GPa, A =3.5x 102, and /,, = 3 x 10~* m*.

2.6 Using ANSYS, obtain the maximum displacement in the y-direction, and the reac-
tions at the supports for the beam truss shown in Figure 2.17. Given E = 180 GPa,
A=30x10"*m? and 7,,=3.5 x 10~ m*.

100 kN 50 kN

. %
- in R

FIGURE 2.14 Horizontal beam structure for Problem 2.3.

()
(=)
z
§ |
PP
e

I-—lm l 2m l 1m

FIGURE 2.15 Horizontal beam structure for Problem 2.4.

100 kN 100 kN

FIGURE 2.16 Beam structure for Problem 2.5.
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75 kN/m

FIGURE 2.17 Beam structure for Problem 2.6.

100 kN/m

5

1m JI 1m

4
—
3

X

FIGURE 2.18 Beam structure for Problem 2.7.

2.7 For beam-truss structure shown in Figure 2.18, determine the maximum nodal
displacement. Give E = 180GPa, A = 3.25 x 1072, and 1,, = 3.5 x 10~ m*.

2.8 For the beam truss shown in Figure 2.19, a transient force, with a frequency
f=0.02Hz and an amplitude Ap = 5S0KN, is oscillating harmonically around a
steady load Fs = 25kN. Use ANSYS to determine the displacement at the point
where the force is applied as a function of time. The total time for the loading
process is 250s. Use the given expression for the force to solve the problem. Given
E=210GPa,A=2.5x102m? and I,, = 4.5 x 10~ m*.

F(t) = Fs+ Apsin(2mnft)

2.9 For the beam truss shown in Figure 2.20, transient forces at two locations are
oscillating harmonically. Use ANSYS to determine the displacement at the points
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4

| 0.1m | 0.1m

FIGURE 2.19 Beam truss under dynamics loading.

FIGURE 2.20 Beam truss under dynamics loading at two locations.

where the forces are applied as a function of time. The total time for the loading
process is 300s. Use the given sinusoidal expressions to solve the problem. Given
E=180GPa,A=3.5x%x102m? and [,,=5 x 104 m*.

F1(¢) =10 x 10’ sin(0.017t¢)

F2(t) = 20x10° sin(0.015m7)
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and Vibration

3.1 DEVELOPMENT OF PLANE STRESS-STRAIN ELEMENTS

In this chapter, finite element development of two-dimensional solid elements 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 per-
pendicular to the plane, and is assumed zero. Or, the loads on the body are in the x—y
plane only. On the other hand, when the strain is normal to the x—y plane, the strain is
called plane strain. Physically, the plane stress—strain elements are characterized by

6,=0, 1,=0, 1t =0 (3.1

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

The three independent shear stresses can be presented in a vector form as follows:

a Q

{c} s (3.2)

A

The principal stresses are the maximum and minimum stresses in the two-dimensional
plane. The principal stresses can be calculated using the following expressions:

(3.3)

3.4

79
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yx

xy

dy

xy
dx

x

FIGURE 3.1 Two-dimensional state of stress.

The principal angle is defined as the normal whose direction is perpendicular to the
plane on which the maximum or minimum principal stress acts. The principal angle
can be calculated using the following expression:

0 ! tan™ 2Ty 3.5
= —tan - .
P2 c,—0, (3-5)

Figure 3.2 shows the principal stresses, and their direction, acting on a solid element.
The strain vector is given by

du
]
v
— — —_— 3.6
{e}=1¢ . (3.6)
Ty ou dv
_+_
[dy Ox|

From Hooke’s law, the normal and shear strains can be calculated for a two-dimensional
solid material using the following expression:

SR 37
€ = (3.7
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FIGURE 3.2 Principal stresses and the direction.
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€, =———vy—= 3.8
’E E ©8)
Yo = E . (39
To2(0-v) Y '

where v is the Poisson’s ratio, which is defined as lateral strain over the axial strain.
Normal and shear stresses in Equation 3.2 can be expressed in the following form:

o, 5 I v 0 €,
G, (= I v 1 0 €, (3.10)
To 0 0 I=vily,
Or, in a compact form,
{o} ={D}{e} (B.1D

The first step for the finite element formulation is to divide the domain into elements.
Different types of elements can be used, and the simplest type is the linear triangular
elements.

Figure 3.3 shows a plate subjected to tensile stress, and the domain is divided
into linear triangular elements. The linear triangular elements have three nodes.
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X

FIGURE 3.3 Finite element mesh for a plate.

The nodes are named i, j, and m. At each node, there are 2 degrees of freedom,
displacements in x and y, as shown in Figure 3.4. The nodal displacement vector
{d} is given by

=
al |
a1,
{d}=1d,1=1, (3.12)
d ’
,vm<
Vm
G I) "

FIGURE 3.4 Triangular element with displacements at the nodes.



Solid Mechanics and Vibration

83

Therefore, there are 6 degrees of freedom for each element. Since it is a linear

element, linear displacement functions can be selected as

u(x,y)=a, +a,x+a,y

v(x,y)=a, +a,x+a,y

(3.13)

(3.14)

The displacement equations can be solved because there are six constants, a, to a,
and six equations. The nodal x- and y-displacements for all nodes can be expressed

in the following matrix form:

ul 1 i yi al
u, e=11 x, ¥ {4,
Mm J »1 'xm ym | a3
Vl 1 i yl a4
vie=1 x; ¥y, [{4s
v, |1 ox, ¥,.]Ll%
Solving for a’s:
a, o, OLJ. o, u,
1
4= 24 B' B.f Bm U,
a, Yi Yj m u,
and
a, | o, o o,||v
aS = ﬂ Bi B; Bm v]
a6 Yi Jj m Vm

where A is the area of the element, which is

1
A=§[xl-(y_,- =)+ X, —y)+x, (v, =)l

(3.15)

(3.16)

3.17)

(3.18)

(3.19)
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and

O =X;¥, =YX, O; =X, 5 =Y, %, O, =Xy, =YX,
B, = Yi ™ Ymo B_/‘ =V " Vo B, =y - (3.20)

Vi =X, =X Yy =X =X Y =% =%

Substituting the values of a’s, B’s, and ¥’s into Equations 3.13 and 3.14:
1
u(x,y)= ﬂ[(a" +Bx+y o + (o, +Bx+y,u; +(a, +B,x+v,vu,1 (3.21)

1
v(x,y)= ﬂ[(ai FBx+y v +(o; +Bx+y, v, +(a, +B,x+v,9v,] (3.22)

The strain vector for a two-dimensional element is given in Equation 3.6. Using the
displacements v and u, the strain vector can be expressed as

Tx 1 Biui+Bjuj+Bmum
{e}=17, =1 YV YV YV (3.23)
’ny Yiui +Bivi +’Yjuj +ijj +’Ymum +Bmvm

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

V.

[Boo B0 B 0
D=0 v 0 v 0 v |{) (3.24)

v Bov Bov. B|]

The vector (Equation 3.24) can be expressed in a more compact form where the
[B] matrix is defined as follows:

{e}= [BI. B, Bm] (3.25)

ESENNEN
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where
Bl]=—|0 v,|, [B]l=—|0 |, [B,]J=—| 0 3.26
[B;] A Yi|» [B;] A Y, |- [B,] A V.| (3.26)
Yi Bi Yj B/’ ’Ym Bm

The matrix (Equation 3.25) can be expressed as
{e} =[Bl{d} (3.27)

The stress—strain relationship shown in Equation 3.11 can also be expressed using
[B] and [D] as follows:

{o} =[DI[BI{d} (3.28)

Using the principle of the minimum potential energy theory, the [k] matrix can be
obtained

[k]=tA[B]"[D][B] (3.29)

where
t is the thickness of the element
A is the area of the element

The global stiffness matrix can be obtained by assembling the stiffness matrix for
each element as follows

[K1= [k] (3.30)

e=1

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

N
[F1=Y[f] (3.31)
e=1
Also, the global displacement vector can be obtained by

[d]=Y[d"] (3.32)

e=1

Finally,

{F}=[K1{d} (3.33)
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In order to determine the nodal displacements, the global stiffness matrix must
be formulated. The general steps for solving solid mechanics problems are as
follows:

. Divide the domain into elements

. Formulate the [B] matrix for each element

. Formulate the [D] matrix for each element

. Formulate the [k] matrix for each element using calculated [B] and [D]
in steps b and ¢

. Assemble the [k] matrices to create the [k] matrix

. Formulate the equation matrix {F} = [K[{d}

. Apply the boundary conditions to the equation matrix in step f

. Solve equation matrix in step g to determine the displacements

a0 o

50 - O

Example 3.1: A rectangular plate subjected to a force

Determine the nodal displacements for a thin plate subjected to a force equal to
40kN, as shown in Figure 3.5. Use £ = 210GPa, v = 0.3, and t = 0.005 m. Divide
the plate into two elements only, as illustrated in Figure 3.6.

First, the [B], [D], and [k] matrices for element 1 are formulated. The element 1
has the coordinate shown in Figure 3.7, and the nodes are named i, j, and m.

The values of  and v are required for the [B] matrix using Equation 3.20, and A is
calculated from Equation 3.19, we have

B, =y —y,=0-025=-025
B, =v,—y=025-0=0.25

Bm=yi_yj=0_0=0

0.25 m

FIGURE 3.5 Geometry for Example 3.1.
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v F cos(30)

FIGURE 3.6 Element distribution for Example 3.1.

1

i @
(0,0) (05,0)

FIGURE 3.7 Element number 1.

Y, =x,—x;=0-05=-0.5

Y, =x-x,=0-0=0

Y,.=%X—%=05-0=05

24=0.125m?

Then, the [B] matrix is formulated using Equation 3.24

-025 0 025 0 0 O
0 -05 O 0 0 05
-05 025 0 025 05 O

1

Bl=——
B1= 5125

and the [D] matrix is formulated using Equation 3.11

jo > P [ sin(30)

87
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2oxae| 00

=222 03 1 0
=3 1-0.3

2

Finally, the [k] matrix for element 1 is obtained using Equation 3.29:

[0.6923 0375 —-0.288 —0.202 —0.404 —0.173]
0375 1255 -0.173 -0.101 -0.202 -1.15
-0.288 —0.173 0.288 0 0 0.173
-0.202 -0.101 0 0.101  0.202 0
-0.404 -0202 0 0202  0.404 0
| -0.173  -1.15  0.173 0 0 1.153 |

(k"] =10°

A similar procedure is done for element number 2, as shown in Figure 3.8. First, the
[B], [D], and [k] matrices for element 2 are formulated. The nodes are named i, j,
and m, as shown.

The values of B’s and y’s are required for the [B] matrix, using Equation 3.20, and
A is calculated from Equation 3.19, we have

B, =y —,=025-025=0
B, =y, -y =025-0=025
B, =~y =0-025=-0.25

Y, =x,-x;=0-05=-0.5

(0.5,0.25)

FIGURE 3.8 Element number 2.
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Y, =X —X, =0.5-0=0.5

Y.=%-%=05-05=0

2A=0.125m’

Then, the [B] matrix is formulated using Equation 3.24

1
[B]l=——r

0.125

0 0 025
0 05 0
-05 0 025

0 =025 0
0.5 0 0
0.25 0 -0.25

and the [D] matrix is formulated using Equation 3.11

_210x10°
1-3

0.3 0

1 0

0 1-0.3
2

Finally, the [k] matrix for element 2 is obtained using Equation 3.29:

[k*]=10

[ 0.404
0
-0.404
-0.202
0

| 0.202

0
1.15
-0.173
-0.15
0.173
0

-0.404
-0.173
0.692
0.375
—-0.288
-0.202

-0.202
-0.15
0.373
1.254

-0.1731

-0.101

Using Equation 3.30 the global matrix is formulated as

[0.6923
03750
~0.288
~0.202

0
0
~0.404

| -0.173

[K1=10°

0.3750
1.255
-0.173
-0.101
0
0
-0.202
-1.150

—-0.288
—0.173
0.692
0
—-0.404
-0.202
0
0.375

-0.202
—0.101
0
1.251
-0.173
-1.15
0.375
0

0
0
-0.404
-0.173
0.692
0.375
—-0.288
-0.202

0
0.173
—-0.288
-0.173
0.288
0

0
0
-0.202
—-1.15
0.375
1.254
-0.173
-0.101

0.202 ]

0
-0.202
—-0.101

0

0.101 |

-0.404
-0.202
0
0.373
—0.288
-0.173
0.692
0

89

—-0.173]
-1.15
0.375

—-0.202
-0.101

1.254 |
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The force—displacement equation is assembled using {F} = [K]{d} as follows:

fi | [4=0]
£ 4, =
f,. =40x 10 sin(30) d,,
f, =—40x10° cos(30) d,,
£ “Ma -0
fir d;, =0
£l d, =0
f4y ] _d4,v = Od

Simplifying the above relationship, we have
,]0.692 0 d,, . | 40 sin 30
10 =10
0 1.251]|d,, —40 cos 30
Finally, solving the above equation, we have

d,, =0.289x10™ m
d,, =-0.276x10" m

As expected, the negative d,, indicates that the node 2 is moved downward, and posi-
tive d,, indicates that the node 2 is moved to the right.

3.2 STRESS CONCENTRATION OF A PLATE WITH HOLE

For the geometry in Figure 3.9, use the ANSYS to determine the maximum stress
in the x-direction. Also, compare the ANSYS result with maximum stress using the
stress concentration factor, as shown in Figure 3.11. The applied pressure is 1 kN/m?,
and let £ =210GPa, v = 0.25, and # = 0.005 m.

In Figure 3.10a, a plate with a hole is subjected to a tensile pressure at both the left
and right sides. The stress near the hole is typically assumed uniform. However, from
the experimental observations, the stress is not uniform and it has a maximum value
near the hole, and it is greater than the average stress, as shown in Figure 3.10b.

The complexity of maximum stress can be conveniently treated using the stress
concentration factor (K). The maximum stress is equal to the average stress multi-
plied by the stress concentration factor (K). The maximum stress can be obtained
from the following relationship:

c =Ko (3.34)

max ave
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FIGURE 3.9 A plate with a hole subjected to a tensile pressure.
- d = ) %
(S ® D =*0 Omax +——— —_—

(a) (b)

FIGURE 3.10 (a) A plate with hole under stress, and (b) stress distribution near the hole.

The stress concentration for a solid plate with a hole can be obtained using Figure
3.11. The x-axis represents the ratio of the diameter of the hole to the width of the
plate, while the y-axis is the corresponding stress concentration factor. Note that
decreasing the diameter of the hole increases the stress concentration up to three
times the average stress.

Another practical geometry is a block subjected to concentrated force. In order
to determine the stress in the block, the stress at any vertical location can be calcu-
lated using ¢ = F/A. However, the experimental observations indicate that the result
will not be correct. The strain is maxima near the applied force. Therefore, the cor-
responding stress must be maxima. The stress is maxima close to the section of the
applied force, and becomes nearly uniform at the center of the block.

This example is limited to structural analysis. Hence, select Structural only in the
Preferences. A solid element is used, and its shape is a triangle with six nodes. The
following steps are for selecting the element type.
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FIGURE 3.11 Stress concentration factors for a plate with a hole.

Double click on the ANSYS icon

Main Menu > Preferences

mprniemnres for GUI Filtering
[KEYW][/PMETH] Prafesences fo GLI Fitering
Invdwidksad discipline(z] i shows in tha GLIT
v Stuchad 4—
[~ Themal
[~ ANSYS Fhad
[~ FLOTRAN CFD

©

Electiomagnetic.
[~ Magnetc Hodal
™ MagnsticEdge
[ High Fiequency
I | Elecinic
Note: I no individual disciplines are selected they wil all show,

Dizoping opbons
% heMethad
" pMethod Stuct
" pMethod Elacty

ok Carcel | Help

A select the Structural

0K

Main Menu > Preprocessor > Element type > Add/Edit/Delete
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m Element Types

X

Defined Element Types:
NONE DEFINED

Add... | Dptions... Delete |

Close Help I

m Library of Element Types
Dy stiuchual edement lypes ace shown

Liwary of Ebenant Types mruflulu_ﬂ Mass | | Guad ﬂmdl]‘.a?ﬂ?
ink [ 4 dnode

Elemeni lype reference rumbsae D

A select Solid

B select Triangle 6node 2

The Triangle 6node 2 is a triangular-shaped element with six nodes. A linear
triangular element is not available in the ANSYS element list. A quadratic element
with four and eight nodes is also available. The plate has a thickness, in the



94 Finite Element Simulations Using ANSYS

option, select plane stress with thickness. In the Real constant window, the thick-
ness is specified.

m Element Types

X

Defined Element Types:
Type 1 PLANE2

m PLANE2 element type options -

Dptions for PLANEZ, Element Type Ref. No. 1
:A

Element behavior K3

Extra siess output K&

|Nn exlra output LI

Elemenl outpul KB

| Basic element L]

0K I Cancel I Help I

A select Plane strs w/thk

0K



Solid Mechanics and Vibration 95

X

m Element Types

Defined Element Types:
Type 1 PLANE2

Add... | Dptions... Delete |
Close Help I

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

m Real Constants X
Defined Real Constant Sets
NONE DEFINED
Add. | Edt. | Detete |
Close | Help |

Add
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mElemenI Typefor... = O X
Choose element type:

Twpe 1 PLANE2

0K Cancel

0K

m Real Constant Set Number 1, for PLANEZ
Element Type Reference Ho. 1
Real Constant Set Ho.

Real Constant for Plana Stiess with Thickness [REYOPT(3)=3)
Thickness THK

A

®

Help

A type 0.005 in Thickness

Defined Real Constant Sets

Set 1

Add. | E@. | Dewte |

Ciose | Hep |
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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

Fi\Define Material Model Behavior =] -
Matenial Edk Favorte Help

Matedial Modals Defined Matensl Model: Available

= &8 Favores :
o Stuctuaal
i Linewr
@8 Elastic

© (i -«
@ Orthotropic
@ Anisotropic

&8 Nondinest

§ Densty

(B8 Themmal Expansion

(&R Damping

LJ B Frirtinn Fralfrierd ﬂ

©

A Double click on Structure > Linear > Elastic > Isotropic

The following windows will show up

m Linear Isotropic Properties for Material Num... X

Linear Isotropic Maternal Piopeities for Material Number 1

T1
Temperatuies | |
EX 12109 -

PRXY 0.25 Y=

OO

Add Temperature | Delete Tempcrature! Graph

ok | cocel | Hep

A type 210e9 in EX
B type 0.25 in the PRXY

oK
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A

0.25m

Y

G
— CE
G

— /~
A

FIGURE 3.12 Symmetry boundary conditions for a plate with hole.

D

Close the material model behavior window

The geometry is modeled by creating a square and a circle. A Boolean operation is
utilized to remove the circle from the square using overlap and delete commands.
Alternatively, the circle can directly be removed using the subtract command. The
advantage of symmetry in the problem is considered. Only the upper right quarter is
considered. Figure 3.12 shows the considered geometry used to solve 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 hori-
zontal symmetry line.

Main Menu > Preprocessor > Modeling > Create > Area > Rectangle > By

2 Corners
m Rectangle by 2 Corners <

* Pick " Unpick

WP % =
] =
Glohal ¥ =
v =

z

WP ¥
Up ¥
Width
fHeight

oK fApply

s
3660

Reset Cancel

Help I
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A type 0in WP X
B type 0in WPY
C type 0.25 in Width
D type 0.25 in Height

Main Menu > Preprocessor > Modeling > Create > Area > Circle > Solid Circle

m Solid Circular Area

&+ Pick " Unpick
Jur & -
v -
Global ¥ =
¥ o=
s -
uP X A.25 |
|"" X p *T-@
Radius [m!__@
oK | Apply |
Reset |  Cancel |
Help I

A type 0.25in WP X
B type 0.0in WPY
C type 0.025 in Radius

AREAS
TYPE MUM

ANSYS graphics shows the square and the circle
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Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap > Areas
Click on to select all areas

Main Menu > Preprocessor > Modeling > Delete > Area and below

Click on the hole to highlight it

1 AREAD mg &’S

TYPE NUM

ANSYS graphics shows the final geometry

The geometry is meshed with the triangular six-node elements. A free mesh is gener-
ated using the smart mesh option. The mesh refinement is 1.

Main Menu > Preprocessor > Meshing > Mesh Tool
Elernert Atiibutes.

Globsl - i
@—b 7 a5
Bt
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A select Smart Size

B set Smart Size to 1

C Mesh

Click on to mesh the computational domain
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ANSYS graphics shows the mesh

Pressure is applied at the left vertical side of the geometry. A negative pressure
means that the pressure is tensile.

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

In the ANSYS graphics, click on the left vertical line.

oK

Vi Apply PRES on lines
[SFL] Apply PRES onines as a IangLarI wahse vl

If Conztant vahes then:

VALUE Load FRES value _®
Hep |

I Constant vahe then:
Optional PAES vakses at and J of line
[leave blank for undom PRES |
Value

OK Apply Cancel
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A type -1000 in Load PRES value
Main Menu > Solution > Define Load > Apply > Structural > Displacement >
On Lines

In the ANSYS graphics, click on the right vertical line, where zero x-direction
displacement is applied.

0K

FiY Apply U ROT on Lines
[DL] Apphy Displacements (U ROT] on Lines
Lab2 DOFs to be constrained

Apaly a3
VALUE Displacement valus

] foot_|

A select UX
B type 0 in Displacement value

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

In the ANSYS graphics, click on the horizontal bottom line, where zero y-direction
displacement is applied.

FiY Apply U ROT on Lines
[DL] Apply Displacements [LAOT) on Lines
Lab2 DOFs to be constisined AN DOF
[
—ta
Apply az Constack vaki -
VALUE Displacement vabe 1:' -— _®
oK Aoply Concel | Heo |
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A select UY

B type 0 in Displacement value

The final step is to run the solution. ANSYS will assemble the stiffness matrix, apply
the boundary conditions, and solve the stiffness matrix. Results can be plotted and
listed in the general preprocessor task.

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step X
[SOLVE ] Begin Salution of Current Load Step

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

i OK | Cancel Help

i\i) Soltion s donel

The above windows indicate that the solution task is completed successfully. The
next step is for getting the results. The first figure shows the plate before and after
deformation. Inspecting this figure is very important 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.

Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape >

[PLDISF] Piot Deformed Shape
EUND  ltems to be plotted

" Def shaps only

& Dol + urdefoimed 4——— —@

oK J Apply Cancel Help |
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A select Def + undeformed

DISPLACEMENT
STEP=1

sup =1

TIME=1

DMX =.1Z5E-08

ANSYS graphics shows the plate before and after deformation

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

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

i contour Modal Solution Data =

Neen b b controged

(A Faveries £
(5} Modl Soksion
DOF Scluion
o Stress
@
& Y-Component of thess
@ Z-Companent of shess -
@ X Sheai stress
@ Y2 Shest dress
) ¥ Shear sress
@ 1ot Piincioal shess
) 2rd Principal shess
&3 3idPoncpal ivess

©)

& Stenintensly -
L 1 |
[~ Undisplaced shaps key
Undisplaced thapa key D elomed shape only =
Seaie Facior [ute Catculated x| [mmemea 4506
Additional Dptiora @

oK Apphy | Concel | Help |
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A click on Nodal Solution > Stress > X-Component of stress

T e
NODAL B0LUTION m& 1 -:‘

STEP=1

suB =1

TIME=1

8x (AVE)
REYE=0

DMX =.1Z5E-08
SMN =-75.441
sMX =2988B

x aar

o
-75. 441 605.415 1266 1967 2648
987 945.843 1627 2308 2988

ANSYS graphics shows x-direction stress contours

The stress contours show the location of the maximum stress in the x-direction,
as expected, at the top of the hole. The accuracy of the result can additionally be
improved if the number of element in the model is increased. The size of the geom-
etry could be increased by four if the symmetry is not considered, which will signifi-
cantly increase the numerical errors.

As shown in the stress contours, the maximum stress is 2988 N/m2. The maxi-
mum stress can also be obtained using the stress concentration in Figure 3.11. The
average stress is

1000 0.5

G, = =1111.11 N/m®
0.5-0.05

Using Figure 3.11, the stress concentration should be

K =2.625

and the maximum stress can be calculated using Equation 3.34 as follows:



piwstk|402064|1435433837
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o, =Ko, =2.625x1111.11=2916.66 N/m*

a.

Comparing the ANSYS maximum stress with maximum stress obtained from the
figure, the difference between the two results is extremely small, and the error is
equal to

_ 2988 -2916.66
2916.66

Error %100 =2.456%

3.3 DISPLACEMENT ANALYSIS OF A VESSEL

Determine the maximum displacement, in the radial direction, of the vessel shown
in Figure 3.13. Take the advantage of symmetry in the problem to reduce the com-
putational size. The pressure inside the vessel is 500kN/m?. The inner and outer
radii are 0.5 and 0.52m, respectively, and the height of the vessel is 0.25m. Let
E =180GPa and v = 0.33.

FIGURE 3.13 A vessel subjected to a pressure at the inner surface.

Double click on the ANSYS icon

Main Menu > Preferences
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m Preferences far GUI Fillering
[KEYWI/FMETH] Preferences for GUI Fitering
Indrvidhaal desciniined2] ta show in the GUI

F Shuciusl <=

©

™ Thermal
I ANSYS Flid
[~ FLOTRA&H CFD
Electromagnelic.

I~ Magnetichady
I Magneiic-Edge
I™ High Frequency
I Elechic

Blote: Il no individual dizcipines ane selected they vl all show.

Daoghng optens

@ hMethed
1~ pMethed Stuct.
™ pMethod Elech.

ok Cancal Hep J

A select the Structural

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

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

m Element Types

X

Defined Element Types:
NONE DEFINED

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

FiVtibrary of Flement Types
LAl ¥ ¥

DOy shiuchural eement lypes sre shown
Libray of Element Types | Struchaal Mass
Link
Beam
( Shel
Schid-Shell
Constramt
Element lype reference rumbe: ]
oK | Aoy | Cancel | Help

A select Solid
B select Quad 4node 42

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 is the x- and y-displacements. In the fol-
lowing steps, the element behavior is converted from plane stress to axisymmetric.
The results from the axisymmetric analysis should be more accurate than those from
the three-dimensional analysis, and the computational time should be less.

m Element Types X

Defined Element Types:
Type 1 PLANE42

Add.. Options... | Delete
Close Help

i
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ViV PLANE42 element type options

Dptions for PLANE4Z, Element Type Fef. No, 1

Element cocrd system defined K1

[Pavallto giobal |
Extra displacement shape: K2 e
Element behavior K3 |Asisymmetric = 4—@
Exlra shiess oulput K5 ,m
Extra surface culput k& [No extra autput ;I

oK | Concel | Help |

A select Axisymmetric in the Element behavior

0K

m Element Types

X

Defined Element Tvpes:
Type 1 PLANE42

Add... | Options... Delete

Close Help

For the material properties, the elasticity and Poisson’s ratio are required to solve
the problem.
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Main Menu > Preprocessor > Material Props > Material Models

Fi Define Material Model Behavior
Materal Edt Favorite Help

Matedial Models Defined Material Models Available

© Holrie HodelHumber 1

= &8 Favories &
o Stuchuaal
ﬁ Linsar
8 Flastc

© [ «
@ Orthotropic
@ Aniotropic

&8 Nondinesr

© Densty

(B8 Thesmal Expansion

(&l Damping

;J B2 Frrtine Mot ﬂ

®

A double click on Structure > Linear > Elastic > Isotropic

The following widows will show up

m Linear Isotropic Properties for Material Num... X

Linear Isotiopic Matenal Properties for Maternial Mumber 1

Tl
Temperatures
EX 180e8 -+

PRYXY 0.33 e

ole

Add Temperature | Delete Temperaturel Graph

0K | Cancel | Help

A type 180e9 in EX
B type 0.33 in the PRXY
Close the material model behavior window

The geometry is simply a rectangle. The advantage of symmetry in the problem is
considered. Only a cross-section area of the vessel is considered. Figure 3.14 shows
the considered geometry used to solve the problem. The axis of rotation must be the
y-axis, and no geometry is allowed in the negative x-axis.
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FIGURE 3.14 Axisymmetric models for Problem 3.4.

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

mneclangle by 2 Corners X

@ Pick " Unpick
WP % =
p -
Glohal ¥ =
Y =
Z =
WP ¥ B.5
up ¥ Ea=4

Width .A2 -

Height i‘ﬁ.zs -

oK [
Reset | Cancel |

Help |

GEe
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A type 0.5in WP X

B type 0in WPY

C type 0.02 in Width

D type 0.25 in the Height

Main Menu > Preprocessor > Meshing > Mesh Tool

Element Atuibutes
Global -vI Sat
e ¥ Smai Sud
e EV[E| i
Fne 1 Cosrse
Size Conuiols:
Ghobal Sel I Cleat I
Area Sat I Claat I
Lines Sel l Clas I
Copy [ Fip I
(7 Sel Clea I
Keyptz Sel Claar |
Meste [ Apas -

A select Smart Size

B set Smart Size to 1

C Mesh

Click on to select the computational domain
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ELEMENTZ

ANGYS

ANSYS graphics shows mesh of the cross-section area of the vessel

Pressure is applied at the left vertical line. A positive pressure means that the pressure
is compression, while the top and bottom lines are fixed.

Main Menu > Solution > Define Load > Apply > Structural > Pressure > On

Lines

In the ANSYS graphics, click on the left vertical line where pressure is applied.

m Apply PRES on lines >

[SFL] Apphy PRES on lines as a

| Constant value - I

If Corstant value then:
VALUE Load PRES value

P [

_®

If Constant value then:
Dptional PRES values at end J of ine
[leave blark for uriform PRES |
Value

ok | Aoply |

Cancel

[ ]

A type 500e3 in Load PRES value
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Main Menu > Solution > Define Load > Apply > Structural > Displacement >
On Lines

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

m Apply U,ROT on Lines
[DL] Apply Displacaments (U.ROT) on Lines
Lab2 DOFs to be conshaned

r 3
®

&l DOF

Apply as |I2amrant value o |
VALUE Displacement value b Je—
o | Apply Cancel | Koo |

A select All DOF

B type 0 in Displacement value

0K

The final step in the solution task is to run the solution. ANSYS will assemble the
stiffness matrix, apply the boundary conditions, and solve the stiffness matrix.
Results can be plotted and listed in the General Preprocessor task. Inspecting the
deformation plot will help to identify if any boundary condition was wrongly applied.

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step

[SOLVE] Begin Solution of Current Load Step

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

oK Cancel Help
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(&) sousonis done

The above window indicates that the solution task is accomplished successfully.
The next step is for getting the results.

Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape

[PLDISP] Plot Defomed Shape
KUMD  ltemns lo be photted
" Def ghaps only
@ oot +———(4)
(" Def + undef edge
o | Apply Cancel Hep |

A select Def + undeformed

0K

?J

:

1 YS
DISPLACEMENT AN“\" b
sTEP=1
SuB =1
TIME= 1

DMX =.456E-04

ANSYS graphics shows the vessel wall before and after deformation
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The above figure indicates that the upper and lower sides are fixed. At the middle,
the vessel wall is bended to the outside, and the maximum displacement is exactly in
the middle, as expected.

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

I\ Cantour Nodal Salutian Data X

Iern i be contoured

& Favoiles 2
8 Nodal Sohsion
@ DOF Schiion
2
@ W-Lomponen of displacement
i Dirplacement vector 1um
Stess
B4 Total Strain
Elastic Sirsin
Plastic Shiein
Cieep Shian -
(54 Themal Stran
Total Mecharcal and Themmal Stran
D Sweling shrain =l
] I

Undisplaced thaps key

Undisplaced shape key [ Deformed shape criy E|
Seale Facter | Ao Calcuisted =274 323776745

©,

Addtional Otins @|

ok | seeh | camew | hep |

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

WODAL BOLUTION ms\',s

STEP=1
auB =1
TIME=1
ux (AVG)
REYS=0
DMX =,207E-04
X =.207E-04

| == b |
0 "A59E-05 "BIBE-05 T130E-04 L 184E-04
.2308-05 .680E-05 L1158-04 .1612-04 .2078-04

ANSYS graphics shows x-direction displacement contours
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The displacement contours shows the location of the maximum displacement in the
r-direction. Maximum displacement is exactly in the middle. The maximum dis-
placement is equal to 0.456 x 10~* m. To visualize the results in three-dimensional
space, follow the following steps:

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

m 2D Axi-Symmetric Expansion

[/EXFAND] 20 Axi-Symmetric Expansion
Selact expansion amount
€ 174 espansion)
" 1/2 expansion
(" 3/4 expansion
" Full expansion <¢——— —@
" Mo Expansion
Alsa reflect about w2 plane: [ Hao
oK Apply Cancel Help
A Full expansion
NODAL SOLUTION m
STEP=1
SUB =1
TIME=1
/BXPANDED
ux (AvVE)
RIYS=0
oMX =.207E-04
sMX =.207E-04
0 .4598-05 S1B8E-05 .138E-04 .184E-04
.230E-D5 . 639E-05 .115E-04 .161E-D4 .207E-04

ANSYS graphics shows x-direction displacement contours in three dimensions
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AN
A

0.01 m L

0.1m

0.01 m L

0.07 m 0.07 m

0.01 m

FIGURE 3.15 The I-beam.
3.4 THREE-DIMENSIONAL STRESS ANALYSES OF 1-BEAMS

The I-beam shown in Figure 3.15 is fixed at the left side and under a uniform pres-
sure of 500kPa at its upper surface. The total length of the I-beam is 2m. Solve the
problem in a three-dimensional space to determine the maximum displacement in
the y-direction. The properties of the I-beam are E = 210 GPa and v = 0.33.

This example is limited to structural analysis. Hence, select Structural only.
Three-dimensional solid elements must be used, and shape of the selected element is
tetrahedral with 10 nodes. The following steps are for selecting the element type.

Double click on the ANSYS icon

Main Menu > Preferences

T Preferances for GUI Filtering
KW J/PHETH| Prebevances for Gl Fteorg
Indhchil dacicinel] 1o shew i the 50

W Zvactesl

>

™ Themal

I ANV Fud
I~ FLOTRAN CFD0

Bl i
I~ Magrefichindsl
™ Magratic-Ecge
I High Fisgquancy
™ Ewcic
Mcle: If ro indricual dociping: a0 sbiscind thy wil ol show

Crecelom sotons

7 pMeibed Strust
™ pMetbed Elech
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A select the Structural

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

m Element Types

X
Defined Element Types:
MONE DEFINED
Add,.. Optiohs... | Delete
Cloge | Help |
ml ibrary of Elemenl Types
Dy shiuchural edsment lypes ars shovm
Libeary of Element Types Struchuaal Mazs I layesed 45 -~
Link Tl layered 151 =
Beam |
Shel
Sehid-Shell
Conshraint
Elernent lype referernce number :I
oK Aonly | Concel | Help

A select Solid
B select Tet 10node 187
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m Element Types X

Defined Element Types:
Type 1 SOLID187

Add... Options... | Delete
Cloge | Help |

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

mﬂclinc Material Model Behavior = LB
Material Edt Favorite Help
| Mateiial Modsls Defined Matesial Models Avaiable i
© Meteial ods! e 1 =l G Fovaies =
i Stuctural
i Linesr
i Ebstic
o T < n
@ Orthatropic
@ Arisotropic
& Noninesr
@ Density
@ Themal Expansion
&8 Dampng
J B Fiirbioon bt LI
L 2] | i

A double click on Structure > Linear > Elastic > Isotropic
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m Linear Isotropic Properties for Material Num... X

Linear |solropic: M atenal Propeities for Matenal Number 1

T
Temperalures -
EX 2103 —————
PRXY 0.33 ‘—-—-—-—._.__________

o0

Add Terrpera!ue] Delste Temnerntural Graph

0k | cowcd | Hep |

A type 210e9 in EX
B type 0.33 in the PRXY

0K

Close the material model behavior window

The used technique to model the I-beam is quite simple. The following steps are
performed to create the I-beam:

1. The work plane is prepared with an appropriate grid spacing and size.

2. Key points are created on the work plane.

3. Lines are created by connecting the two key points to form the frame of the
I-beam.

4. The area of cross section of the I-beam is created.

5. The cross-section area of the I-beam is extruded to form a three-dimensional
I-beam.

Utility Menu > WorkPlane > WP Setting

i
|
oob & ©




122 Finite Element Simulations Using ANSYS

A select Grid Only

B type 0.01 in Snap Incr

C type 0.01 in Spacing

D type 0 in Minimum

E type 0.15 in Maximum

ANSYS Utility Menu > WorkPlane > Display Working Plane
ANSYS Utility Menu > PlotCtrls > Pan, Zoom, Rotate

Click on zoom in and out, moving the cursor button until the ANSYS graphics shows
all grids.

ANSYS Main Menu > Preprocessor > Modeling > Create > Keypoints > On
Working Plane

Using the mouse, click on the ANSYS graphics window at the location key points,
as shown in the figure below.

oK

: SYS
— ANGSYS

TYFE NUM

ANSYS graphics shows the key points

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

Create a line by clicking on two key points, as shown below

0K
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_ poINTS
TYPE UM

ANGSYS

et
az

po

11

12

ANSYS graphics shows lines

ANSYS Main Menu > Preprocessor > Modeling > Create > Areas > Arbitrary >

By Lines

Click on all lines to create one area

i POINTS
TYPE NUM

ANGSYS

o

11

ANSYS graphics shows cross-section area of the I-beam



124 Finite Element Simulations Using ANSYS

The cross-section area of the beam is ready to be extruded. The area is extruded along
its normal direction in the negative z-axis, and the total length of the beam is 2 m.

ANSYS Main Menu > Preprocessor > Modeling > Operate > Extrude > Areas >
Along Normal

Click on the area of the I-beam

m Extrude Area along Normal

[VOFFST] Esirude Area alang Nomal
MAREA Area to be extivded

—
DIST Length of extrusion [ <—HHA
| -

KINC - Eeppoint ncrement

oK e Carcel | Hep |

A type 2 in the Length of extrusion

The area is now extruded in the negative z-direction. The isometric view and projec-
tion views of the beam can be created using the Pan-Zoom Rotate tool. In addition,
the beam can be rotated. The beam is meshed with smart size of 7 to have a fast solu-
tion process for this example. The smaller smart mesh size will take a considerable
amount of time, but the results will definitely be more accurate.

Utility Menu > PlotCtrls > Pan Zoom Rotate

Widow [1 7]

o] ] 1 [+—(B)
50 3] oo
| n] ]
Zoom | BackUp

Bz i)
S
sEi >

x-0/0+x]
]
5 = |

FRate
I~ Dymarmic Mode
7 Motsl €

Fe | Rest
Oose | Help
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A click on the Iso

ANGSYS

VOLUMES
TYFE NUM

ANSYS graphics isometric view of the beam

Main Menu > Preprocessor > Meshing > Mesh Tool

ot |

= — |

®_";w“4 2

r_ 77 Comm
Sire Contecls

aos 34| ol

pow s | (O]

Y e

| |

L R |

T
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A select Smart Size
B set Smart Size to 7
C Mesh

Click on |Pick All|in meshed areas window

ELEMENTS

ANSYS graphics shows the mesh

The left area of the beam is fixed, and pressure is applied at the upper surface of the
beam. A positive pressure means that the pressure is compression.

Main Menu > Solution > Define Load > Apply > Structural > Displacement >
On Areas

In the ANSYS graphics, click on the left area, where zero displacement is applied.

(D] Apply Displacements [L1LADT | on dreas /-\
Lab2 DOFs to be conshaned \I_\/
Apply 2 Il"mrw value -]
I Conztant value ther:
VALUE  Displacemen value I —
oK Aosly Cencel | Heo |

A select All DOF

B type 0 in Displacement value
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Main Menu > Solution > Define Load > Apply > Structural > Pressure >

On Areas

In the ANSYS graphics, click on the upper surface

m Apply PRES on areas

[SFa] Apply FRES on areas as a

Canstant valus "l

|f Constant value then:
WVALUE Load PRES valus

= —H®

LKEY Load key, usually face no.
[required onby for shell elements]

ok |

foply |

Cancel

[

Help

A type 500e3 in Load PRES value

oK

VOLUMES
TYPE NUM

ANSYS graphics shows the applied boundary condition
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Main Menu > Solution > Solve > Current LS

m Solve Current Load Step F.3
[SOLVE] Begin Solution of Cunent Load Step

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

0K |  Cancel Help

T\ir) Saksion s donel

[ Close |

The above windows indicate that the solution task is accomplished successfully.
The next step is for getting the results.

Main Menu > General Postproc > Plot Results > Deformed Shape

mPlr_\l Deformed Shape .

[PLDISF] Piot Defomed Shape
KLUND  Items to be plotted

(" Del shape only|

Dol undelomed <& N

N

" Del + undef edge

oK Apph Cancel Help

A select Def + undeformed

0K
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! YN
DISPLACEMENT AN:) 1o

STER=1
SUB =1
TIME=1
DMX =.073574

ANSYS graphics shows the beam before and after deformation

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

mContnul Nodal Solution Data =

Item to be contouned

EA Favoubes -
o Modal Selution
@ DOF Soluticn
D -Component of displacement
O VComponent of dtacerert # @
@ Z:Component of displacement
@ Displacement vactor sum
(64 Stress
Total Stran
(B4 Elastic Strain
Plastic Strain
(54 Creap Strain
Thermal Shan

(B4 Total Mecharical and Themal Strain -l
| L= |
Undisplaced shaps key

Undisplaced shape key [Uei’o'mec shape only hd|
Seale Factol [nuo Calculated =||.35910392555
Addiional Options ®|

ok | sy | ceeed | hep |

A click on Nodal Solution > DOF Solution > Y-Component of displacement
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NODAL SOLUTION m
STEF=1

SUB =1

TIME=1

wy (AVE)

REYS=0

DMX =.073574
8MN =-.073519
SMX =.693E-05

— —
-.073519 =.05718 ~.0a0841 =.024502 -.008163
-.065349 -.04901 -.032671 -.016332 . 693E-05

ANSYS graphics shows Y-direction of displacement

As shown, the maximum displacement is 0.0693 m in the negative y-direction. The
stresses can be presented in a similar manner.

3.5 CONTACT ELEMENT ANALYSIS OF TWO BEAMS

Two horizontal beams are placed close to each other, as shown in Figure 3.16. Both
beams are fixed at the left side, and a pressure of 15MPa is applied only to the
upper beam. As a result, the upper beam will deflect and meet the lower beam.
Determine the maximum deflection of the first and second beams in the y-direction.
Given E = 200 GPa and v = 0.33 for both beams. The friction coefficient between the
two beams is estimated to be 0.2.

I 0.01 m
: 0.0025 m
| T

0.1m

FIGURE 3.16 A contact element problem.
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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 reasonable result. Contact problems present two main difficul-
ties. First, the regions of contact cannot be predicted accurately. The contact region
depends on the loads, material, boundary conditions, and other factors. Second, most
contact problems need to account for friction. There are several friction laws and
models to choose from, and all are nonlinear, which makes solution convergence
even more difficult.

The basic steps for performing a contact analysis are as follows:

1. Create the model geometry and mesh. This step is typical for solving any
ANSYS problem. The solid model is created that represent the geometry,
element types, real constants, and material properties.

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

3. Select contact and target surfaces. Contact elements are constrained
against penetrating the target surface, but target elements can penetrate
through the contact surface. If a convex surface is expected to meet a flat
surface, the convex surface should be the contact surface. If one surface
is smaller than the other surface, the smaller surface should be the contact
surface.

4. Define the target surface. The target line should be defined in this step, and
this step can be accomplished effectively using the contact wizard.

5. Define the contact surface. The contact line should be defined in this
step, and this step can be accomplished effectively using the contact
wizard.

6. Apply the boundary conditions. Any type boundary conditions can be
applied in the contact problems.

7. 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 the number of steps or the time step size itself.
However, the best way to set an accurate time step size is to turn automatic
time stepping on in ANSYS solution options.

8. Solve the contact problem. Just ensure that the problem is fully converged.

9. Finally, getting 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 ANSYS icon

Main Menu > Preferences



132 Finite Element Simulations Using ANSYS

ml’m!rn‘-nrr’. far GLI Filtering

[KEYW/PME TH] Preferences for GUI Fitesrg

Incivariuenl dhacinineda] fo show in the GUI
W Shuchss <% @
I Thamal
™ ANEYS Flad
I~ FLOTRAN CFD

Iectomegnetic.

I~ MagreticHodal
™ MagratcEdge
™ High Frequency
I Elechic

Hete: B ng indivicud discplnes s selesied they wil o show.

Dacglrms aotors
7 Mathed
I~ p-Melhod Siuct
™ pMethod Eleclr,

oK Cancal Help

A select the Structural

This example is limited to structural analysis. Hence, select Structural only. Solid
element is used, and its shape is rectangle with four nodes. The contact simulation
required another two types of element: the target and contact elements. These two
elements will be introduced into the model when the contact wizard tool is used. The
following steps are for selecting the element type.

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

m Element Types X

Defined Element Types:
MONE DEFINED

Add. Options... Delete
Close Help |




Solid Mechanics and Vibration 133

m Library of Element Types

Dy stiucturel sbsmment lypes ae shown
Libray of Element Typss Stractural Mass -~ /]_3\'
int S =N/
@ > Tiiangle Bnade 2 |
Aud-hav dnods 25 »
A |Quad dncde 42
Elamend lype reference mumbe: :I
ok | Apoly I Cancel ] Help

A select Solid
B select Quad 4node 42

0K

m Element Types

X

Defined Element_ Types:
Type 1 PLAME42

Add... Optiohs... |

Close I

o

Help
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Main Menu > Preprocessor > Material Props > Material Models

m Define Material Model Behavior
Materisl Edk Faverte Help

[ Material Modsiz Dafned IMatenal Model: Availsble
© Mol Hode! s 1 =l Favortes =
@ Stuchaal
i Linew
B lzotopic
© Drthotiopic
@ Aninbopic
(i Monlrear
8 Densty
(I Themal Cxpansion

& Damprg
;I B Fricbicn Crallicind Li

©,

A double click on Structural > Linear > Elastic > Isotropic

The following widows will show up. For the material properties, the modulus of
elasticity and Poisson’s ratio are required to solve the problem.

m Linear Isotropic Properties for Material Num... X

Linear lsotropic Maternial Propeities for Matenal Number 1
_ LU |
Temperatuies | _- : @
EX 200e9 <
PR=Y 0.33 +— B
1
Add Temperature| Delete Temperaturel Graph
ok | Caed | Hep |

A type 200e9 in EX
B type 0.33 in the PRXY
Close the material model behavior window

Main Menu > Preprocessor > Modeling > Create > Areas > Rectangle > By
2 Corners
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m Rectangle by 2 Corners
# Pick  Unpick

WP % =
") =
Glohal ¥ =
Y =

I
2655

A type 0in WP X

B type 0in WPY

C type 0.1 in Width

D type 0.01 in the Height

Apply]
mﬂeciangle by 2 Corners \
* Pick " Unpick
WP % =
L' -
Glohal ¥ =
v =
S Yo
up X
up v 8125 —
s (T (0
g
D
OK [ Apply | \O
Reset I Cancel [
Help I

A type 0in WP X

B type 0.0125in WPY
C type 0.1 in Width

D type 0.01 in the Height
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Main Menu > Preprocessor > Meshing > Mesh Tool

1
o g
s

A select Smart Size
B set Smart Size to 1
C Mesh

Click on |Pick All|in meshed areas window

ELEMENTS

ANSYS

ANSYS graphics shows the mesh
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In this problem, the top surface of the lower beam is conventionally designated as the
target surface because it is stationary, while bottom surface of the upper beam as the
contact surface because it is moving. Both contact and target surfaces are associated
with the deformable bodies. These two surfaces together comprise the contact pair.
The Contact Manager is very effective 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 creating
contact pair very convenient.

Main Menu > Preprocessor > Modeling > Create > Contact Pair

m Conlacl Manager

@—b EN ] 5[ Cornctn Taper =1 R <] ] [l i o Mo Corter =1 Al [choose 2 recudtiem =]
Contact Pars @
D [Cordout Bt | Tt | Curtant | Pt Hunks | P Hempr: 1 -]
=
= i

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, then the contact surface.
anma‘:l Wizard - 00X

A contact pair consists of & target suface and contact suface. You will
first define tha targst surface,

Target Suiface: Target Type:
& Lines % Mexible
" Body|aea) © Figd
" Nodes C Rigd w/ Filot
" Nodal Component ¢~ Piiot Node Only

[Advanced Option)

A click on the Pick Target

Using the mouse, click on the top surface of the lower beam.
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E_‘Cumdr_[ Wizard - 0K

The contact surface moves into the target surfacs

LA Gl ekl
€ Fuonts @+ Sutace-toSulace
(% Lines " ModetoSurface
™ Body laea)

" Nodes
-

INodal Component

|
ETR— TS Oy

cBack | [Hots | Camcel | mee |

A click on the Pick Contact

Using the mouse, click on the bottom surface of the upper beam.

m Contact Wizard -

a
X

The contact pair is now ready to be created using the following
sellingz

Dy Structural DOF has baen detected

[ Create symmslic par
[ Include initial penetration
Friction:

Matenal ID

1
Coefficient of Fricion.  [2~ =i —®
Thermal Cantact Conductancs Iﬁ
Electic Cantac! Condustance ,ﬁ




Solid Mechanics and Vibration 139

A type 0.2 in the Coefficient of Friction

m Contact Wizard

The contact pair has been created. To interack vith the
contact pair use 1eal set 1D 3.

Finish Help

Finish

" ELEMENTS ANGSYS
TYPE NUM

ANSYS graphics shows the contact region
Close the contact manager window

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

In the ANSYS graphics, click on the vertical right lines of the both beams, where
zero x- and y-displacements are applied.
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m Apply UROT on Lines
[DL] Apply Displacaments (U.ROT| on Lines

Lab2 DOFs to be conzlizined F - @
ux

uy

all DOF

Apply a5 Il'lcrntarﬁ value - |
VALUE. Displacemen valus o
o | Apply Cercel | Hep |

A select All DOF

B type O in Displacement value

Pressure is applied at the top surface of the upper beam. A positive pressure means
that the pressure is compression.

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

In the ANSYS graphics, click on the top line of the upper beam.

[SFL] Apply FRES on knes as a Itmsr.'nr value 'l

If Constant vaiue ther:

VALUE Losd PRES value e — _@

IF Constant value ther:
Dptional PRES values at end | of ine
(leave blark for uriform PRES |

van —

{113 Apply Cancel Help




Solid Mechanics and Vibration 141

A type 15e6 in Load PRES value

The solution control is quit complicated. The small displacement static is selected.
The problem is solved as a static, and the time of the loading process is 1. Using
a number higher than 1 will have no effect on the final solution. The total time
is divided into 100 subsets. ANSYS is forced to perform at least 50 subsets run
regardless of the convergence, and a maximum of 110 subsets runs. In the Frequency,
the Write every Nth subsets is selected to ensure that all subsets data are saved for
postprocessor.

Main Menu > Solution > Analysis Type > Sol’n Control

Basic | Towiert | SofnOpions | Noninear | Advanced WL |
1 Analysis Options e tems to Resuks File
®— — ]5mdi Displacement Static =| % 4B solubion iems
I~ Calcudate preshiess sffects " Basic quantties
" User selecled
Time Contral o
: =
" Time &l end ol ladstep ]‘I
Automatic lme slepprg | Prog Chosen =] -
@\ % Number of substaps Fraouency. N
‘\‘_\‘ © Time ncrement J\n-fl'm avery Nih subatep = \lj/.
Mumber of substeps 100 Na ,1—
@- | Maxno. of substeps ﬁ_ll
-—_____' Min ro. of substeps 50

1119 Cancel Help

A keep Small Displacement Static
B type 1 in Time end loadstep

C type 100 in Number of steps

D type 110 in Max inc. of substeps
E type 50 in min no. of substep

F select Write every Nth substeps
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Main Menu > Solution > Solve > Current LS

m Solve Current Load Step
[SOLVE] Begin Solution of Cunent Load Step

Review the summary information in the lister window [entitled “/STATUS
Command'"], then press OK to start the solution.

i oKk | Cancel Help

i

The above windows indicate that the solution task is accomplished successfully. The
next step is for getting the results. It is important to upload the last set of the solution
iterations for the postprocessor task.

Main Menu > General Postproc > Read Results > last set
To present the results in the actual scaling, the true scale should be selected.

Utility Menu > Plot Ctrls > Style > Displacement Scaling

m Displacement Display Scaling
[/DSCALE] Scaling of Displacement Displays

WM Vindon e T

DMULT Displacement scale lacto
= Auto calculsted

v 1.0 e scale] 4——@

" 0.0(cll)
" Uzat specified
el —
[/REPLOT] Replot upan OK./&pphy? iFtepbt vl

0K Apply Cancel Help




piwstk|402064/1435433912

Solid Mechanics and Vibration 143

A select 1.0 (true scale)

Main Menu > General Postproc > Plot Results > Deformed Shape

mplol Deformed Shape

[PLDISP] Piol Defomed Shape
KUND  Items to be photted

" [Del shape oriy|

= Del + undeloimed p—— —@

" Def + undel edge

oK Apply Cancel Hep |

A select Def + undeformed

I DISPLACEMENT
ETEP=1
SUB =53
TIME=1
DMX = .006823

e

ANSYS graphics shows the plate before and after deformation

The above figure indicates that the upper beam is deflected downward because of the
effect of the pressure and reached the lower beam, which is deflected downward. In
the next step, the contact status is displayed, maximum displacement and the contact
pressure are determined.
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Main Menu > General Postproc > Plot Results > Contour Plot > Nodal Solu

_ﬂ‘ Contour Nodal Solution Data

— [1afa bo b

Totsl Mecharical and Themsl Stsin £
D Sweling st
(B Enegy
o Contact
@ Conlscl slelus /;\
: Nz

@ Contact piesaure

& Contact friction strass
D Contact totsl stress

@ Conlact shding dislance
& Contact gap detance
) Contact haat fiux

@3 Conlact chaltering

B4 Falure Ciiteria =l
i =]
| Undisplaced shape key
Urcisplaced shapa key D formed shape ol =l
Soae Factr Aulo Calculated i[o7azrerroes
Addiional Dptions ®|
ok | ey | ceced | Hep |

A click on Nodal Solution > Contact > Contact status

oK

‘ ANSYS
NODAL 20LUTION

STEP=1
gUB =53
TIME= 1
CONTSTAT (AVE)
DMx = .006823
aMx =2

llllllllllllﬂll_l_l_llllllllllllllllllllll |

FarOpen NearContact gliding

ANSYS graphics shows the location of the contact location
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The contact status contours shows the locations of the contact in the problem, includ-
ing the three regions: no contact (FarOpen), near contact (NearContact), and contact
(Sliding).

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

mCuntnul Nodal Solution Data X
Itemn to be contourad

£ Favoubes -
& Modal Schsion

@ DOF Sohion
D . Componeont of displacemant
@ ;

i Diplacement vector sum

A Stess

(&4 Total Strain

Elastic Stiain

B3 Plasic Shan

A Creep Stian

(B4 Themnal Strain

Total Mechanical and Theimal Stiain

) Sweling shiain d
i A

~ Undisplaced shape key

Undisplaced shaps key |.“ A shape ary ~|
Seale Factor | Auito Calculated =||a73zz57772403

" e
* \&)

Addtionial Optians ®|

ok | ey | o | He |

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

0K

¥
NODAL SOLUTION m“)\ls
STER=1
SUB =53
TIME=1
uy (AVG)
REYEs0

DHX =, 006823
MN =-.006811

———— —
-, 006811 -, 005297 -. 003784 —.00227 - 157E-03
-, 006054 -, 004541 -.003027 -, 001514 0

ANSYS graphics shows the contours of displacement in the y-direction
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The maximum displacement in the y-direction is occurred in the upper beam, which is
equal to 0.00681 m and the maximum displacement for the lower beam is 0.004541 m.

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

m Contour Nodal Solution Data

 lemto b

©4 Totd Stiain =
Elastic Stiain
£ Prastic Shiein
Croep Sain
& Themal Stan
&3 Totsl Mechanical and Themmnal Strain
@ Sweling shan
&4 Erery
@ Contact
@ Cortact status
@ Corlact peretistion
o Eopea +
& Contact fricbon stress
& Contact total shess _.]
| I |

| Undisplaced thape key

Undisplaced shapekey | Deformed shape crly H
Soale Faclor |Auto Calzulated =||n 732559253801

©,

Addiional Dtiors
ok |t | coed | e |

A select Nodal Solution > DOF Solution > Contact pressure

0K

ANSYS

NODAL SOLUTION

STERP=1

SUB =53

TIME= 10
CONTERES (AVG)
DX =.006824
SMX =.354E+0%

<TETE+08 +1572+039 «23I6E+09 «J15E+09
- I94E+08 - 1138409 - 19TE+09 .2T6E+09 -IS4E+09

ANSYS graphics shows the contact pressure
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The above figure indicates that the maximum contact pressure is equal to 354 MPa.

3.6 VIBRATION ANALYSIS

In this section, 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 nec-
essary for solving and understating vibration problems. Figure 3.17 shows a mass—
spring system subjected to time-dependent force, F(f), where m is the mass of the
system and k is the stiffness of the spring.

Applying the Newton’s second law, the equation of motion of the spring—mass
element in the x-direction can be expressed as

F(t)—kx = mi (3.35)

If the applied force, F(?), is equal to zero, Equation 3.35 becomes a homogenous ordi-
nary differential equation. The solution of this equation gives the natural frequency
of the oscillating mass

k
o’ =— (3.36)
m

where o is called the natural frequency of the free vibration of the mass. The nat-
ural frequency depends only on the spring stiffness and the mass of the system.
Substituting Equation 3.36 into the equation of motion of free vibration:

i+0’x=0 (3.37)
In order to derive the finite element equations for the vibration, the element shape is

selected. The element, as shown in Figure 3.18, has an initial length L, cross-section
area A, and density p. Local force are applied at each node.

k
TV

Q0)
T T T T TIF T

FIGURE 3.17 Spring—mass system subjected to a time-dependent force.

S 1 2 Sox
—— I —————
dAlx dAZx

FIGURE 3.18 Spring element.
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The displacement function is assumed linear along the local x-direction as
follows:

i=a, +a,x (3.38)

The value of a’s can be determined using the boundary conditions and the result is

i= (1 _Z) d, + (Z)du (3.39)

The strain—displacement relationship is given by the equation: {e}=1B] {Q}}, and [B]
and {d} are

1 1
[B]_[_Z Z] (3.40)

and

>

c’i — Alx
{d} { dh} (3.41)

The stress—strain relationship is given by
(0.} =[DIlle,1=[DI[BI{d} (3.42)

Applying the Newton’s second law at each node, the internal force at each node can
be written as

e ad

fo=f.+m, ai‘; (3.43)
"o ad
\fZex = f‘Zx + m2 ai\zzx (3'44)

where fe is the applied external force, and m, and m, are obtained by lumping the
total mass of the element, and equally distributed at each node as follows:

—m = PAL (3.45)
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The above results can be expressed in a matrix form as follows:
azalx

(3.46)

fii — ‘flx + {ml O :| afz
f‘;x fA‘Zx 0 m2 82&2)'
i’

Using Equation 3.42, and the definition of [12], the matrices (Equation 3.46) can be
(3.47)

{Feo}=[k]{a} + vin{a}

written as
where
~1 AE| 1T -1
k|=— 3.48
[ ] L [—1 1:| ( )
., PAL|1 O
=— 3.49
[m] 2 [0 1 (3.49)

which is also called the lumped-mass matrix, and the acceleration:
(3.50)

a0 {d}
o of?

{d}

D’Alembert’s introduced the effective body force X¢, and body force is in the oppo-
site direction of the acceleration, and the body force can be expressed as
(3.51)

S

(3.52)

| =

Since the element mass matrix can be defined as
A N
LU X Xy

L L

=[]

~| =

The body forces at the node can be evaluated as
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X
1= m . Llixyav (3.53)
L
Using the definition of {X°}, the body force can be expressed as
1_;
{r3=-][fe . Lliav (3.54)
Vv —
L
Since,
a X i 4
@-[1-% X
the body force can have the following form
fc
X x 4 N
i} mp SlL edsamd e
L
Or, in a simpler form
¢ 1‘; i %
A 1-— —|dx .
= pfp B [ ” L]dx (3.56)
L

Applying the Newton’s second law, the equation of motion of the element in the
(3.57)

x-direction can be expressed as
(F()} =[K1{d}+[M1{d}

where
F(@) is the force matrix
[K] is the stiffness matrix
{d} is the displacement vector

[M] is the mass matrix
{d} is the acceleration vector
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The global matrices are assembled in the same manner as the global stiffness matrix
as follows:

[F]= i[f“’)]

(3.58)
[K]= i [K(e)]
— (3.59)
1= 3 "]
= (3.60)

where
N is the number of elements
e is the element number

3.7 MODAL VIBRATION FOR A PLATE WITH HOLES

For the geometry shown in Figure 3.19, determine the frequency of first five free
vibration modes for a solid beam with six holes. Also, create animation file for the
third mode. Let t = 0.005m, E = 210 GPa, v = 0.25, and p = 5000kg/m3.

This example is limited to vibration analysis. Hence, select Structural. The geom-
etry is meshed with triangular six-node elements.

Double click on the ANSYS icon

Main Menu > Preferences

m Preferences far GUI Fillering
[KEVW)/PMETH| Prefesences for GUI Fibering
Inchvickind discinireds] ta show in the GLI

W Stuclual =& @
[ Thamal
™ ANSYS Fhid
[~ FLOTR&H CFD
Electiomapnetc:
I~ MagnelicNodai

™ Magnelic-Edge

™ High Frequency

I Elechic
Mate: If no individual discipines are salsctad they vl al show,
Dicphng oolicns
& h-Method
™ p-Method Struct
" pMethod Electr.

[1[3 Cancal 1 Help
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+
1

0.2m—>|-—0.2m—~| |-—OA2m—-|

FIGURE 3.19 A plate with six holes.

A select the Structural

0K

Material properties of the structure are defined in following step. It is elastic and
independent of the direction, isotropic. The modulus of elasticity, Poisson’s ratio,
and density are required to solve this problem. In addition, the plate has a thickness, and
the thickness is specified in the real constants.

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

m Element Types X

Defined Element Types:

Add.. I Elpticm...l Delete |
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ml ibrary of Elemenl Types

Oy stivchunzl edamen! lypes are shown
Libraty of Ebsment Types

Shuchaal Mazs -~
( T 2

Beam =i
‘Sclg-rScIL.
Conghaint |
Elsment lype reference rumbst D
oK Aoy | Corcel | Heln
A select Solid
B select Triangle 6node 2
m Element Types X

Defined Element Types:
Type 1 FLANE2

Add... I Options... Delete

Close Help

m PLANE2 element type options
Dptiore for PLANE2, Element Type Ref. No. 1

Elsment behavior K3 i frrie <—®
Extra stiess output K5 {No extra cutput -]
Element oulpul K& | Basic slement ~|

0K Cmr:dl Hehl
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A select Plane strs w/thk

m Element Types X
Defined Element Types:
Type 1 PLANE2
Add... I Options... | Delete |
Close Help
Main Menu > Preprocessor > Real Constants > Add/Edit/Delete
m Real Constants X
Defined Real Constant Sets
NONE DEFINED
Add. | Edt. | Delete |
Close | Help |

Add
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m Element Type for Real Co... X

Choose element typs:
Tope 1 PLANE2
(i1 Cancel

m Real Constant Set Number 1, for PLANEZ
Element Type Aefsence Mo 1

Real Constant Set No. l:'

RAeal Constant for Plans Stisss with Thickness (KEYOPT(3)=3]

: YN
T " ®
o | fopy | Cancel | Help
A type 0.005 in Thickness
Main Menu > Preprocessor > Material Probs > Material Models
mneiinn Material Model Behavior - O
Matadial Ect Favorts Hel
Material Modsis D sfired Material Models Avaiatle
= @ Favortes =
@ Structural
B Linewr
i Elaic
o ®
§ Orthotropic:
© Arisotropic
& Moninear
9 Demsity L
(@8 Themnal Expansion
=8 Dam
..'.J & :...ui‘i‘.ls.‘_‘ _'J
LT i) A i
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A double click on Structure > Linear > Elastic > Isotropic

The following windows will show up

m Linear Isotropic Properties for Material Num... X

Linear lsotiopic Matenal Properties for Matenial Number 1
_ T1
Tempsratues | | @
Ex 210e8 o+
PR=Y 0.25 - B
Add Temperature | Delete Ten'perab.nel Graph
0K I Cancel | Help |
A type 210e9 in EX
B type 0.25 in the PRXY
Main Menu > Preprocessor > Material Props > Material Models
mncfine Material Model Behavior - OX
Matarisl Edt Faverte Hedn
[~ Material Modstz Dafined — Material Model: Avagable -
o3 Meteria Mode! Humber 1 = g Faveaes 2
£ Linea |eotinpic i Stuchual
i Linew
i Elxtic
& leniropic
@ Orthotropic
@ Arisiropic
(i@ Nonliness
o DEH < (A
(B8 Thesmal Expansion \"'j
= ot -l
£l Jii | 4] [
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A double click on Structure > Density

The following windows will show up

E! Density for Material Number 1 X

Density for Material Mumber 1
Temperatures |
DENS 5000 - @
Add Terrperauel Delete Temperaturel Graph
oK | cocd | Hep |

A type 5000 in DENS
Close the material model behavior window

The geometry is modeled by creating a rectangle and circles. Boolean operation is
utilized to remove the circles from the square using overlap and delete commands.
Alternatively, the circle can be directly removed by using the subtract command.

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

mlhtmngll: by 2 Corners

& Pick " Unpick
WP X =
¥ -
Global ¥ =
Vo=
. -®
L
WP ¥ A a—H
WHdth .4 < @
Height -2 -]
oKX ! fpply \®
Reset ! Cancel
Help l
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A type 0in WP X

B type0in WPY

C type 1.4 in Width

D type 0.2 in the Height

Main Menu > Preprocessor > Modeling > Create > Area > Circle > Solid Circle

m Solid Circular Area

* Pick " Unpick
WP ® -
Y -
Global ¥ =
Y -
Z= /@
WP ¥ @.2 e
WP ¥ 8.1 =
fRadius B.85 == @
oK | apply |
Reset | Cancel |
Help

A type 0.2in WP X
B type 0.1in WPY
C type 0.05 in Radius

0K

The other circles can be created using the copy area in the modeling main menu.
The number of circles including the original circle is 6 and the space between the
circles is equal to 0.2 m.

Main Menu > Preprocessor > Modeling > Copy > Areas

Using the mouse, select the solid circular area
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[AGEN] Copy Areas
ITIME Number of copies -

DX Heoffsetin active C5 2
DY  Y-offset in active CS
DZ Z-offsetin active C5

KINC Keypoint mcrement
NOELEM Items to be copied Areas and mesh

i

ok | Aonly | Cancel | Hep |

A type 6 in Number of copies
B type 0.2 DX

oK

Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap >
Areas

Click on |Pick All|in select area to select all areas

Main Menu > Preprocessor > Modeling > Delete > Area Only
Click on the all circles to highlight them

0K

ANGTS

TYPE NUM

OO0 0000

ANSYS graphics shows the final problem geometry
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The geometry is meshed with triangular six-node elements. A free mesh is generated

Finite Element Simulations Using ANSYS

using the smart mesh option. The mesh refinement is 1.

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Smart Size
B set Smart Size to 1

C Mesh

click on [Pick All|in mesh area to select the computational domain

MeshTool

Elemant Attributes:
Global - Sel
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‘ ANGSYS

ELEMENTS

ANSYS graphics shows the mesh

The analysis type is changed from Static to Model. The required number of free
modes to be calculated is 5.

Main Menu > Solution > Analysis Type > New Analysis

m New Analysis
IANTYPE] Type of analysis
" Static
= Modal

®

" Harmanic

" Tiansient

~ Spectium

" Eigen Buckliing

" Substructuring/CMS

A select Modal

Main Menu > Solution > Analysis Type > Analysis Options
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FiY Modat Analysis
[MODOPT] Mode sxtiaction methad
&+ Block Lanczos
™ Subspace
1~ Powerdynamics
™ Reduced
" Unaymmedic
" Damped
I OR Damped
No. of modes lo ediact . e @
st " ”
[MXPAND]
[Expand mode shapes W e
NMODE Me. of modes to axpand 5 ;..1 ®
Elcal Caloulals elem resuls? [ Mo
[LUMPM] Use umped mass sporou? " Ne
ForP . il be used
[PSTRES]Incl peestinss effects? I Mo
[MSAVE] Memory eave ™ No
-orly appkes i the PowerDynamict method i selected
oK Cancel Heo |

A type 5 in No. of modes to extract
B type 5 in NMODE

FiYBlock Lanczos Method
[MODOPT] Options for Block Lanczos Modal Analsis

FREQB Start Freq (mitial shift)
FREQE End Frequency
Nimkey MNomaslize mode shapes To mass matix |

|

oK | Cancel Help

oK

Boundary conditions are applied as follows. The left vertical line of the beam is
fixed, while the other lines are free. No force is applied because the case study is
free vibration.

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

In the ANSYS graphics, click on the left line where zero displacement is applied

oK
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m Apply U.ROT on Lines

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

WALUE Displacement value

0K Apply

A select All DOF
B set VALUE to 0

Main Menu > Solution > Solve > Current LS

Fi\'solve Current Load Step X

[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 0K Cancel Help

i\i) Soluion s donel
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The solution task is done. The solution is ready for the postprocessor analyses. First,
the result for a second mode is selected, followed by a display of the static deforma-
tion. The deformation of the fifth mode is also presented. Then, a list of frequencies
is displayed. Finally, an animation file is created that simulates the vibration for the
third mode.

Main Menu > General Postproc > Read Results > By Pick

iV Results File: P36.rst

Avalable Dala Sels:
Set Frequency Load Step Substep Cumulative
1 10853 1 1 1
2 56583 1 2 2 -~ -@
3 995.20 1 3 3
4 1400.0 1 4 i
5 naz 1 5 5
Hest ] Previcus
(o] _te |

A select Set 2

Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape

[PLDISP] Plot Deformed Shape
KUND  ltems to be plotted
(" Def shape only
" Def + undef edge
oK Apply Cancel Heb |

A select Def + undeformed

oK
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 DISPLACEMENT ANGSYS

STEP=1
SuUp =2
FREQ=585.834
DMX =.746403

ANSYS graphics shows the beam before and after deformation

Main Menu > General Postproc > Read Results > By Pick

ch-.uhs File: P36.rst

Avalable Data Seis;
Set Frequency Load Step Substen Cumulative
1 10853 1 1 1
2 585.83 1 2 2
3 99920 1 3 3
4 1400.0 1 { 4
5 97 1 5= 5 1 (A
TFiesd | Hew Previous |
Close I Help.

A select Set 5
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Main Menu > General Postproc > Plot Results > Deformed Shape

mPIDI Deformed Shape 4

[PLDISP] Plot Deformed Shape
KUND  Items to be plotted
(" Def shape only
" Def + undef edge
oK Apply Cancel Heb |

A select Def + undeformed

0K

DISPLACEMENT
STEP=1

sUB =5
FREQ=2320
DMX =. 665067

1_,:,_;‘-;“. g_‘».

ANSYS graphics shows the beam before and after deformation

To display the frequencies of the vibration mode, a list of results can be used as
follows:

Main Menu > General Postproc > List Results > Detailed Summary
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B

|
wamun  |NDEX OF DATA SETS ON RESULTS FILE wwwws
SET  TIHE-FREQ LOAD STEF  SUBSTEF CUMULATIVE
1 188.53 1 1 1

2 585.83 1 2 2
3 999.20 1 3 i
4 1488.8 i 4 4
5 2319.7 1 5 5

The frequencies of the beam without holes can be obtained theoretically, and the first
five frequencies are

First mode: f= 106.8306 Hz
Second mode: = 669.47 Hz
Third mode: f= 1874.5Hz
Fourth mode: f=3673.3Hz
Fifth mode: f=9070.95Hz

The first mode, which is 106.83 Hz, is very close to the results obtained by the ANSYS
which is 108.53. The difference between the ANSYS and the theoretical solution for
the second mode is about 14%. This error is expected because the geometry of the
theoretical solution has no holes. The error of the third, fourth, and fifth frequencies
is large. Next, an animation file is created for the third vibration mode.

Main Menu > General Postproc > Read Results > By Pick

.mﬂ.c-,ulls File: P36.rst

Aivalable Dala Sets
Set Frequency Load Step Substen Cumnudative

1 10853 1 1 1
E B =7 H—— = =1 (A

4 1400.0 1 4 4

5 a7 1 5 ]

Fead Next Previous
_ e | _tep |
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A select Set 3

Main Menu > General Postproc > Plot Results > Deformed Shape

m Plot Deformed Shape

[PLDISP] Plot Deformed Shape:
KUND  Items to be plotted

" Def shape only

0K Apply Cancel Help I

A select Def + undeformed

Utility Menu > PlotCtrls > Animate > Mode Shape

m Animale Mode Shape

Animation data
No. of frames to create
Time delsy (seconds]
Accelerslion Type

&+ Linear

" Sinusaidal
Nodal Sohtion Data
Display Type

oK j Cancel Help I
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Animation will be shown in the screen of the third mode. The number of frames to
create in the above window is for the number of screen shoots for the animation file,
and a higher value will generate a better resolution movie, but with a larger file size.
The time delay is the time between each screen shots, and increasing the time delay
will increase the duration of the movie. The total duration of the move is simply the
number of frames times the time delay, which is 5.

3.8 HARMONIC VIBRATION FOR A PLATE WITH HOLES

For the plate with holes shown in Figure 3.20, a load is applied at the end of the plate
as shown in the figure. The magnitude of the force is SO0N, and the frequency of the
load is varied between 1 and 700Hz. Let t = 0.005m, E = 210 GPa, v = 0.25, and
p = 5000kg/m3. Create a graph showing the relationship between the displacement
at the point where the force is applied and the load’s frequency.

Since the geometry of the present problem is the same as in the previous example,
follow the steps in the previous example to model and mesh the geometry.

|
e0z000 I

e 02m —s}e—02m—s] l—o02m—]

FIGURE 3.20 A plate with six holes.

Main Menu > Solution > Analysis Type > New Analysis

m New Analysis

[ANTYPE] Type of analysis
" Static
" Modal
& [Hamonic| q——@
" Transient
" Spectrum
" Eigen Buckling
" Substructuring/CMS

Ok Cancel Help |

A select Harmonic

This example illustrates the full method for the harmonic vibration because it is
simple compared to the reduced method. However, the full method makes use the
full stiffness and mass matrices and thus slower and costlier option.
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Main Menu > Solution > Analysis Type > Analysis Options

m Harmonic Analysis
[HROPT] Solution method

R -] <+

[HROUT] DOF printout format

| Real + imaginary |- B

[LUMPM] Use lumped mass approx?

OK | C-mmll Hebl

I~ No

A select Full

B select Real + imaginary

oK

The following window will show up. Use the default settings

m Full Harmonic Analysis

Options for Full Hamonic Analysis
[EQSLY] Equation solver
Tolerance -

- valid for all except Frontal Solver
[PSTRES] Incl prestress effects?

0K

Cancel

0K

Boundary conditions are applied as follows. The left vertical line of the beam is
fixed, while the other end is free. Force in the negative y-direction is applied on the

node at the upper right corner.

Main Menu > Solution > Define Load > Apply > Structural > Displacement >

On Lines

In the ANSYS graphics, click on the left line where displacement is applied

0K
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m Apply U,ROT on Lines

[DL] Appl Displacements [UADT] on Lines
Lab2 DOFs to be constianed

A
®

Apply 25 Constant value "I

VALUE Real part of disp

o __ 1B
VALUEZ Iiag part of disp ] _®

oK | Apply Cencel | Help |

A select All DOF
B set VALUE and VALUE 2 to 0

Next, the information about the magnitude and phase of the load are provided to
the ANSYS solver. The magnitude of the load is SO0N and its phase is 0. The phase
is important when two or more cyclic loads are applied. However, for a harmonic
analysis, all loads must have the same frequencies.

Main Menu > Solution > Define Load > Apply > Structural > Force/Moment >
On Node

In the ANSYS graphics, click on the node where force is applied

m Apply FIM on Nodes
[F] Apply Force/Moment on Nodes

Lab  Direction of force/mom ([ — _@
Apply as [ Constant value |

If Constant value ther:

VALUE Real pait of force/mom [0 Je——

VALUE? Imog part offorce/mom o :

ok | Apply Cancel | Hep |

A select FY
B type -500 in Real part of force/mom
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C type 0 in Imag of force/mom

Main Menu > Solution > Load Setp Opts > Time/Frequency > Freq and Substps

mHalmonic Frequency and Substep Options s

Harmonic Freguency and Substep Options
[HARFRG] Hamanic freq range [U ] |'.’ULI ‘_}_

[MSUBST] Humber of substeps 100 s ————|
[KBC|] Stepped cr tamped b.c.

" Ramped
# Stepped —————

© OO

0K | Cancel Help

A type 0 and 700 in the Harmonic freq range
B type 100 in Number of substeps
C select Stepped

oK

The plate will be subjected to a force at 1, 2, 3, ..., 700 Hz. By specifying the stepped
boundary load, the load of S00N will be applied at each of the frequencies. If the
ramped option is used, the magnitude of the load will be 1 N at 1 Hz, 250N at 350 Hz,
and 500N at 700Hz.

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step X
[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.

oKk Cancel Help

(1) soutonis done
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A graph that shows the displacement at a specific location in the plate as a function
of frequency can be done easy with the time history feature of the ANSYS. In the
following steps, the displacement at the node where force is applied is plotted as a

function of frequency.

Main Menu > TimeHist Postpro

4 g |
Lot @l
[ of
IIII =l - |
LT
lﬂxluhlu!ll’;l-! i n_m]
AL
ol

A click on the green X button

Using the mouse, click on the node at the
ANSYS graphics area.

oK

The following windows will show up

m Add Time-History Variable
[~ Resuk ltem

84 Favorites
@ Nodal Solution
g DOF Solution
@ ¥-Component of displacement

upper right corner of the plate in the

(B4 Stress
P Claskia Chenin
4

©,

Resukt |tem Properties
Variabla Name IUY_2

ok |

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

In the ANSYS graphics, click on the node where force is applied

oK

FiY Time History Variables - .\P37.rs1
L
HREE S e S8 [angiese — =]
@’ Varisble List @|
Mome _|Element INode  [ewhlites Ik [Megmum D0k | 1]
2
7| 2
bt &
| |
) | = |
WHCOR) e
ol 3 B A I N A Y
Bt
o0l I O I
WS MEM £
m-l_n‘l’mlu’:l 1 I ;!3' . ‘ E
Ll E
wolfoemlven] o | | - | &
A click on the block graph button
- ANSYS
AMPLITUDE
(x10%*-2)
1.25
1.125
1
875
o 78
5 L6285
.8
.78
ED
128
o
0 160 320 480 540 800
80 240 400 s60 720
FREQ

ANSYS graphics y-displacement as a function of frequency
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The results from the displacement versus frequency are consistent with the result
obtained in the previous problem. The jumps in the displacement shown in the above
figure are occurred at the natural frequencies of the first and second modes of the
plate, which are 108.53 and 585.83 Hz. To observe the other natural frequencies, the
frequency range should be increased from 700 to 2400Hz to have all five natural
frequencies.

3.9 HIGHER-ORDER ELEMENTS

In this section, the stiffness matrix for higher-order elements is presented. The
first higher-order type is a triangular element with six nodes. Each node can carry
2 degrees of freedom and total of 12 degrees of freedom for each element. Figure
3.21 shows the basic six-node triangular element. The procedures for development
of the equations are similar to the procedures for a linear triangular element.
Since there are 6 degrees of freedom for the x-displacement and 6 more for the
y-displacement, the displacement functions should be quadratic:

u(x,y)=a, +a,x+a,y+ a4x2 +asxy+ a6y2 (3.61)

V(X y) = a, +agx+a,y+a,,x” +a,xy+a,y’ (3.62)

The unknown nodal displacements can be expressed in a vector form as follows:

FIGURE 3.21 Six-node triangular element.
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{d}=

Y
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(3.63)

The stress—strain matrix for six-node triangular elements is same as for the six-node

triangular elements. [D] matrix is defined as

E 1 v
[D]= =|v 1
1-v
00
The [B] matrix is a function of x and y:
B, 0 B, O B, 0 B,
[B]:ﬂ 0 Y, 0 Y 0 Ys 0
Yo Bov Byovs By
where
4hx 4hx
=-3h+—+4 =—h+—
Bl b y Bz b
B, =4y Bs=—4y
4b
ylz—3b+4x+Ty v, =0
Y, =4x Vs =4b—4x—

V4
Ba

(3.64)
Bs 0 By O
0 vs 0 v, (3.65)
YS BS ’Yb B6
[33:0
8hx
=4h———-4
B PR
4by
V=
Yo = —4x
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b and h are the width and the height of the element, respectively. The stiffness matrix
is determined by performing the integration of [k]:

(k1= [[[IBT"[DIB1dV (3.66)

The stress can also be determined using the following equation:
{o} =[d]{e} (3.67)

ANSYS software called the six-node triangular element PLANE2 element. This ele-
ment has a quadratic displacement behavior, and it is well suited to model irregular
geometries.

Rectangular elements are also commonly used to mesh solid structures. A linear
rectangular element, Figure 3.22, has four nodes at the corners. Each node has 2
degrees of freedom. ANSYS has this type of element in its library, and it is called
PLANE42. The displacement function for this element is

u(x,y)=a, +a,x+a,y+a,xy (3.68)
v(x,y) = as +agx+a,y+ayxy (3.69)

A higher-order rectangular element is the quadratic element. This element has
eight nodes, four at the corners and four at the sides, as shown in Figure 3.23. With
this element, the sides can be bended to model complex geometries. ANSYS has
this type of element in its library, and it is called PLANES82. The displacement
function is given by

u(x,y)=a,+a,x+a,y+ a4x2 +asxy + aﬁy2 + a7x2y + ag)cy2 (3.61)

V4

V3
Uy

Us
V2
Uy
Uy
yL
x

FIGURE 3.22 Four-node rectangular element.
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FIGURE 3.23 Eight-node rectangular element.
v(x,y)=a,+a,x+a;y+ alzx2 +a,xy+ a14y2 + alsxzy + amxy2 (3.62)

PROBLEMS

3.1 The plate shown in Figure 3.24 is subjected to a compression pressure, and the
applied pressure is 25 MN/m?. Let E = 210GPa, v = 0.25, and ¢ = 0.005m. Use
ANSYS to determine the maximum stress in the x- and y-directions, and also

the maximum displacement in the y-direction. Use triangular six-node elements
with smart size mesh of 1.

3.2 A solid plate is loaded with 250 MN/m? on both sides as shown in Figure 3.25.
Obtain the maximum stresses in the x-direction. Also, obtain the stress concentra-
tion factor (K). Compare the ANSYS result with maximum stress using concen-
tration factor using Figure 3.11. Given E = 210GPa and v = 0.3. Use triangular
six-node elements with smart size mesh of 1.

Pressure
0.005 m

0.02m

Fixed

ol
I

FIGURE 3.24 A plate subjected to a compression pressure for Problem 3.1.
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R 0.005 m

0.02 m

| |
[ 0.05m |

FIGURE 3.25 A solid plate loaded on both sides for Problem 3.2.

3.3

34

3.5

3.6

A solid plate with four holes is subjected to pressure of 100 MN/m? on both sides
as shown in Figure 3.26. Obtain the maximum stress and displacement in the
x-direction. Given E = 190 GPa, v = 0.33, and = 0.001 m. Use triangular six-node
elements with smart size mesh of 1.

A solid mechanical member is loaded as shown in Figure 3.27. Determine the
magnitude and direction of the maximum displacements. Solve the problem in
three-dimensional space. The applied force is 100N. Given E = 210GPa and
v =0.25. Use Tel 10node element with smart size of 10.

For the plate shown in Figure 3.28, determine the first five vibration modes of
natural frequency. Also, create animation file for the third vibration mode. Let
t=0.005m, E = 180GPa, v =0.33, and p =4500kg/m3. Use quadratic four-node
elements with smart size mesh of 1.

For the geometry shown in Figure 3.29, a load is applied at the end of the plate, as
shown in Figure 3.29. Let 7= 0.005m, E = 180 GPa, v =0.33, and p = 4500 kg/m?>.
Create a graph showing the relationship between the displacement in the x- and
y-directions at the point where the force is applied and the load frequency. The

0.01 m
0.02m '

' 0.02m

T

t

+

0.01

&

0

o
3

0

=
3

3

FIGURE 3.26 A solid plate with four holes for Problem 3.3.
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L 0.1m |

003 O O 2 x R 0.0025 m

R0.01 m

0.01m 0.02m

T

0.005 m

FIGURE 3.27 A solid mechanical member for Problem 3.4.

b 004m ——

T

0.01 m

1 0005m
4

| 0.06 m |

FIGURE 3.28 Geometry for Problem 3.5.

le
I

0.06 m |

FIGURE 3.29 Geometry for Problem 3.6.

magnitude of the force is 100N, and the frequency of the load is varied between
1 and 10,000Hz with 200 subsets. Use quadratic four-node elements with smart
size mesh of 1.

3.7 For the airplane wing shown in Figure 3.30, determine the first five modes of
natural frequency. Let E = 180GPa, v = 0.25, and p = 3500kg/m3. Solve it as
three-dimensional problem. The left end of the wing is fixed. Use tetrahedral
10-node elements with smart size mesh of 1.
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§
~N
>
R 0.005m

FIGURE 3.30 Airplane wing for Problem 3.7.

3.8 A solid mechanical member is loaded as shown in Figure 3.31. Determine the
first three modes of the natural frequency. Given E = 210 GPa, v = 0.25, and
p = 3200kg/m?3. Use tetrahedral 10-node elements with smart size mesh of 5.

H@ﬂ

RO0.15m R0.03 m

NANNANN

AN

FIGURE 3.31 A solid mechanical member for Problem 3.8.
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F
I
02m
A I
FIGURE 3.32 A contact element problem.

0.02 m
0.0025 m

3.9 Two horizontal beams are placed close to each other, as shown in Figure 3.32.
Both beams are fixed at the left side, and force of 200kN is applied to the
upper beam. As a result, the upper beam will deflect and meet the lower beam.
Determine the maximum deflection of the first and second beams in the y-direction,
and contact pressure. Given E = 180GPa and v = 0.25 for both beams. The
friction coefficient between the two beams is estimated to be 0.1.



4 Heat Transfer

4.1 INTRODUCTION TO HEAT CONDUCTION

Whenever a temperature gradient exits in a solid, heat will flow from a high-
temperature region to a low-temperature region. The basic governing heat conduction
equations are obtained by considering a plate with a surface area A and a thickness
Ax, as shown in Figure 4.1. One side is maintained at a temperature 7}, and the other
side at temperature 7,. Experimental observation indicates that the rate of heat flow
is directly proportional to the area and temperature difference, but inversely propor-
tional to the plate thickness. The proportionality sign is replaced by an equal sign by
introducing the constant k, as follows

Tl_Tz

Q=kA @1

where k is the thermal conductivity of the plate, and this property depends on the
type of the plate material. Equation 4.1 is also called Fourier’s law. Fourier’s law can
also be expressed in differential form in the direction of the normal coordinate:

dr
Q=—kA-- 42)

Also, Fourier’s law can be expressed for multidimensional heat flux flow:
., oT . oT ., dT
0o =—k(—t+—1+—kJ @.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 4.2. The objective of this energy
balance is to obtain the temperature distribution within the solid. The temperature
distribution can be 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 by the
terms, Q.”, Q,”, and Q.. The heat flux at the opposite surfaces can be then expressed
using the Taylor series expansion of the first order, as follows:

x+dx

a 4
0. =00+ %dx @.4)

183
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Ax

T,

FIGURE 4.1 Heat transfer through a plate.

Q;erz

d | d

Q:

FIGURE 4.2 Differential control volume for the energy balance.
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”

” ” QV
Oy =9 +a—'dy @.5)
y

07, -0+ 2%y, “6)
o ‘0z

Energy can be generated in the medium. The expression of the heat generation is

E,, =gdxdydz @.7)

where ¢ is the generated heat per unit volume, W/m3. If the heating process is
unsteady, the total energy of the control volume can be increased or decreased. The
energy storage term is expressed as

. T
E, =pC, aa—tdxdydz @8)

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:

Egen + (Ein _Eoul) = Est (49)

Substituting expressions (Equations 4.4 through 4.8 into Equation 4.9), the energy
conservation equation becomes

gdvdyde+| 2% aydz +
ox dy

a ” ”
9 dxdz+%dxdy] =pC, %—fdxdydz 4.10)
Z

The Q,”, Q,”, and Q.” can be obtained from Fourier’s law (Equation 4.2), as follows:

07= -4 gy @.11)
T
, dT
0= —k<—dy @.12)
dy
7
7= k<4 @.13)
0N o

Finally, the conduction energy equation per unit volume, in the Cartesian coordinate,
can be expressed, as follows:
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i(ka—T)+i T +i(ka—T)+q~=pc o @.14)
ox\ ox ) oyl dy) 9z oz P ot

When the system reaches a steady-state condition, the term d7/0¢ is eliminated. If the
thermal conductivity is independent of the direction, the conduction energy equation
can be written in a simpler form:

FT T T ¢ pC,aT
et — =L
ox> 9y 97 k kot

@.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, corresponds to a
situation for which the surface is maintained at a fixed temperature all the time. The
mathematical expression for this boundary condition is as follows:

T(x,))=T, (4.16)

The second boundary condition, also 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:

49y @.17)
ox

A special case of the Neumann boundary condition is an insulated boundary condi-
tion, and the heat flux should be zero:

497 @.18)
ox

The third boundary condition corresponds to convection at a surface. The conduction—
convection heat balance at the wall surface must be satisfied. The heat transfer
coefficient (%) should be known, as well as the fluid bulk temperature (7.,):

9 i~ 4.19)
0x

4.2 FINITE ELEMENT METHOD FOR HEAT TRANSFER

The finite element method is an efficient way to solve conduction problems. The heat
transfer solution can be used to estimate the heat flow at the system’s boundary, or
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to determine the temperature distribution for thermal-stress analysis. The first step
in the finite element formulation for conduction heat transfer is to select the element
type. A linear triangular element is selected because it is the simplest form of ele-
ments for two-dimensional analysis. The temperature at the nodes, T}, T}, and T,,, are
expressed in the following matrix form

T
{ri=[N;, N, N,\T, (4.20)
Tﬂl
where Ns are linear shape functions given by
N—L((x +B.x+7.y) 4.21)
i 2A i i Y,y :
1
N, =a(ocj+[3jx+y/.y) 4.22)
1
NWl = _(a’m + BWL'X + Ynly) (4'23)

2A

The expression for o’s, B’s, and y’s are defined as follows:

O =Xy, =X, O;=X¥=Y,% O,=Xy, =YX,
B,=y,— B, =y, B, =y - @.24)
Yi=xm_xj ’Yj=‘xi_‘xm ’Ym=‘xj_‘x'

i

The temperature gradient matrix is equivalent to the strain matrix used in the stress
analysis problems:

oT

o
8 =157 (4.25)

£

The heat flux and temperature gradient are related to each other using the thermal
conductivity matrix [D] as follows

{i} =-[D1{8} @.26)

v
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and the thermal conductivity matrix [D] is defined as

[k, 0
D1=| " & 4.27)

yy

Using Equation 4.20 in Equation 4.25, we have

ﬂ oN, % T
{8} = aa;i B?ij a?\); T, (4.28)
o oy oy U
The temperature gradient matrix can also be written in a compact form:
(g} =[BT} 4.29)
The [B] matrix is defined as
B L[Bi B, Bm] 430
TO2AG Y Y. '
The stiffness matrix is obtained from the potential energy theory as follows
[K]= ij [BI'[DIBIAV + [[ AINT'[N1dS w3

where the first term contributes for the conduction, while the second term contributes
for convection. The element equation should be formulated in the form of {f} = [K]
{T'} and the force matrix represents heat flow at the element’s boundary, and it is
defined as

1= 4.32)

QAL+q”PL+hT_PL |1
2 1

where

P is the perimeter of the element

A is the area perpendicular to heat flow

Q is the heat generation in the element

q” is the heat flux at the boundary of the element

L is the element’s side length

4.3 THERMAL ANALYSIS OF A FIN AND A CHIP

Examine the performance of a straight fin used for cooling an electronic chip by deter-
mining the maximum operating temperature of the chip at the steady-state condition.
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0.01 m 0.01 m

0.03 m

0.0l m

N

0.0l m

oA

| 0.05m |

| I
FIGURE 4.3 Chip and fin.

Also, determine the average temperature at the base of the chip. The fin is made of
pure aluminum, while the chip is made of epoxy. Free convection boundary condition
is imposed at the fin surface and the vertical sides of the chip with 2 = 5 W/m2-°C and
T, =25°C, while the chip’s bottom surface is well insulated. A power of 15 W is gener-
ated in the chip. Let k,;, = 0.2 W/m-°C and k,, = 237 W/m-°C (Figure 4.3).

This example is limited to thermal analysis. Hence, select Thermal in the prefer-
ences. The Solid element is used, and its shape is a triangle with six nodes.

Double click on the ANSYS icon

Main Menu > Preferences

P\ Preferences for GUI Filtering
[KEYWI/PMETH| Preferances for GLI Fitesing
Ineivichual hciphne(] 10 show in the G

I™ Structural
T~ ANSYS Flad
I™ FLOTRAN CFD

Elechiomagreiic:
™ Magnatc-Nodsl
™ MagneticEdge
1™ High Frequency
™ Elschic

Mote: If o individual disciplin dncind thay wil 2l show

& hMethod
 pMethod Struct.
" p-Method Electt.
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A select the Thermal

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

x

m Element Types

Defined Element Types:
NONE DEFINED

Add.. I Bptions.,.l Delete |

Close Help

Add...

rﬂlibrary of Element Types .

Only thesmal slement types ae shown
Libeary of Elemert Types

Element type relesence number

ok Appb]

A select Solid
B select Triangle 6node 35
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x

m Element Types

Defined Element Types:
Type 1 PLANE3S

Add... Elptions...l Delete |
Close Help |

Only thermal conductivity is required to solve the problem. Notice that the chip has
a different thermal conductivity than the fin. By default, all areas will be assigned
to material number 1. In this problem, the material number of the fin is 1, while the
material number of the chip is 2.

Main Menu > Preprocessor > Material Props > Material Models

mnel'ine Material Model Behavior - O
Material Edit Favorte Help

Material Model: Defined
@ Motorial Model umber 1 =

8 Themal condict, ]

|»

< @
€ Orthotropic N
@ Speciic Heat
€ Density
€ Erihalpy
8 Emissivily

@ Convection of Film Cosl
© Heal Generalion Rate

A double click on Thermal > Conductivity > Isotropic



192 Finite Element Simulations Using ANSYS

m Conductivity for Material Number 1 X

Conductivity (Isotropic) for Material Number 1

Temperatures r;

Add Ternpeta:me] Delete Tampela!urel Graph

ok | cencel | Hep |

A type 237 in KXX

In the Define Material Models Behavior: Material > New Model

m Define Material ID

Define Material ID E - —@

ok | camcel | Hep |

A type 2 in Define Material ID

FiV Define Material Model Behavior

= O
Material Edt Favorte Help
Material Models Defined Material Models Avalable
@B Material Model Number 1 =l ) Favortes B
B Themal conduct. (2] @ Themal
-3 Matiial Model Numbes 2 o Conductivity
@ -1 m—"‘"‘ - @
@ Onthotiopic
@ Spechic Heat
€ Densiy
@ Erlhay
8 Emvsiviy
@ Corwection or Film Coel. |
@ Heal Genesation Fate
= =l
I i K 2

A select Material Model Number 2

B double click on Thermal > Conductivity > Isotropic
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m Conductivity for Material Number 2 X

Conductivity (Isotropic) for Material Mumber 2

I' o
Temperatures

KX o2 <
|

Add Ternperalurel Delete Ternperatwe!

ok | cace |

Graphl

Help

®

A type 0.2 in KXX

Close the material model behavior window

The geometry is created using the ANSYS graphics. Setting up the work space is
done using the WP Setting. Snap is enabled to allow mouse-click on the ANSYS
graphics with an increment. Spacing is the distance between the vertical or horizon-
tal grids. The size of the grid is specified in the Minimum and Maximum. The space
is divided into squares with side length of 0.01 m. The total width and height of the
grids is 0.05m. This setup makes the modeling easy by creating key points, lines,

and areas on the ANSYS graphics.

Utility Menu > WorkPlane > WP Setting

WP Settings

(= Caesian

" Polar

" Grid and Triad

# Giid Only 4————
| Thsd Dok

[¥ Enable Snap
oo -

Snap Inct

Spacing

Mirimum

00 ® ©

Tolerance

Lok ] aeob |
_Pesst | conce |

hithl
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A select Grid only

B type 0.01 in Snap Incr

C type 0.01 in Spacing

D type 0 in Minimum

E type 0.05 in Maximum

ANSYS Utility Menu > WorkPlane > Display Working Plane

ANSYS Utility Menu > PlotCtrls > Pan Zoom Rotate...

Click on zoom in and out, moving the cursor button until the ANSYS graphics shows
all grids.

The key points are created first, and then the lines between two key points. Finally,
fin and chip areas are created. The thermal conductivity of the chip and fin are
assigned using element attribute in the meshing tools.

ANSYS Main Menu > Preprocessor > Modeling > Create > Key points > On
Working Plane

By using the mouse, click on the ANSYS graphics window at the location Key points,
as shown in the figure below.

7 TV
“pornts ANSYS

POTH NUM

ANSYS graphics will show the key points

ANSYS Main Menu > Preprocessor > Modeling > Create > Lines > Lines >
Straight Line
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Click on the two Key points to create one straight line, and redo for all lines. The
created lines are as shown below.

: LINES S ‘1,5

TYEE MUM

ANSYS graphics shows lines

ANSYS Main Menu > Preprocessor > Modeling > Create > Areas > Arbitrary >
By Lines

Click on the chip lines to create a rectangle chip area then | Apply|, redo to create the
fin area. The final geometry is shown below.

' LINES AN-% \"5

TYPE NUM

p3 14

ANSYS graphics shows areas
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Main Menu > Preprocessor > Meshing > Mesh Tool

[bestteot |
Elemment Alrbutes
O E=4®

™ Smart Sire

k| 2

Firer & Coase

Size Conbile

Bkt o e

s

G se| ol
G| P |

U 5| o]

e 34 | _cua

L gryee -

Shapee 1~ Ti ~ Dusd

= Fiea Mapped

S

Aot [Eemert: =]
_ P |

Closn Helo.

A select Areas
B click on Set
Using mouse, select the chip area only.

The following windows will show up. By selecting number 2, the number 2 properties
in the material model are assigned to the chip. The fin, by default, has the proper-
ties of number one in the material model.

JBATT] Assign Atiibutes to Picked Areas
®

MAT  Maberial number

REAL Rleal constant set number

TYPE Element lyps number

ESYS Element cocdnste sys

SECT Element saction

ok | Aopty | Cancel Help
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A select 2 in Material number

To ensure that thermal conductivity of the fin and chip are assigned correctly, the
chip and fin are colored according to their material number. This step 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...

FiYPiot Mumbering Cantrols
[/PNUM] Plot Numbering Controls

KP  Keppoint numbers [+ On
LINE Lins numbeis I on
AREA Area numbers [~ o

VOLU Volume numbets

HODE Mode rumbere
Elem / dtrb rumbering

TABN Tabls Names

SVAL Numsric contour values

[/NUM] Nurbeing shown with

[/REFLOT] Riplot upon OK/Apply? Fesiat =

ox | desty | Cancel | Heo |

A select Material number

B select Colors only

T ANSYS

ANSYS graphics shows the fin and chip with different color
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Main Menu > Preprocessor > Meshing > Mesh Tool

Elemert Atbules
fupas =] Se l

Al

Rebost [eomes 3]
J |

G | W |
A select Smart Size
B set the level to 1
C Mesh
Click on |Pick All

: ELEMENTS Am\_

MAT  HUM

FAYAVAYAVAVAYAYAY
LYk
AYik

ANSYS graphics shows the mesh
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Boundary conditions are applied for the solution. A convective boundary condition
is applied at the fin surface, and at the vertical sides of the chip. The bottom surface
of the chip is well insulated, and the zero heat flux simulates the insulation boundary
condition. If no boundary condition is specified at the external surfaces, the ANSYS
will consider it, by default, as an insulated boundary condition. No boundary condi-
tion is applied at the common line between the chip and the fin. Finally, a volumetric
heat generation is applied at the chip.

Main Menu > Solution > Define Load > Apply > Thermal > Convection > On
Lines

Click on fin surfaces and the vertical surface of the chip where convection boundary
condition is applied.

i) 4 ppty CONV on tines

1SFL] Appl Fim Coel on ines [Cortartvabe =]
¥ Corntant value then
e —— Y
15FL] Ao Budk Temp o e [Comorevae =]
¥ Corntart vakm then
2 o e E_+~—1®
¥ Corutart value then
Dptonal CONY valuss ot end J of Ine.
Peave blank o undom CONY |
it —
VALZI  Bulk tampershae [:l

£
¥

A type 5 in Film Coefficient
B type 25 in Bulk temperature

b ih ANGYS

MAT HNUM

ANSYS graphics shows convective boundaries
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The heat generation must be per unit volume. The applied heat generation is divided
by area of the chip because the problem is two dimensional. The chip volumetric heat

Finite Element Simulations Using ANSYS

generation is calculated as follows:

Main Menu > Solution > Define Load > Apply > Thermal > Heat Generat > On

Area

15

=————=30,000 W/m®
0.05x%0.01

0

Click on the chip area, where heat generation is applied.

m Apply HGEN on areas
[BFA] Apply HGEN on areas as a Corstant valus .I

If Constant value then:

oK Carcel | Help

A type 30000 in Load HGEN value

The preprocessor and solution tasks are now completed. Now, the problem can be

solved.

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step X
[SOLVE] Begin Solution of Current Load Step

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

0K | concel | e |

VALUE Load HGEN value ..__®
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The solution is completed successfully, and no error message is posted. In the post-
processor, the contours of the temperature should be carefully inspected to ensure
that the boundary conditions are applied correctly and there are no mistakes in the
preprocessor, such as wrong input of the dimensions or material properties.

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

m Conlour Nodal Selution Dala

£ Thesmal Fhux
=l

Il I |

Undisplaced shape key

Undaplaced shape key [ Delomed shage orly H

Scals Facior [t Cabendated ~i[o

Additional Opbons ®|
ok | aoh | cawes | Hee |

A click on Nodal Solution > DOF Solution > Nodal Temperature

1 e
NODAL SOLUTION AN‘S‘]':)
STEP=1
sus =1
TIME=1
TEMP (AVE)

REY3=0
SMN =35.87
oMX =43.298
35.87 37.52 39.171 40.822 42.472
36,695 38,346 39.996 41.647 43.298

ANSYS graphics shows temperature contours
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The temperature contours indicate that the maximum temperature is located at the
bottom surface of the chip, which is equal to 43.298°C. The default number of con-
tours 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 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 fins is presented. The red arrow is for high value of
the heat flux.

Main Menu > General Postproc > Plot Results > Vector Plot > Predefined

FiX Vector Plot of Predefined Vectars

PLVECT] Vactor st of Prodefined Viectors
e Victon bembs b it aha T
Themal gad 16
Thema s TF l
Wade Veckr or iaster daplay
= Vet Mode
1 Fanlw Made
Loz Vet lozwier bot sniuky
" Elem Certroed
 Fenbiodet
Edign Elermrt g [ Hidden
|ASCALE | Srakeg o Vecter Ao
WH Window Himbes [wnaw1 5]
VTIATID el fsctor muaipler [ 9
KEY Visctor seaina ol 52 [Tyl F
OPTION Vostorpict based on [ircmomesrien =]
o | Corcel | Hels
A select Thermal flux TF
i O
VECTOR ANSYS

BTEPE1
suB =1
TIME=1

- 'r,r,.-"]' A T X
NI g { iR 41y e
1 1

ELEM=119Z
MIN=16.327
MAX=5T7.043

16. 327 140,93 265.534 390,138 514.741
78.629 203.232 327.836 452.44 577.043

ANSYS graphics shows the direction of heat flux
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The average temperature at the base of the chip is calculated using the path oper-
ation. To create a path, there are two options: Arbitrary and Circular paths. The
Arbitrary path can be made from the line segments by clicking on the ANSYS
graphics, and the grids should be enabled, and the Circular path has a circular
path; a center point and radius are specified. For this example, the Arbitrary path
is utilized.

Main Menu > General Postproc > Path Operation > Define Path > On Working
Plane

m On Working Plane

[PATH] Create Path on Working Flane
Type of path to create

Py gl
(" Circular path

[MEW] Plot \Working Plans WV Yes

‘Window numbes Window 1 -
[/PBC] Show path on display v Yes
oK Apply Cancel Help

Using the mouse, click on the ANSYS graphics window at the right and left bottom
corners of the chip.

[PATH] Define Path specifications
80

Name Define Path Name :

nSets Number of data sets
rDiv - Mumber of divisions

I

ok | s Help

A name the path as base
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The name of the path is optional. The number of data set is the maximum number of
field variables. The number of divisions is 20 by default, and increasing this number
to 50 will produced a smother 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 Operation > Map onto Path

Fﬂ Map Resull ltems onlo Path
{PDEF] Map Resuk fems orto Path
Lab Lises babed fox dem

ltem Comp Item o be mapped

TEMP

Average revis across slement ¥ Yer

1/PEC] Show boundary condition symbol
Show path on display ™ Mo

oK Apply Cancel Help

A select Temperature TEMP

Now, the stored variable is ready to be plotted. In the Plot path item, there are two
options. The stored data can be either plotted on a graph or listed. The list results can
be exported to other graphical software such as EXCEL.

Main Menu > General Postproc > Path Operation > Plot path Item > On
Graph

m Plot of Path Items on Graph

[PLPATH] Path Plot on Graph
Lab16 Path items to be graphed %G
YG
ZG
5
: : A
oK Apply Cancel Hep |

A select TEMP
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POSTL

STEP=1
8UB =1
TIME=1
FATH PLOT
TEMP

43

43.03

42,

4z.

4z.

41.

695

. 161

298

763

496

229

962

40.894

40.627

ANGYS

(x10%==2)

ANSYS graphics shows channel temperature at the base
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The temperature at the base is perfectly parabolic due to the symmetry in the
problem. The above graph indicates that the maximum temperature at the bottom
surface of the chip is 43.298°C. The average temperature at the base can be deter-
mined 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 is 0.05 m. Hence, number 20 is entered in the FACT that will be multiplied
by the integration result. Selecting S in the Lab2 means that the integration is per-

formed along the path.

Main Menu > General Postproc > Path Operation > Integrate

m Integrate Path llems

[FCALCUINTG Labi = FACT * It [Lab1) diLab2] |
Labf  User labed for result
FACT Faclo
Labl 1#t Pathitem
Lab2 2nd Path em
ok Apply

I

20 - !

[P vle—————]
e |

OEE

A type 20
B select TEMP
C select S
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¢% ANSYS 10.0 Output Window
DIRECTION
%

MAX HMIN
8.56080E-81 @.080608
Y a.8868 a. 88

z E 55 L lslo]

TOTAL PATH LENGTH A.5888RE-B1

)F PATH UARI
OF UARIABLE TE = 48.627
DARY CONDITION DISPLAY KEY a

G PATH DEFI BY LPATH COMMAND. DSYS
WORKING PLANE AY

HE INTEGRATION OF
I TO PATH VARIABLE §

ANSYS Output window shows the value of the average temperature at the base
which is 42.666°C.

4.4 UNSTEADY THERMAL ANALYSES OF FIN

For the fin shown in Figure 4.4, solve the problem as an unsteady state and determine
the temperature distribution in the fin at 100s if the initial temperature of the fin is
25°C. Plot the temperature history at point A. Also, create a temperature animation
file for the heating process. The total duration is 200s and the time step is 2s. The
fin is made of nickel-steel (10%) with the following properties: p = 7945kg/m?,
k=26 W/m-°C, and C,, = 4600J/kg-°C. The bottom surface of the fin is maintained at
100°C, and the surface is subjected to free convection with 4 = 5 W/m-°C and 25°C.

0.004 m 0.004 m

— —

0.012 m

Ae 0.004 m

L 0.028 m .|

FIGURE 4.4 Fin.
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Double click on the ANSYS icon

Main Menu > Preferences

FiYPreferences for GUI Filtering

FEYWI/PME TH] Preletences o GL Fitesng
Incividual discipline(s) o show in the GLI|
I Swuctusl ~
P s ®
[~ ANSYS Flud
I~ FLOTRAM CFD!
Elechomagnete
™ Magratic-Nods
™ MagreticEdge
I~ High Frequency
™ Elciic
oyt o e
[rp——
= hMethod
7 prMethod Stct
T pMethod Electt
ok Cancel Help
A select the Thermal
Main Menu > Preprocessor > Element type > Add/Edit/Delete
m Element Types X
Defined Element Types:
NONE DEFINED

Add... Options... | Delete |
Close Help
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Add...
Orky themmal elament types ae shown
Litsary of Element Types
(8)
® ®
Thesmal Electric Brick fnode 70 M
Superelement .
o
Element lype reference rumbsr D
o | seh | Concel | heb |
A select Solid
B select Triangle 6node
m Element Types X

Defined Element Tvpes:
Type 1 PLANE35

Add... I Options... Delete |

Close Help |

For the material properties, thermal conductivity, specific heat, and density are
required to solve the problem because the problem is unsteady.
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Main Menu > Preprocessor > Material Props > Material Models

FiY Define Material Model Behavior
Materid Edt Favorke Help
Material Models Defined Haterial Model: Avadable
@ Matsicl Modal b 1 =l g Fovoes
i Thesmal
o Conductdy

Oox

W

B Othaonogic
@ Spechc Heal
8 Deruity
@ Enthay
B Eussvly

8 Hest Geneation Flate

8 Convection or Fim Coel

&)

A double click on Thermal > Conductivity > Isotropic

m Conductivity for Material Number 1 X

Conductivity (Isotropic) for Material Number 1

el

—

Temperatures
kXX 26 <t

®

Add Temperature | Delete Tarnperatwel Graph
ok | cued | Hep |
A type 26 in KXX
Double click on Thermal > Specific Heat
m Specific Heat for Material Number 1 X
Specific Heat for Material Number 1
T
Temperatures i |
= 4600 «
AddTernpatatuelDeluete Tempetaunel Graph

ok | cance |

209
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A type 4600 in C

Double click on Thermal > Density

m Density for Material Number 1 X

Density for Material Number 1
T1
Temperatures |
DENS 7945 < @
Add Temperature | Delete ?enwmel Graph
ok | caca | Hep |

A type 7945 in DENS

Close the define material model behavior window

Utility Menu > WorkPlane > WP Setting

* Castesian

" Polar

" Giid and Triad
(* Giid Only <t——i
" Triad Driy
[+ Enable Snap

Snap Incr Illlxud—

Spacing
Minimum

Maximum

PO ®@ ©

Tolerance:

L

fooy_|
Reset Ca’n!ll




Heat Transfer 211

A select Grid Only

B type 0.004 in Snap Incr

C type 0.004 in Spacing

D type 0 in Minimum

E type 0.028 in Maximum

ANSYS Utility Menu > WorkPlane > Display Working Plane
ANSYS Utility Menu > PlotCtrls > Pan, Zoom, Rotate

Click on zoom in and zoom out, and the cursor buttons until the ANSYS graphics
shows all grids.

ANSYS Main Menu > Preprocessor > Modeling > Create > Key points > On
Working Plane

Using the mouse, click at the location Key points as shown in the figure below.

1 3%
a—— ANGYS
TYPE NUM

1 12 13 14 15 15
2 10 9 ] T 6 5 4
’Z X 3

ANSYS graphics shows the Key points

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

Click on two Key points to form one straight line, and redo for all lines, as shown
below.
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: —
— ANGSYS

TYFE NUM

11 12 W . 1A 15 16

ANSYS graphics shows the lines

ANSYS Main Menu > Preprocessor > Modeling > Create > Areas > Arbitrary >
By Lines

Click on all lines to create an area for the fin.

; POINTS m‘)‘ &’5

TYPE NUM

11 12 13 14 15 16

ANSYS graphics shows area

Main Menu > Preprocessor > Meshing > Mesh Tool
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A select Smart Size

B set the level to 1

C Mesh

Click on

hY

[Element Aitetes:
E—y
~ Emat Sad
Ex | 3
Fine 1 Coase
Sizm Contecl:
ows e om]
s | oo
Y
G |
Uger ) =] ) (i
oo _sa | _Coa]
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The type of the analysis will be changed to transient, and a full solution method is
selected. This solution method imposes the boundary conditions at time zero. DB/
Result file is used to control the number of output results to be stored for the postproces-
sor. Data will be stored at each time step during the solution with every subset option.
The total duration for the simulation and time step is specified in the Time/Frequency

command. In the time—time step windows, make sure that “stepped” is selected.

Main Menu > Solution > Analysis Type > New Analysis

'1‘ New Analysis

[ANTYFE] Type of analpsic

oK i

" SteadyState

™ Substuchuing

Help

_@

A select Transient
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m Transient Analysis
[TRNOPT] Solution method

@ Full
" Reduced
" Mode Supeipor'n

[LUMPM] Uiz humped mass approx? ™ No

(i3 Cancel Hel

Main Menu > Solution > Load Step Opts > Output Ctrls > DB/Results File

FiY Controls for Database and Results File Writing
IOUTRES] Corirols for [atabase and Fiasuls Fis Witing
Mo e to b coriroled AN ieme =

FRED Fie mbe hecuerey
 Ressl
" Nore
A1t peis
i Last subsiep
 Evey sbuisg]
 Evey Nth nbetp

Vialue of N

Rse regaive N for equaly spsced dats)

@)

Crame Componend name - 48 ertes -
<1t vhwch sk velting is o be apphed
o | et | Corcel | He |

A select Every subset

Main Menu > Solution > Load Step Opts > Time/Frequenc > Time —Time Step

Tt e Step Ophorss

[TIME] T of ot o s st N

JDELTS] T siep sz
PEC]  Slapgnd o impmd b

ﬁ
o

JAUITOTS] uscmmatc e shepprg

-
—
1% Frog Crosen
TDELTIM] s e st sce 1
M e o ren :]
L e
[TSAES] Time rieg et hassd an ipeciic et ponts
T pores hom
Mot
g wmy
Hom anay
Mok TERE
elrraris, sl sstacn sfect shemerts and FLUADN T
@ arp contanaton twsect

el et -
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A type 200 in the Time at end of load step
B type 1 in Time step size

C select Stepped

The 1s is selected for the time step size to have a total of 200 time steps for this
transient problem. If less time step size is used, such as 0.5s, the results will be
more accurate, but the computational time will be doubled. Boundary conditions are
applied in the solution task. Temperature and convection boundary conditions
are applied at the external surface. The upper surfaces are subjected to convection.
The bottom surface is maintained at a constant temperature.

Main Menu > Solution > Define Load > Apply > Thermal > Convection > On
Lines

Click on fin surfaces where a convective boundary condition is applied.

FiY Apply CONY on fines
AL

[SFL] Apply Fiim Cosf on fines [Constantvave =]
I Constant vahse then:
W Pt F 1 ®
[SFL] Apply Bulk Temp on lines [Constantvae =]
If Constant value then:
VALZ! Buk temperslure .._
I Constant vabse then:
Optional CONV vaksss at end of ne
flasve blank for uridom CONV )
ot —
VALZ)  Bulk temperature I:’

oK | Cancel Help

A type 5 in Film Coefficient
B type 25 in Bulk temperature

Main Menu > Solution > Define Load > Apply > Thermal > Temperature > On
Lines

Click on fin bottom surface where a temperature boundary condition is applied.
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FiY Apply TEMP on Lines

[DL] Apply TEMP on nes
Lab2 DOFs lo be constrainsd AIDOF
TEMP < @
Apply as Constant valus -
1f Constant valus ther: __@
VALUE Load TEMP vakie —
KEXPND Apply TEMP to endpoints? v “LL__;I—:;___—TJ—@
ok, Apphy Cancel | Help |

A select TEMP
B type 100 in Load TEMP value
C select Yes

When Yes is selected in KEXPND, the temperature is applied at the selected line,
as well as the key points of that line. Imposing the boundary conditions is now com-
pleted. The initial condition is specified as follows:

Main Menu > Solution > Define Load > Apply > Initial Condition > Define
Click on [Pick All] to select all nodes in the domain

Fi\Define Initial Conditions X

[IC] Define Intial Conditions on Modes
Lab DOF to be specilied [TEMP ¢ _®
WALUE  Initial vahe of DOF
()
oK | Aoy | Cancel | Help |

A select TEMP in the DOF to be specified
B type 25 in Initial value of DOF

The solution task is now completed, and the model is now ready to be solved. During
the solution task, the ANSYS output windows will show the progress of the solution.
Carefully monitor the run.

Main Menu > Solution > Solve > Current LS
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Solve Current Load Step

[SOLYE] Begin Solution of Current Load Step

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

Cancel Help

-PARAR
LLATION LIMI
1.0888 i

158
quilibe
MPLETE
1. AAAAA N
LLATION LIMIT

Elenent
T i

Equilibe
LETED

Element tput E um . Gl L]
Tim - BE i 3 : 31 Equilibrium It

i I UBSTE 161 E CUH

e - Ak L 515150515 )

L] UA : ¥ h?E-@ I0ON LI

tlement
Tim s 1 U ion
wn L E u ! JM ITER -=
- : 1 HEW TF
b EIGENVALUE F (]
>TEP TIME: HEXT D

ANSYS output windows shows transient solution progress

(1) solusonis done
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The temperature contours will be presented at time steps of 100s. First, the time step
is loaded, then the temperature contours are plotted.

Main Menu > General Postproc > Read Results > By Pick

mﬁesulls File: P44.rth

Avalsble Data Setx.
Set Time Load Steo Subtlen  Cumuative -
97 57.000 1 T ar
98 98,000 1 E: -} 98
9 99,000 1 xn 99
100, 10000 i 00 100 E——@
m 101.00 1 m m
2 10200 1 102 102
103 103.00 1 103 103
104 104.00 1 104 104 _J
105 105.00 1 105 106
106 106.00 1 106 108
lirg 107.00 1 107 107
108 108.00 1 108 108
08 109.00 1 109 108
110 11000 1 10 110
m 111.00 1 m m
12 11200 1 nz2 12 _'_I
Aead Newt I lel
_Gose | _Heb_|

A select Time 100.00

Read | and |Close

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

r“ Contour Modal Solution Data »
Item to ba contoured
4 Favortes =
& Nodal Sokuion
@ DOF Soksion
@ foddTempeioias @
&4 Thermal Gradient
3 Themal Fhax
E
1] I
Undisplaced shape key
Undisplaced shape key | Deformed shape erly =
Scale Faclor |Auto Calcutsted =lfo
Addiional Options ®|
ok | aeeh | caes | Hee |

A click on Nodal Solution > DOF Solution > Nodal Temperature
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NODAL SOLUTION

STEP=1
SUB =100
TIME=100
TEMP (AVE)
REYS=0

SMN =56.037
aMx =100

56.037

95.115

ANSYS graphics shows temperature contours at time = 100s
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Determining the temperature history at a specific location in the domain is impor-
tant. Here, the temperature history at the center of the fin’s base is presented in
graphical form. The steps are shown below:

Main Menu > TimeHist Postpro

F4Y time History Variables - P44.rth X

Fie Help
®\'_H!Jl!1ﬂﬁﬂﬂﬁn =83

Varishie List

Flas

-]

®
I

A Click on the green X
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m Add Time-History Variable
- Result Item -

Favorites
g Nodal Solution
& DOF Solution
%] %

Finite Element Simulations Using ANSYS

=] T Gradient
&8 Themal Flux

2 Clamemmt & mk bimn
5]

~ Result ltem Properties

Variable Name |1EMP_3

ok | Aww

|

O,

| oot | v |

A click on Nodal solution > DOF Solution > Nodal Temperature

OK]

Using the mouse, click at the point A. ANSYS will not accept double click. The
results can be presented either in graphical or list form. The graphical presentation
is selected for this exercise. Carefully watch the temperature curve. It starts from the
specified initial condition to reach the steady-state condition.

OK]

FiY Time History Variables - P44.rth x

Fie el
Bk EEET e

Viariable List

Flesl

=
®|
E|

— —

=
A b |
Calculator @|
| |
[ ] [ =l =
MM CONJ &'
M i b | N ] 7 | L] [ : | ! ‘ CLEAR I
RCL
srn|nssplmu] 1|5IS| |¢|
NS MEM SQAT
s fmmfa] o | 2| 5| | g
INTY MG T
wolomvee]| o | | .| &

A click on the graph

OK]
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: POSTZ6 AN:;'}“S

112

6. 1 1 ] | N I - —t
&8 Lt | { ! | | | |
80 { ! | | | 1 | | |
VALU o
64
56
48

40,

32

20 60 100 140 180
TIME

ANSYS graphics shows temperature history of the selected location

Animation of the temperature contours from time = 0 to 2005s can be easily accom-
plished using animate command 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 the two pictures.

Main Menu > General Postproc

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

m Animate Dver Time

[ANTIME] Arimate over time (interpolation of reruts)

Numbes of animinstion ramas &1 :__

Model result data

©)

& Cusrent Load Stp
™ Load Step Range
1 Time Rangs
FRianga Mirimum, Masimum
Auto cortow scaling
Animation tme delay [sec]

[PLDIPLNS PLVE PLES PLVFRC]
Display Type
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A type 50 in Number of animation frames

B select temperature

The ANSYS will show an animation of the heating process of the fin. The animation
file will be stored in the working directory, and its format is avi.

4.5 PHASE CHANGE HEAT TRANSFER

A thermal storage device with a phase change material (PCM) is commonly used in
thermal systems to store heat. The stored heat in the PCM can then be used during
high-energy demand periods to conserve energy. The PCM can be paraffin wax, salt
hydrate, or even water. Consider the PCM system shown in Figure 4.5 that consists
of a metallic pipe containing paraffin wax (n-Eicosane). The outer diameter of the
pipe is subjected of constant temperature boundary condition of 100°C. The initial
temperature for the entire system is 25°C. The n-Eicosane wax is initially in the
solid state. Find the temperature history at the center of the wax cylinder during
the interval of 0 < time < 25005, and estimate the time required to completely melt the
wax. Given R, = 0.02m and R, = 0.022 m.

Pipe n-Eicosane wax

p = 1200kg/m3 p = 1000kg/m3

k =50W/kg-°C k=0.5W/kg-°C

C,=900J/kg-°C C,=1050J/kg-°C
A =210kJ/kg
T,=36°C

where A and T, are the latent heat of fusion and the melting temperature of the
n-Eicosane wax, respectively. For simplicity, thermal expansion of the PCM and
pipe is not considered in the simulations. The thermal expansion analysis will highly
complicate the computations and it has an insignificant effect on the heat transfer in

PCM

FIGURE 4.5 PCM and pipe system.
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the system. The problem is solved as a heat conduction problem, and therefore, the
effect of the natural convection of liquid PCM is not considered.

Numerical techniques, such as finite element method, are commonly utilized to
solve phase change heat transfer problems. For modeling phase change problems,
there are two main approaches: moving-mesh and fixed-mesh methods. The mesh
of the moving-mesh method is allowed to change to track the solid/liquid interface.
This method is rarely used in practice because it will highly complicate the compu-
tations. The fixed-mesh method is commonly used for modeling phase change. In
this method, the geometry of the mesh is independent of time, and the liquid/solid
interface is tracked by the definition of the specific heat in the governing equations.
The specific heat is the rate of change of enthalpy with respect to temperature:

A

¢, =5 4.33)

The apparent specific heat is the sum of the sensible and latent heats, which is defined as

= A
C,=C, 45 4.34)

The term A/8T is equal to zero at the solid and liquid phases. The 8T is equal to 1°C.
The following is the definition of the apparent specific heat used to model the phase
change:

c, T<T,
= A 5
C,=1C 45y Ta<T<T,+8T 4.35)
c, T<T, +8T

To approximate the latent heat effect, the relationship between the temperature and
the specific heat for the PCM in Figure 4.6 is used in the ANSYS.

211.05 -~ ]

G, (kJ/kg-C)

1.05

25 36 37 100 7(°C)

FIGURE 4.6 Specific heat as a function of temperature for the PCM.
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Double click on the ANSYS icon

Main Menu > Preferences

m Preferences far GUI Fillering
[KEYW/PMETH] Prefesences for GUI Fitsring
Inchvidual daciainefs| ta shew in the GUI
[~ Shuclual

L

i

£

|
©

™ FLOTR&H CFD
Elecliomagnets::
I~ MagraticNods
™ MagreticEdge
I High Frequency
I~ Electic
Mote: If na individual disciplng al all showe

Drcplre oolors
& hMethod
" pMethed Stuct
" p-Mathed Electi,

ok Cancal Heip

A select the Thermal

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

b

m Element Types

Defined Element Types:
NONE DEFINED

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

m Library of Element Types
Oirky thermal elemenl lypes ae chovn

Libeary of Eksment Types Combenation || [Quad 4node. 55 -~
Thesmal Mass 1| 8node 77 1l I
Link, oode = B
@ > | Scid. 0| = | |Asrhar dnode 75 Al =/
Shy Enode 78
Electr L Brick Bnode 70 -]

Elarnent lype refersnce rmbar [:I
oK Ao | Cocel | Help

A select Solid

B select Triangle 6node

m Element Types

X

Defined Element Types:
Type 1 PLANE3S

Add... | Dptions... Delete |

Close Help

In this example, the specific heat of the PCM is function of temperature. The value of
the property and the corresponding temperature value can also be plotted. Material
number 1 is selected for the pipe, while material number 2 is for the PCM.
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Main Menu > Preprocessor > Material Props > Material Models

m Define Materlal Model Behavior

= O
Material Edt Fovorke Help
Material Model: Defined Materisl Modals Avadable
) Malenal Model Murrbe 2l | g Favores ;‘
o Themal
o Conductnay (/-\
o E-< A
@ mm ~
@ SpechicHea
© Devsty
© Enthalpy
8 Emizsrly
€ Convection or Fim Coel
§ Hes Gensiston Rate
i =4
i A 5] H
A double click on Thermal > Conductivity > Isotropic
m Conductivity for Material Number 1 X
Conductivity [Isotropic] for Material Number 1
T _
Temperatures | 0
I m
KXX |50 \/
Add Temperaturel Delete Tempemlurel Graph
0K | Cancel | Help |

A type 50 in KXX

Double click on Thermal > Specific Heat

m Specific Heat for Material Number 1

Specific Heat for Material Number 1

T
Temperatures |

C ET. ®

AddTempatatuel Delete Tempetatwel Graph

ok | cacel | Hep |
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A type 900 in C
Double click on Thermal > Density
m Density for Material Number 1 X
Density for Material Number 1
T
Temperatures :I a
DENS 1200 < ®
Add Temperaturel Delete Tempemlurel Graph
oK I Cancel J Help |
A type 1200 in DENS
In the Define Material Models Behavior: Material > New Model
Define Material ID E +— —@
0K | Cancel | Help |
A type 2 in Define Material ID
i Define Material Model Behavior =l
Material Ede Favorte Help
Material Models Defined Matenial Models Avalabls
@B Material Model Number 1 =l @) Favortes =
@ Themal conduct. [iso) i Thesmal
=& Materal Model Numbes 2 8 Conductivity
(- g — o i < (&)
@ Onthotiopic
@ Speciic Heat
€ Densiy
@ Enthaly
@ Emissivity
@ Convection ot Film Cosl. L
€ Heal Genesalion Fale
= =l
i 5 K 2l
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A Select Model Number 2

B double click on Thermal > Conductivity > Isotropic

m Conductivity for Material Number 2 X

Conductivity (Isotropic) for Material Number 2

T

Temperatures
KX ‘0‘5 < @

Add Tsmpefalusal Delete Temperaluml Graph

oK l Cancel | Help |

A type 0.5 in Temperature

Double click on Thermal > Density

mDensity for Material Number 2 X

Density for Material Number 2
L
Temperatures I
DENS [1000 = @
Add Temperaturs| Delets Temperature| Graph
ok | coesl | Hep |

A type 1000 in DENS

Double click on Thermal > Specific Heat

FiY specific Heat for Material Mumber 2

Spechc Heat for Materal Humber 2

n 12 13 T4 15 15 _.,-@
Tempesshaes  [25 s |3 | |6 i -
C 1050 = |z11050 J211080 |1080 =] -— @
@—P Add Tompaiatuss| Delets Tompeistizs| Graph 4—@

oK Concel | Heb |
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A Click on the Add Temperature for five times

B type 25, 35.9, 36, 37, 37.1, and 100 in Temperature

C type 1050, 1050, 211050, 211050, 1050, and 1050 in C
D Click on Graph

Close the material model behavior window

By clicking on the Graph, a plot of specific heat versus temperature will be shown
in the ANSYS graphics, as shown below. Carefully examine the graph to avoid any
wrong input.

ANGYS

MATERIALS c PREVIEW

(x10%%2)
2500,

2250
2000
1750
1500
C 12s0

1000

500

250,

24 40 56 T2 ea 104

TEMP

ANSYS graphics shows thermal conductivity versus temperature

The modeling task is started here. First, two solid circles with radius 0.022 and 0.02
are created. Then, the circles are overlapped.

Main Menu > Preprocessor > Modeling > Create > Areas > Circle > Solid Circle

m Solid Circular Area
@ Pick " Unpick

WP % -
] -
Global ¥ =
¥ =

Z=

ey
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A type 0in WP X
B type0in WPY
C type 0.022 in Radius

Main Menu > Preprocessor > Modeling > Create > Areas > Circle > Solid Circle

mSuli{i Circular Area

@ Pick " Unpick
WP ¥ =
L' -
Global X =
Y =
A
A
WP X E
- = O
Radius .82 -]
~©
ok | aply |
Rezet I Cancel I
Help I

A type 0in WP X

B type0in WPY

C type 0.02 in Radius

Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap > Areas

Main Menu > Preprocessor > Meshing > Mesh Tool
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A select Area
B click on Set
Using mouse, select the inner circle.

Area attribute windows will show up. Select number 2, corresponding to material
number for the wax.

mﬁrua Attributes
[BATT] Assign Attibutes to Picked Atess
MAT  Material number _®
REAL Real constant set number None defined -
TYPE Element type number 1 PLANE3S e
ESYS Element coordinale syz 0 ,!
SECT Element section [Mone defined =]
ok | feoty | Cancel Holp

A select number 2 in Material number

Utility Menu > PlotCtrls > Numbering...

r‘ Plot Numbering Controls
LA B

[/PNUM] Plot Numbering Controls:

kP Keypoint rumbets [ On
LINE Line numbers [~ oK
AREA Area rumbers [~ o
VOLU Volume rumbers o
NODE MNode numbers [~ on
Elem / Al rrbering [Material numbers | =] @
TABN Table Names [~ oi
SVAL Mumeric contow values [~ O

[/NUM] Numbering shown with

[/REPLOT] Replot upon OK/pply? Reglol v

ok | prem Cancel | Help |

A select Material number

B select Colors only
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Main Menu > Preprocessor > Meshing > Mesh Tool

T
H
L4

J|leleklel [T, [

o1

lelefelefele

A select Smart Size
B set the level to 1
C Mesh

Click on

2 ELEMENTS m

MAT NUM

ANSYS graphics shows the mesh
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Main Menu > Solution > Analysis Type > New Analysis

[ANTYPE] Type of analpss
™ SleadyState
i) +———-(X
™ Subshuchuring
oK Canesl | Hep |

A select Transient

m Transien! Analysis
[TRNOPT] Solution method
« il
" Readuced
" Mode Superposn
[LUMPM] Use lumped mass appeos? ™ No
oK t Cancal Helo I

The relationship between the specific heat and temperature for the PCM is nonlin-
ear. If the full scheme is used, the solution will not be converged. The linear scheme
should not also be used because it is not capable to simulate the given relationship
between the specific heat and temperature. The quasi scheme should be used. The
equation solver should be changed to Jacobi Conj Grad. To store the temperature
field data at all time steps, the every substep should be selected.

Main Menu > Solution > Analysis Type > Analysis Options
[t |

ITHOFT] Sahton Dotorss
Grams: e optern

Propary charge b kasmsor:

Wb of ety o ke 3

I
! L5
>

st o Lt
gt b L

W dlad b e ot S
L .08 it M TEME [yt
OS] osion whve
Tomwer Lo
vl ol o il ar S Sk

Hﬁ Il

s -
e )
S Fracer
ol iy ko Poncomdibon (0
Memery e .
! ardy b Powcordibon 00
[TDFFS 1| famparanan dtaswece-

=

- et s 7903 wd g o e (e

o | Comnl | )
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A select Quasi in Solution Options

Finite Element Simulations Using ANSYS

B select Jacobi Conj Grad In Equation solver

Main Menu > Solution > Load Step Opts > Output Ctrls > DB/ Results File

m(.urllmla for Database and Results File Writing
|OUTRES] Conirols foe Database and Resulls File Wilting

Item [tem to be contioled
FREQ Fie weite requency

Value ol N
Uz negative N for equally spaced data)

Crame Component name -
= lor whech sbove seiting is bo be appbed

o | Al

IAH kems >

" Resesl
" None
Al e points
" Last substep

e E

1
" Evety Nth substp

I

Al eniies. o

A select Every subset

®

Main Menu > Solution > Load Step Opts > Time/Frequency> Time-time step

FiY Time and Time Step Options
Tane: and Teve Step Opton:

[TIME] Time &t end of load shep B0 | -—
IDELTIM] Time stop sz -
MBC)  Stopped of tampad bc.
7 Ramped
 Sinpped]
TAUTOTS] Automatic time stegpng
DN
i DFF
= Prog Chosen
FDELTEM] Mirsmum time step size. :I
Mazzrm trrw slog iz l:l
Use peevvious shep soe? W Ye
TSRES] Time siep reset based on specific time ponts
Time ports hom
1+ Hoesst
" Esaling anny
" Keow anay.
Hote: TSRES 3
elements. themal srdnce elfect slements and FLUID 16,
o1 any combination thereol.
[y =2 | e

@ @
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A type 2500 in the Time at end of load step
B type 2.5 in Time step size
C select Stepped

The 2.55 is selected for the time step size to have 1000 time steps for this transient
problem. If less time step size is used, the results will be more accurate, but the com-
putational time will be more.

Main Menu > Solution > Define Load > Apply > Thermal > Temperature > On
Lines

Click on all lines of the outer surface of the pipe where temperature boundary condi-
tion is applied.

DL Apply TEMP on ines
Lab2 DOFs o be constramed A1 DOF
TEMP - @
TEMP
Apply az [l:amuam value -
f Constart vakie thart @
VALUE Load TEMP vakue —
KEXPND Apply TEMP o endpoints? W ‘res g——————+ C
ok | Apply Concel | Heo |

A select TEMP
B type 100 in Load TEMP value
C click on Yes

Main Menu > Solution > Define Load > Apply > Initial Condition > Define

Fi\ Define Initial Conditions
[IC] Dafine Irtial Conditions on Nodes

Lab  DOF o be speciied [fEHE ===
VALUE Il vakie of DOF

@O

oK Apply Concel | Heb |
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A select TEMP
B type 25 in Initial value of DOF

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step X
[SOLYE ] Begin Solution of Current Load Step

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

(1] Cancel Help

(1) Solsionis done!

Determining the temperature history at a specific location in the domain is impor-
tant. Here, the temperature history at the center of the wax is presented in a graphical
form. The steps are shown below:

Main Menu > TimeHist Postpro

e Heb
@ﬁﬂﬂﬂﬂﬂﬂm | el E|
Vavishle List
Momm Morn it 'S
;l
K H
Cakculalon @
| N
i ) | £l =
MIN  COMNJ %%
L2 olbl (L] | A | -] | 9 | ! |U.Enﬂ|
RCL
sro|n£s|=| u:&| 4 | 5 | § | . | - |
INS MEM SART
m|mw "'3| 1 | 5 | 3 | - ‘ i
INTY MAG T
m|DGHN|REAL| 0 ‘ ‘ : ‘ H
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A Click on the green X

m Add Time-History Variable
"~ Result ltem - —
Favorites

g Nodal Solution
& DOF Soluion

]

237

EA Themal Gradient
&4 Thermal Flux

22 Clasannt Cakdian
Al

|

®

Fesult tem Properties
Wariable N arme ITEMP_3

ok |

Concel |

Help

A click on Nodal Solution > DOF Solution > Nodal Temperature

Using the mouse, click at the center of the wax cylinder. ANSYS will not accept dou-
ble click, an error message will be shown. Carefully watch the temperature curve. It
starts from the specified initial condition to reach the steady-state condition.

Fia  Help
Bk L o

Vaniable List

Real

LEI® L

MINCONS 0w
mlu'ml 7

RCL

INS MEM SGRT
ABS .i'l'.llll u‘e[ 1

|
o] | -
|

INTT G
wlmlml o

A Click on the graph
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1

ANGSYS

POSTZ6

a6
g8
80
T2
VALU 64
s6)
48
40,

32y A

24

1000

TIME

1500
1250

2000 !
2250

2500
1750

ANSYS graphics shows temperature history of the selected location

The above figure reveals important phenomena. The temperature starts to increase
from its initial temperature of 25°C, showing correct specified initial temperature.
Then, the temperature increases until it reaches 36°C, which is the PCM melting
temperature. At this point, the specific heat of the PCM increases to more than 200
times which makes the temperature almost constant and high amount of energy is
absorbed by the PCM. Once the PCM is completely melted at time = 1150s, the
PCM temperature is increased drastically until it reaches the steady-state tempera-
ture. In order to estimate the time required to melt the PCM, a list of the temperature

history at the center of the PCM cylinder is generated, as follows:

Main Menu > TimeHist Postpro

T Time History Varfables - P45.rih

e Hep
HxEE S oS8 fos o
@ﬂ Mame  IEment  |Mode  |Resukitoe | M Mg (E | g
TIME Time 25 2500 [
TEMP_Z. S Nods Tempeshar: 8 B B |
&
K| 5
Caculates @
L [
[ 1 | = =
MIN o
e | v | o | 5| o faom]
- |
510 |
|Nsn:u| Wl Q - d I d | I s l
ABS |amu| X2 | 1 2 I 3 - i E
INTY IMATG :‘
w |m| nm.| o | + | &
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A Click on the list button, the button next to the graph button

The

FiYPRVAR  Command X
File
1147.5 35.6029 "~
1150.0 35.3674
*exn ANSYS POST26 UARIABLE LISTING s
TIME 2501 TEMP
TEMP_2
1152.5 35.2352
1155.0 35.3098
1157.5 35.4278
11608.0 35.5760
1162.5 35.7581
1165.0 35.9252
1167.5 36.1368
1170.90 36.6401
1172.5 37.1856
1175.9 37.9028
117?7.5 38.7829
1188.8 40.9162
1182.5 41.8372
1185.8 44 .4468
1187.5 45.3785 |
1198.9 47.8399
1192.5 53.3549 |

PCM is completely melted when the temperature at its center reached 37°C.

From the above table, the PCM is completely melted at 1172.05s.

PROBLEMS

4.1

4.2

Study the thermal performance of a straight fin used for an electronic chip by
determining the maximum operating temperature of the chip, as shown in Figure
4.7. The fin is made of pure aluminum. Forced convection boundary condition is
imposed at the fin surface with 2 = 25 W/m?-°C, T, = 23.5°C, and the convection
is also applied at the chip vertical surfaces, but its base is insulated. A power
of 35 W is generated in the chip. Let k,;, = 0.15W/m-°C and k,, = 237 W/m-°C.
Solve the problem as steady state. Use triangle 6node element with smart size
of 1.

Study the thermal performance of the straight fin used for electronic chip, as
shown in Figure 4.8. The fin is made of pure aluminum. Forced convection
boundary condition is imposed at the fin surface with 2 = 15W/m2-°C, T, =
22°C, and the convection is also applied at the chip surfaces, but its base is
insulated. A power of 20 W is generated in the chip. Let ky;, = 0.15 W/m-°C and
k, =230 W/m-°C. Solve the problem as steady state. Use triangle 6node element
with smart size of 1. Determine
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0.005 m 0.005 m

0.04 m

0.005 m

0.015 m

s

|-— 0.035 m ——I

FIGURE 4.7 Fin and chip for Problem 4.1.

0.005 m 0.005 m

0.04 m

0.005 m

—

B -- 0.015m

A A 1
|-— 0.045 m 4|

FIGURE 4.8 Fin and chip for Problem 4.2.
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4.3

4.4

a. Maximum operating temperature
b. Temperature distribution along path A—A
c. Average temperature along path A—A

Study the thermal performance of the straight fin used for electronic chip, as
shown in Figure 4.9. The fin is made of pure aluminum. Forced convection
boundary condition is imposed at the fin surface with # = 15W/m?-°C, T, = 22°C,
and the convection is also applied at the chip surfaces, but its base is insulated.
A power of 15W is generated in the heat source only. Let k;, = 0.2 W/m-°C
and k,, = 230 W/m-°C. Solve the problem using the ANSYS as steady state. Use
triangle 6node element with smart size of 1. Determine

1. Maximum operating temperature

2. Temperature at the center of the heat source
3. Temperature distribution along path A—A

4. Average temperature along path A—A

For the electronic board with mounted macro-processor and thermally inactive
memory shown in Figure 4.10, determine the maximum operating temperature
of the processor. In addition, present the temperature contours and heat flux
distribution. The applied heat generation at the processor is 12 W. Convection
boundary condition is imposed (h = 7.5W/m?-°C and T, = 25°C) at the top
surface, while it is insulated at the bottom surface and at the sides of the IC
board. Use triangle 6node element with smart size of 1.

0.03 m

0.005 m

0.005 m 0.005 m

O

|
e

/

Heat source
0.015 m

FIGURE 4.9 Fin and chip for Problem 4.3.
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0.005 m 0.005 m

sl fsf Fin

80 W/m-°C
Memory
0.02 m rd Memory
Processor  1C board

0.5 W/m-°C 8.5 W/m-"C

0.005 m
0.01 m
0.005 m T e T
0.0025 m ENNNNNNANAN N NN NN = 3

I«-0.015 m—~|<— 0.025 m ; 0.03 m i 0.015 m+o.015 m—-|

FIGURE 4.10 Electronic system for Problem 4.4.

4.5 Solve Problem 4.3 if the thermal conductivity of the chip is function of
temperature, and the relationship is given in Figure 4.11.

4.6 For the fin and chip shown in Problem 4.1, solve the problem as an unsteady
and determine the maximum temperature of the device at 1000 and 2000s, and
determine the temperature—time history at the center of the chip. Also, create
temperature animation file for the heating process. The initial temperature
of the fin and chip is 23.5°C. The total duration is 2000s and the time step
20s. The fin is made of nickel-steel (10%) with the following properties:
p = 7945kg/m?, k = 26 W/m-°C, and C,= 4600J/kg-°C. The chip is made of
epoxy with the following properties: p = 1200kg/m?, k = 0.25 W/m-°C, and
C,=1000J/kg-°C.

1.5

125 |-

k (W/m-°C)
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|
|
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20 30 40 50
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FIGURE 4.11 Thermal conductivity of the chip for Problem 4.5.
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FIGURE 4.12 Thermal insulation with small eccentricity.

4.7 The radial thermal insulation, as shown in Figure 4.12, has a small eccentricity.
Determine the effect of the eccentricity on the overall thermal resistance of the
insulation material. The inner and outer surfaces are maintained at temperatures
75°C and 25°C, respectively. The thermal conductivity of the insulation material
is 0.25 W/m-K. Create an X-Y plot showing the eccentricity in the x-axis and
the heat flux at the outer surface in the y-axis. Consider eccentricity between
e =0and e =0.025.
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5 Fluid Mechanics

5.1 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 5.1.
Considering the elemental Cartesian fixed control volume, the net mass flow rate in
the x-, y-, and z-directions can be expressed as

x-direction : ai(pu) dxdydz (GR))]
X
. d
y-direction : > (pv) dxdydz 3.2
y
.0
z-direction : a—(pw) dxdydz (5.3)
Z

The rate of change of mass inside the control volume can be obtained from Reynolds
transport theory as follows:

9p 9p
dV =—dxdyd
CJ; ot a0 ©4)

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

0 J J
- 4 = — — =0
~ T 5 (pu) + % (pv) + % (pw) (.5

Newton’s second law on a differential control volume, as shown in Figure 5.1, can
be used to obtain the conservation of momentum equation. The net forces on the
control volume should be balanced with the acceleration of the control volume times
its mass as follows:

ddm="y dF (5.6)

245
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Mass out y
1
1
L)
i
1 dy
Mass in x ——— | —— Mass outx
1
1
1
J, _________ .
# I 4,
dx
Mass in y

FIGURE 5.1 Fixed control volume.

The acceleration vector field, @, can be obtained from the total time derivative of the
velocity vector:

gV _du; v dwy 57)
de  dr dr” dt

Each component of the velocity fields is a function of space and time variables. Using
the chain rule, the time derivative can be obtained:

du(x,y,z,t) _du N Jou dx aud_y a_u%

=— +——+ 5.8
dr ot oxdt dydr OJzdr ©.8)
where
u = dx/dt is the local velocity component in the x-direction
v = dy/dt is the local velocity component in the y-direction
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) _ou du d d
a =—u(xyz )=—u+u—u+v—u+w—u (5.9

* dr ot dx dy dz

The acceleration in the y- and z-directions can be expressed, respectively, as

dv(x,y,z,t) ov dv  dv dv
a =———=—+u—+v—+w— (5.10)
! dr ot dx dy dz
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4= dw(x,y,2,1) a_w dw dw dw

tu—+v—=+w— 5.11
dr ot dx dy dz ©11)

The mass of the control volume must be equal to volume times the density:
dm =pdxdydz (5.12)

The forces on the control volume are divided into two types: body and surface forces.
The body force is due to gravity:

dF, = pgdxdydz (5.13)

The surface force is due to the surface stresses, including normal and parallel stresses.
The surface stresses in the x-, y-, and z-directions are as follows:

do. 0T, Ot
dF, = | Ly T T gy dz (5.14)
B ox dy oz

ar, =[ 2% P % )40 5.15
R et S , ,

aF =902, 9% I )4 aia 5.16
b ox dy 0z v (5.16)

The equations of motion in the x-, y-, and z-directions can be expressed as

i (au du  du au)( ds, 0T, aruJ
x-direction : p §+u—+v—+w— =P8, + +— .17

ox  dy 0z dx 9y +a—z
Jo.. OJt. OT.
y—direction:p(%+u%+v§—;+wg—z]=(pgy+ ;5; + ;y” + ;ZV] (5.18)

z-direction : a_w+u8_w+v8_w+wa_w = +ﬂ+a%+£ 519
P ot ox dy 0z P8. ox dy oz (6.19

For a Newtonian fluid, the stress components can be obtained from the theory of
elasticity, and they are
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Ju

—_proqp
o, W=
v

G) =—P+2].La—
ow

P+

o.= =

T, =T, = %av
v “ay ox

v ow
T =T =u|—+—
o dz dy

T,=T,= a—W+ﬂ
o =H dy 0z

Substituting the stress equations into the equations of motion, we have

(au ou Ju au) opP (azu
pl =—=—rtu—+v—+w—|=——+U| —5+

ox ox?

dy ox”

(av v v av) oP (azv
pl —+tu—+v—tw— = ——+pu| —+

—tUu—+Vv—+tw
ot ox  dy 0z

(aw ow  ow aw) oP (azw ?w  w
P =—-—— +§+

az+“ ot

a2

a 2

o*v

9y’

az
az

o*v

2o
Jo

9z

%

).

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

Equations 5.26 through 5.28 are called the Navier—Stokes equations. They are

nonlinear and nonhomogenous partial differential equations.

5.2 FINITE ELEMENT METHOD FOR FLUID MECHANICS

The finite element method is utilized to solve the governing equations and to
discretize the computational domain. Four nodes of quadrilateral elements were
used for the numerical discretization. ANSYS has only this type of element for
fluid dynamics. Weighted integral statements of the mass, momentum, and energy
conservations over a typical element, Q¢, are given by
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i w,f,dQ =0 (5.29)
w,f,dQ =0
é[ 3/3 (5.31)

where
f1. />, and f; are mass, momentum, and energy conservations, respectively
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 func-

tions used for pressure, velocity field, and temperature. The pressure, velocity field,
and temperature can be approximated as follows:

P(x,)=Y ®,(x), P(n=0"{P}
1=1

u(x,)=Y W, (x), wn="{u} (5.32)

n=1

T(x,)=»0,(x), T,0=0"{T}

where
@, ¥, and O are vectors of the shape functions
P, u,, and T are vectors of nodal values for the pressure, velocity components, and
temperature, respectively

The weight functions have the following correspondences:
w=0, w,=¥, w,;=0

The mass and momentum conservations can be written symbolically in the follow-
ing matrix form:

[AT]{u}=0 (5.33)
[CHu}+[KKu}-[aAKP}={F} (5.34)
[DRT}+[LHT}={G} (5.35)
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The coefficient matrices are defined by
b4
A= ¥ pra0
o Ox,

T

¥
Ci(u/.):ip‘f‘uj . dQ
J‘ oY 8‘PT
ax ox,
F = ¥rdr

T

90
D,(u)) =S_£pCp (¥u) 50

L jka_@)a_e dQ
o ox, ox,

G=[00"d0+ 95?, ©q¢”dr
d

where
k is the thermal conductivity
C, is the specific heat

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

T, is the component of the total boundary stress, which is the sum of the viscous

boundary stress and the hydrostatic boundary stress

q" is the heat flux at the boundary of the elements

5.3 FLOW DEVELOPMENT IN A CHANNEL

As shown in Figure 5.2, fluid flow in a two-dimensional channel develops in the axial
direction. At the inlet, the flow is uniform, and the flow Reynolds number is 100. The
working fluid is water at 20°C with p = 998.3kg/m? and 1 = 1.002 x 103 Pa-s.

Flow in —— 0.05m

Flow out ——

{ 0.45 m

FIGURE 5.2 Channel with developing flow.
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1. Show that the mass conservation principle is satisfied.
2. Determine the entrance length.

Double click on the ANSYS icon

Main Menu > Preferences

251

il Preterences for GUI Filtering
[EEVWHPHE 1] rebserces o IR g
Inchican shscisireds 15 shew b the Gl

Mot Il ne individual discioknes e seincind thay vl o show

®

Dacgine actors.

(i3

A select the FLOTRAN CFD

This example is limited to fluid analysis. Hence, select Fluid FLOTRAN. The
2D FLOTRAN 141 element is used, and its shape is a rectangle with four nodes.
The 3D FLOTRAN 142 element is used for three-dimensional analysis. Density and
viscosity are the only properties that are needed to solve this problem.

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

m Element Types

Defined Element Types:
NONE DEFINED

_Ad. |

Close

X
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Add...

P\ Libeary of Flement Types

Dy FLOTRAN CFD ehomeent lypes afe shown
®

Ly of Elemeri Tyoes

Elament type neference rumbes

(14

A select FLOTRAN CFD
B select 2D FLOTRAN 141

m Element Types X
Defined Element Types:
Type 1 FLUID141
Add. | Dptions... | Delete |
Close I Help I

Main Menu > Preprocessor > Material Props > Material Models

m Define Material Model Behavior
Materisl  Edk Favorta Help

Material b odais Dafirad Materis| Models Svailsbles

= (8 Favores =
o oo
@A Conductivity
@ Speciic Heat
& 05 <
8 Viesosty
@ Emissiviy

©
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A double click on CFD > Density

mnensiw for Material Mumber 1 X

Denzity fos Material Murnber 1

i Tempstatures )

| DENS E

.Add Ter:petau.le| Delata Tempaa!wt.z! Graph

oK | cood | Hee |

A type 998.3 in DENS

Double click on CFD > Viscosity

m Viscosity for Material Number 1 X
Viscosity lor Material Mumber 1
T

Temperatues |
imsC 1.002e3 -

D
&

©,

AddTenpsﬂuei Delata Tempafa!ule| Gnaphl

ok | coc | Hee |

A type 1.002e-3 in VISC

Close the define material model behavior window

253

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

2 Corners

m Rectangle by 2 Corners

# Pick " Unpick
WP X -
L'd -
Global X =
Y =
7 =
UP ¥ [ﬁ"""
WP ¥ ] -—

Hedghe 8.85| |

HOOE

oK | Apply |
Reset I Cancel I

Help I
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A type 0in WP X
B type0in WPY
C type 0.45 in Width
D type 0.05 in Height

The smart mesh number of 1 has insufficient mesh density to give accurate results for
fluid dynamics problems. The elements in the domain can be additionally increased
by using the line size control in the mesh tool. Lines are divided into segments,
which will be the number of elements in those lines. The lines are divided by either
specifying the number of divisions or the lengths of the segments. In this example,
the length of the segments is specified. The length of the segment is 0.0025 m, which
means that the vertical and lateral lines will be divided into 180 and 20 segments,
respectively.

Main Menu > Preprocessor > Meshing > Mesh Tool

MeshTool

Elemert Allnbubes

Global x| 5u

I Sman Ss

1| I |
Fire: 1 Cosme

Globa! Set Doz
Aomas Sel Cloa
Lne/;Sd Clesr
®/‘ Capy Fip
Layes Set | Oex
oyt Set Clea
Mot [Amae =]
Shepe.  Td & Nuad
& Fiee  C Mapped”
Jor d sided > l
co
1T ) [ — -l
Refne
Cloze Heip

A click on Set
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click on to select all lines, and the following window will show up.

m Element Sires on Picked Lines
[LESIZE] Element s on pcked ines

i &
NDIV Mo, of elsmert diisons :]

INDIV i wsed ory § SIZE i blank ox zesc]
KYNDIV SIZE NDIV can be changed & e

SPACE Spacng iatic

[ ]
ANGSIZ Divition aec |depiees] :]

| uze ANGSLE oy f numbet of drvisions [NDIV) and
alement edoe lsngeh (SI7E | ae blank o 2eie]

Clew attached armas and volumes I~ Ha

ok Ropiy Carcel Help

A type 0.0025

Lager 5
Keppls Sel
Meh | ik -

@——«bh‘uh | Claa [

Relre ot [Eleverts =]

Relre

_ G | ne |

A click on Mesh
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Pick All

ANGYS

ELEMENTS

ANSYS graphics shows the mesh

Zero velocity is imposed at the upper and lower walls to simulate the wall boundary.
At the inlet, the velocity is uniform. At the exit, zero pressure is imposed to simulate
a free exit boundary condition. The inlet velocity can be calculated using the pro-
vided Reynolds number, as follows:

y _ Rew _ 100(1.002x10")
pH 998.3(0.05)

=0.002 m/s

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

click at the inlet line

FiY Apply VELD load an lines
(DL} Aoy Wekocy Conviemts on s
‘Bopky Vi load a1 2 [Commivae =]
IF Conarant vaue ther:
¢ Lot vke —Ha
AoV load at 4 T
If Cormtar vaie ther:
e — S ey
Aegh V2o 348 [Corwcan. ]
IF Cervtans vale ther:
el [
Al o encpors? P e
Mg walll I He
[ —— =

NOTE: Blank wniies not interatd aa O )

oK Cancel Heip
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A type 2e-3 in VX Load value
B type Oin VY Load value
Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

click on the two lateral lines

FiY Apply VELO load an lines
[DIL] Aoy Veocity Conataarts on s

Aepky VK load a3 & Canstand, vaiue
I Conatant vaiue then
o F__1~—1®
Aoty VY losd 28 & [Conantvane =]
IF Commiant vaiue then.
s F__1~—1®
Pes s [Coarvoie 3]
IF Coresant vk ther
@ van —
Apply lc encpont=7 = s
Maving wall? I” Ho
Geresalized Symmaty? I Mo

NOTE: Blank vaitees not intnrmented as ' 11|

ok | Cancel Help

A type 0in VX Load value
B type 0 in VY Load value

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Pressure DOF >
On Lines

click on the exit line

DL 4o PRES o e 30,2 [Constant value |
|F Constant value thar:
S __—1&

Apoly to endpeints? ~ ‘es

OF. Apply Cancel Help
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A type 0 in PRES Pressure value

Main Menu > Solution > FLOTRAN Set Up > Solution Options

P\ FLOTRAN Solution Options

[FLDATA1].S0LU
THAN Steady state o ansient?
FLOW Sclve flow equations? W es
TEMP Adiahatic or thermal? m
TURE Laminar or hubulsnt? [ Laminar -
COMP Incompress of compress? W
VOF Achvate VOF advechon? [~ No
SFTS Surface tension effect? [~ No
WSH Incompress viscous heat? [~ Mo
SWRL Axmpmmetnc wath svarl? [~ Mo
SPEC Multiple species transport I~ Mo
ALE  Allow mezh motion ? [ Mo
RDSF Solve radiosty equation 7 v Yes
LS _ Dok S L Hey

The present problem is steady state and adiabatic. Hence, keep the default setting.
Notice that the ANSYS is capable of simulating turbulent and compressible flow.

The maximum number of iterations is 100, and an additional 100 iterations are required
if the termination criterion is not satisfied. The termination criterion for the velocity
components and pressure is le-6. The iterations will stop if the maximum number
of iterations is reached or the termination creation is satisfied. The selected material
properties are MP table, which means that the FLOTRAN will use properties stored
in the Material Properties in the preprocessor task to solve the problem.

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl
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m Steady State Control Settings
[FLOATAZLITER  |torataon Contiol

EXEC Global eraticns

OVER i He overwite g

APPE il fle append freq

259

WV Welecly component

W Valocity component

V2 Velociy component
FHES Frasoum

TEMP Tempesalurs

ENEE Turbulerd kirsbic snengy

ENDS Turbulent dsspation

[FLOATAZ] TERM  Temunation Crters

Mote: Teumination chack i ignared for a DOF
1 ks termination cillencn is negative

113

[FLOATAS|OUTF Output Doticns

SUMF Dutpul summasy bequency

Cancel |

A type 100 in EXEC Global iteration

B type le-6 in the termination criterion for the velocity components and pressure.

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

m Fluid Properties

[FLDATAIZLPAOP DENS

Diensty
[FLOATAI3|VARY DENS

Alcws denaity variatons?

CTTa— D
™ Mo

[FLOATAIZLPAOPVISC

Viscosiy
[FLOATATILVARY VISC

Alow viicosty vatision? I Me
[FLOWTA12| PROF COND
Conductivly Conatant
[FLORTAII|VARY.COND.
Aliow conductioty variataons? r Mo
[FLOATA1ZLPROF SPHT
Specec heat [Commtst =]
[FLOATAYIVARY.SPHT
Bdicws speciic heat vanatons ™ Mo

ok ooy | Cancel Help
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A select MP table in Density
B select MP table in Viscosity

Finite Element Simulations Using ANSYS

A confirmation window will show up. Read it carefully to avoid an unexpected error.
The -1 indicated that the property is not available. The conductivity and specific

heat are not required to solve the problem.

mCFD Flow Properties

Density coeficiants vl be caloulated from e MP tablas

Wisconly coellicients wal be calculshed vring the MP tables

1: Implies conductty need not be set
Condhuctivily property type CONSTANT

Coratant valie [1 I
1 Impl=s speciic heat need not be set
Specitc Hest Propeity Type CONSTANT
Corstent value |-1 I
oK Carvel Helo |

The following command will initiate the numerical iterations. Carefully examine
the normalized rate of change for all field variables. The normalized rate of change
should reach termination criteria 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, either some of the boundary conditions were missing or incorrect, or there

were wrong inputs for the fluid properties.

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN
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Time = 0

1.0E+01

1,u:m:}

1.08-014

1.0E-02 ]

[1/

1.06-03]

1.0E-04 ]

Normalized Rate of Change

1.0E-05)

/

1.0E-06)

1.06-07]

20 40 60 B0
10 30 so 70
Cumulative Iteration Number

100

N
P—
90

ANSYS graphics shows solution convergence
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As shown in the normalized rate of change, the solution reaches the maximum num-
ber of iterations, which is 100, without reaching the termination criterion, which is
le-6. Therefore, additional iterations are required to solve the problem.

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Time = 0
1.0E-03
1 v
] VY
1.0E-04 PRES
® 3
=]
5
§ soeas]\
- 1
° \/' ™~
@ 4 \
.
E 1.08-06) .
o
@ b
N 1 Y
1 1.0E-07. \ 3
E 1 \ "\
] 4 \‘
H \
1.0E-08 | \
1.0E-09
100 120 140 160 180 200
110 130 150 170 150

Cumulative Iteration Number

ANSYS graphics shows solution convergence
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=
\ 1

3)

Solubion is donel

[ Cloe |

Now, the normalized rate of change reaches the termination criterion. Hence, con-
vergence is attained. The Last Set is selected in the Read Results to ensure that the
data from the last iteration set is loaded for the postprocessor. Otherwise, no results
will be shown in the postprocessor. A plot of velocity vectors is presented in the
postprocessor task, followed by that of a velocity profile along the centerline of the
channel and at the exit.

Main Menu > General Postproc > Read Results > Last Set

Main Menu > General Postproc > Plot Results > vector Plot > Predefined

m Vector Plot of Predefined Yectors

[PLVECT] Wector Plot of Predafined Vectors
Itam Yator #em o ba plattad Velocky v
Mnda Vector of raster display
1+ Veclor Mode
" Paster Mode
Loz Vector locaton for revudts
% Elem Cantroid
" Elem Nodes
Edge Element adges [~ Hidden
[AVSCALE] Scaling of Vector Anovs
‘WH Window Number I"\"’-f-'lwf-1—;
VHATIO Scale facion muliphe I} I
A ———————————
KEY Vector scaing will ba | Magnitude bated =
OPTION Vacint piot based on [Undeformed Mezh =
ok Apply Cance! Helo
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1 YN
o ANGSYS
STEF=2
SUB =1
v
NODE=192
MIN=0
MAX=.002856

M — — —
a .6358-03 00127 001504 .002539
.3178-03 .9528-03 .001587 .002222 .002856

ANSYS graphics shows vector for the velocity

The red arrows are for the maximum velocity in the channel, while the blue arrows
are for minimum velocity. The velocity is maxima at the centerline, and zero at the
wall. The developing region is clearly shown at the entrance region of the channel.
Notice that the velocity has a parabolic velocity profile at the exit of the channel. To
determine 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
constant. 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 smother plot.

Main Menu > General Postproc > Path Operation > Define Path > By Location

m Ry Locatian

[PaTH] Dafins Path specifications

MName Defne PathName
APts Number of points D'
nGets Number of data sets

nDiv  Number of dvitions

@ OO

NOTE: The rumber of spacifisd points [nPts] must agqual
the ruamber ol dafned ponts [FRATH command]

ok Cancal Hely

A type center in Define Path Name. The name of the path is optional

B type 2 in Number of points
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C type 100 in Number of divisions

m Ry Lacatian in Global Cartesian

[PFATH] Comate Path points in Giabal Cartasian Cocedinate Systam

NPT Pt peint manber - _®
%Y 2 Locabon in Globel CS g |[e= | ].q__®

S Inteipokaion CS [3 | ]

MOTE: The rumbes of defined path points must equal
the rumbes of specifed points [PATH command|

ok Cancel Hep |

A type 1 in Path point number
B type 0 and 0.025 in Location in Global CS

m Ay Lacation in Global Cartesian

[PPATH] Cimate Fath points in Glabal Cartasian Cocacinate Systam

: (A
NPT Feth point rmber g J— /
¥ 2 Locabon nGlobel £ [0e5 | [ces [ H——@
L5 Interpokation C5 fo 1

MOTE: The rumbes of defined path points must equal
thex et ol specifiod points [PATH command)

Ok Cancel Heip

A type 2 in Path point number
B type 0.45 and 0.025 in Location in Global CS

m By Lacation in Global Cartesian
[PPATH] Create Faih points n Global Canssian Cocidinate Systam

NPT Path point rmbs: E

¥ Z Locaton inGlobal C5 |:| 15 ] |0.E-2s ||

£S5 Inteipelation C5 lﬁ:l

MNOTE: The rumbar of dafined path points must squal
the numbes of specified pornts (PATH command]

ok Cancel Help |




Fluid Mechanics 265

Main Menu > General Postproc > Path Operation > Map onto Path

[ iap Result items anto Path

[POEF] Map Rend lema ol Pt
Lab Ulsew bl oy e

e Lorrg Bem lo b macoed

Aoveragn ety aeanes ekomant

[/PAC] Shaw boundary condrion symbel
Show path o daply I Ho

o | aen | Cared | Heip

A select Velocity VX

Now, the stored variable, VX, 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 to other graphical software such as EXCEL.

Main Menu > General Postproc > Path Operation > Plot path Item > On Graph

m Plot of Path ltems on Graph
[PLRATH] Path Fiok on Graph
Lab1-5 Path items to be graphed

ok Apoly Cardl Heo |
A select VX
.-?Wfl k,l\"h

srER=z
sus =1
PATH FLOT

23]
2,054

.M

2.602

2.516

FRTT
2.1
2am

2.086

ANSYS graphics shows x-velocity profile along the centerline of the channel
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The above figure indicates that the flow is fully developed at the exit of the channel.
The x-velocity component becomes invariant at a distance of 0.315 m from the entrance.
Experimentally, the entrance length can be determined using the following equation:

L =0.056ReH

Using the above equation, the entrance length is 0.28 m, which is close to the ANSYS
results. The error between the two methods, 12.5%, can be reduced if a finer mesh is
used. In order to determine the average velocity at the exit, the path operation is used
to plot the velocity profile and to determine the average using integration.

Main Menu > General Postproc > Path Operation > Define Path > By Location

m By Location

[PATH] Define Path spachications

Mame Dafine Path Mame - D_————‘ "‘@
nFts  Number of pornts : I‘
nSets Muber of data sels

nDev  Number of dvasore: 100 _©

NOTE. The rumber of speciied ponls [nPis] must equal
the number of defired points [PRATH command]

ok | Carcel Help

A type exit in Define Path Name. The name of the path is optional
B type 2 in Number of points
C type 100 in Number of divisions

m Ay Location in Global Cartesian

[PPATH] Crmate Path pointz in Global Catesian Copdnate Systam A
NPT Fath point rmbs: i _Fi__i
%Y Z Locabon nBlobel (5 s i@ Il - —@
C5  Intepolation OS5 o l
MOTE: The rumba: of defined path points must equal
the numhes of specified points [FATH command)]
ok Cancel Hep

A type 1 in Path point number
B type 0.45 and 0 in Location in Global CS
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m Ay Location in Global Cartesian

[PPATH] Crmate Fath points in Gilabal Carasian Cocidinate Systam

NPT Fath point mumbs 3_|r,1_ J@
HYZ Locabon n Gkl CS (045 |[eos 1} - _®

CS  Intepekaion CS

NOTE: The ramber of defned path points must equal
e nurmbet of specified points (PATH command)

ok

A type 2 in Path point number

B type 0.45 and 0.05 in Location in Global CS

Ti\By Location in Global Cartesian

[PPATH] Create Path poirts in Global Cartesian Cocidinate Systam
NPT Path point numbe:

I

*r'Z Locabon n Global C5
£S  Intespolation CS

=
-
o

e I |

I

NOTE: The number of defined path points must equal
the number of specified points (PATH command)

Ok

Main Menu > General Postproc > Path Operation > Map onto Path

m Map Result Items onto Path
[POEF] Map Fiesuk ltems onlo Path
Lab  Lbserlabad fcs tem

\tem Comp Hem bo b= maoped _ - S| | Displacemant < -~
Dther quantities uy 3l
Eler table kem

Avesage results acioss elemant W Yes
[/PAC] Show boundaty conditicn symbel
Show path on display r No

13 I Apply Cancel Help

A select Velocity VX

267
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Main Menu > General Postproc > Path Operation > Plot path Item > On Graph

mplot of Path ltems on Graph .

[FLFATH] Path Flot on Graph
Lab1-6 Pathitzms ta be graphed
oK Apply Cancel Help |
A select VX
T SR
oari ANGSYS
STEP=2
SUB =1
PATH PLOT
(x10%*-3)
2.856
2.574
2.z288
2.002
1.716
1.43.
1.144
ass
572
286
o (x10%*-2)
o 1 2 3 4 ]
5 1.5 2.5 3.5 4.5
DIST

ANSYS graphics shows 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 operation. The value of the integration must be divided by
the path length to get the average value of the variable. The number 20 in the Factor
is the inverse of the path length. Selecting S in Lab2 means that the integration is
performed along the path.
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Main Menu > General Postproc > Path Operation > Integrate

m Integrate Path Items

269

PCALCUNTG LabA = FACT *Int [Lab1) diLabZ] |

LabH Usse labed for sl
FACT Fach

o

Labl 181 Path dem

Lab2 2nd Path kem

Hep

O® @

A type 20 in Factor
B select VX in 1st Path item
C select S in 2nd Path item

Define Pat
PPATH Po
PPATH Po

38 nDiv-
a.008
-.S5ARBE-A

DEFINE FATH IN PATH COORDINRIE §
DIRECTION !
A.4500
B.588080E-81
@.080688

PATH LENGTH =

A.45080
8.0ae0a

Z @.00ea
TOTAL A.5ARAAE-A1

AS THE DEGREE OF FREEDOHM ITEM
q 0 TH ATH

PATH BOUNDARY CONDITION DISPLAY

DISPLAY ALONG PATH DEFINED BY

KEY = @

LPATH COMMAND. D
AS THE INTEGRATION OF
PATH UARIAB WITH RESPECT TO PATH VARIABLE &€

FINAL SUMMATION 8.198H8E-B2
NUMBER OF PATH UARIABLES DEFINED IS

BYS-

DEFINE PATH UARIABLE

[T1]

6

108
8.880
1 @A.888

COM

PH1E-17

The ANSYS Output window shows the value of the integration,
This is almost equal to the inlet velocity with an error of 5%.

5.4 FLOW AROUND A TUBE IN A CHANNEL

For the heat exchanger tube shown in Figure 5.3, determine the

which is 0.19¢e-2.

pressure drop in

the channel and the maximum shear stress at the surface of the tube. The working
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F

L
0.025 m
H=01m & ; 7 Flow exit
0.05 m

v

L
|4— 0.1 m =!=. 0.3 m

FIGURE 5.3 Flow around a tube in a channel.

R

fluid is air, and the inlet velocity is fully developed with an average velocity of U,, =
0.01 m/s. At the exit, atmospheric pressure is applied. Use the following equation for
the velocity profile at the inlet:

u(y)ngm {1—(%)2}

Double click on the ANSYS icon

Main Menu > Preferences

mﬂrcfnmnm: for GUI Filtering,
[KEYW]/FMETH| Preferences for GUI Fitenng
Indvidhaal chacipiine(s] to show in the GUI

<

!E

A
®

Elecomagnelc:
™ Magretic-Nodsl
™ MagneticEdge
I™ High Frequency
I~ Elechic
Mote: If no individual discipines are salected thay vill all show.
Discipling options

@ hMethod
" pMethod Stuct
" pMethod Elect.

oK I Cancel Help

A select the FLOTRAN CFD
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Main Menu > Preprocessor > Element type > Add/Edit/Delete

Add...

m Element Types

Defined Element Types:
MOME DEFINED

Add...

Close

Options...

X

Delete

Help

mi ibrary of Flement Types <

Drly FLOTRAN CFD element lypes are shown

Elemenl type reference numbsr

oK I

Libwary of Element Typas FLO

Aopy |

NotSolved

-

271

|[2DFLOTRAN 141 -
3DFLOTRAN 142

A select FLOTRAN CFD
B select 2D FLOTRAN 141

®
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m Element Types X

Defined Element Types:
Type 1 FLUIDA 41

Add.. Options... Delete
Close Help I

Since this problem is fluid dynamics, density and viscosity are required to solve it.
Air in the material library of the ANSYS is used, and this is done in the FLOTRAN
setup in the solution task. The geometry is modeled by creating a square and a circle.
A Boolean operation is utilized to remove the circle from the square using the over-
lap and delete commands. Alternatively, the circle can directly be removed using the
subtract command.

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

m Rectangle by 2 Corners <

* Pick " Unpick
WP X =

v -
Glohal ¥ =

:
b
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A type 0in WP X

B type -0.05in WPY
C type 0.4 in Width
D type 0.1 in Height

Main Menu > Preprocessor > Modeling > Create > Areas > Circle > Solid
Circle

E!Soiid Circular Area

* Pick " Unpick
WP R =
¥ =
Global ¥ =
Y =
s ()
ur ¥ A.1 M
Up ¥ a «— __@
Radius R.A125 -] :
OK | Apply |
Reset | Cancel |
Help

A type 0.1 in WP X
B type 0in WPY
C type 0.0125 in Radius

Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap >
Areas

Pick All

Main Menu > Preprocessor > Modeling > Delete > Area Only

click on the circle to highlight it

Lines in the created geometry are divided into segments, and the number of seg-
ments will be the number of elements in those lines. Increasing the number of
segments will create a finer mesh. Line division can be accomplished by specifying
either the number of segments or the length of the segments. In this example, the
length of the segments is specified. The length of the segment is 0.0025 m.
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Main Menu > Preprocessor > Meshing > Mesh Tool

Meshe [ pea

* Fiee

Fefneat |Elements 'I

;

A click on Set
Pick All

m Flement Sizes on Picked Lines

[LESIZE] Element sees on picked bnes
SIE Elament edge length ..—_®

NDIY  No. of elerment divisionis :|

[MDIV iz wsed onby  SIZE = blank or zeig]
KYNDIV SEZENDI can be changed

ﬁ

s

<

SPACE Spacing atio

[ ]
ANGSZ Divisicn arc [degress] [ ]

[ use ANGSEZ only if number of divisions (NDIV) and
alement edge langth [SIZE) are blank or zero]

Clear attached areas and volumes

-
F

ok Ansiy Cancel Helo

A type 0.0025 in Element edge length
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Reineat [onert 3]
FReline
Cloee | Hep |
A mesh
Pick All
lzLENENTB ‘il’

ANSYS graphics shows the mesh
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The modeling and meshing tasks are now completed. The hydrodynamics boundary
conditions are applied. At the inlet, Vx is a function of the y-direction and 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 walls
to simulate a wall boundary condition.

The inlet velocity profile can be applied easily with the function editor feature of
the ANSYS. ANSYS will create a data table from the velocity function, and apply
it to the selected lines. To ensure that the equation is written correctly, a graph of
velocity is created in the ANSYS graphics.

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

m Function Editar X

Ele Edt el

Funchion | Regine 1| Regime 2| Aegine 3] Riegme 4| Regime 5] eame 6|

Funclion Type
 Single pquation]
" Mulivabied funclion bazad on 1agime varisbie [Regmevar
frZintepeedintsvsfo 0000 =]
Resull =[1.5°01T1{2'¥)211°2) - —@
" Degress  Fadians
LsT
[ 1| oRerd ¢ 3
MIN  ASIN %
WA | SIN | LN ‘ 7 I € | ] | ’ |O.£nH|
RCL ACOS
smlms|um|a[:- 5|"-¢-|
NSMEM  ATAN  SGAT
ABS | TAM | ¥2 1 | 2 | 3 | . | £
2] W07 1
1My |ﬂm2 =y ‘ ] | | - g

A Type the equation: 1.5%0.01*(1-2*{ Y }/.1)"2)
B click on GRAPH

mplol Information X

i~ Equation
Resullt=1.5" 01T142*{r}211°2)

[~ Vanable Data

&y
r Range Data 1 —®
MhwisPangs: 005 wos 4 |
Murnber OF Points: |50 - ’/]_3.\I
. 2/

Goph | Lt | cose | Hep |
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A type —0.05 and 0.05 for X-Axis Range
B type 50 in Number Of Points

The range of the data in the x-axis are —0.05 and 0.05, while 50 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 of it will just create a smother plot.

: ANSYS

(x10%%=2)

ANSYS graphics shows the inlet velocity profile

The above figure indicates that the velocity profile equation is correctly presented in
the ANSYS. The velocity profile equation must be saved.

In the Equation Editor click on File then Save

Save As ? X
swon [z «@®ckE-
My Recent
Documants

€,

Desktop

My Documents

-

My Computer

=

My Network.  File name |ﬁmm
Places

Save a: type: ]I’UhC Files [".tunc]
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Save the file as flowin. The file name is optional.

Close the Function editor window

After saving the function, you must load it to the ANSYS solution using the read file
in function.

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

Look i [ 23 2asys > « mereE
a = Fiavnfunc]
My Recent
Documants
€]
Deskiop
My Documents
My Comguiter
-
My Metwork. ey Aovwin, func: - Open
Al name: {owin func -] I_I
Fles of type: | FUNC Files " furc) - Cancsl
A select flowin.func
Comments
5|
4|
1 Table parameber name 1
Lecal coorch e i ot [+, 4. 4 :
0 =l
Fuction|
Equation
Renl = 1501 THZ AT 2 =
=
Conttant W aluss
Nore
(3 Cocel | Heo |
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A type inflow in Table parameter name. The name of the table is optional. The

“inflow” will be shown later when the boundary conditions are applied.

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On

Lines

click on the lines of the upper and lower walls of the channel, and the surface of the
cylinder

Fi\ pply VELO toad on lines X

[DL) Apply Welockty Constrants on ines

-®
(5

Apph Vi load as & [Coeiantvave =]
If Corstant vahue ther:
ot F_——
Apply Vi boad as 2 I-_'m!ml value >
If Coratant value ther:
WLt  J—
Apph VZ load a3 2 Fm_____z‘
I Constant value ther:
@ Lo —
Apply o endponts? W ‘e
Moving weall? I~ Ho
Geneizized Symmeby? I~ No
NOTE: Blank values not intamrated as 0's |
oK Cancel Help

A type 0in VX Load value

B type 0 in VY Load value

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On

Lines

click on the channel entrance
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i\ pply VELO load an lines :

[DL] Apgly Velocity Conshiants on lines

Apply VX load a3 2

If Conatant value then:

Vi Load vahe

Aok V¥ losd 2. [Coanivove =]

I Corestant vahue therc

VY aLoad vaks O _@

Apely VE load s 2 Itﬂm‘anrvahe vI
If Constant value ther:
 oivbe —
Apply to endports? W ‘Yes
Moving wall? I No
Genesalzed Symmaty? ™ Mo

MNOTE: Blank values not interpreted as s 11|

oK Cancel Help

A select Excising table in VX Load value
B type Oin VY Load value

m.ﬁpp!y VELO on lines ;
Apply Table Vi Lood
Exsting table

oK Apply

A select INFLOW

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Pressure DOF >
On Lines
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click on the channel’s exit line

[DL]Apply PRES onnes as 3 If_‘ms:mt walue _:_J

If Constant value then:

PRES Prasoue vaus |l] | — ——@

Apply o endpointz? F Yer

oK | Aopy | Cancel Help

A type 0 in PRES Pressure value
Main Menu > Solution > FLOTRAN Set Up > Solution Options

Fi\ FLOTRAN Solution Options X

[FLDATATLSOLU
THAN Steady slale of hansien? W
FLOW Selve flow equations? W Yes
TEMP Adiabatic of theimal? [adobabe =]
TURE Lasminas of turbudsn:? [Lamnr =]
COMP Incompress of compress? W
WOF Activate VOF advecton? I” No
SFTS Suface tereaon effect? ™ Mo
WSH Incomprass viscous heat? ™ Ho
SWHL Asmymmednic vath svwl? I~ Ho
SPEC Multiple spacies transport ™ No
ALE  Allows mesh mation 7 I~ Ho
ADSF Soive radiosty equation 7 v Yes

ok | poy | [ Cared ] Hep |

The present problem is steady state and adiabatic. Hence, keep the default setting.

The maximum number of iterations is 100, and an additional 100 iterations are
required if the termination criterion is not satisfied. The termination criterion for the
velocity components and pressure is le-6. The iterations will stop if the maximum
number of iterations is reached or the termination criterion is satisfied for all field
variables.
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Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

[FLOATAZUITER  lerabion Cantiol
EXEC Globalbeenton: |—m | .‘__®
OVER 11 fle overwite eq |
APPE il He sppend freq ]
[FLOATAZLTERM  Tamination Crieria
e Vwlocky component E —C
-

VP Vsincly camponert [= ] B
VZ Velocky component E
PRES Prassam E
TEMP Tempsstue E
ENKE Turbubent kinedic snsrgy E
ENDS Turbuert diszation 0o ]
Mote: Tarmination check: is igrored for a DOF

A s beemaraion crletion i regaive
[FLOATASLOUTF  Dutput Optons
SUMF Dulpit summay fraguency E

oK Carcel | Hep |

A type 100 in EXEC Global iteration
B type le-6 for Vx, Vy, and PRES

By default, the shear stress is not calculated by the ANSYS solver. To calculate the
shear stress, it must be selected in the additional output in the FLOTRAN setup. The
material properties are Air-SI, which means that the FLOTRAN will use properties
stored in the ANSYS material library for air in SI units.

Main Menu > Solution > FLOTRAN Set Up > Additional Out > RFL Out
Derived

_'_i_‘RFI Duiput Derived

[FLDMTAS]OUTF Output cptions for FLOTRAN 1ewdts fls
for caleukabed cutput quaniiias

PTOT Dutpest okl pemasaen? F Ym

TTOT Dutpus toked tampersiize? I o

HFLU Qutpust heat fua? I Mo

HFLM Outpus fim cosfficients™ ™

STAM Dutput sheam hection? P Yes

PLOE Outpud presitee coell? ke

MACH Dultput Mach nusbei? I Ho

SFLL Outpt y phe? I~ Ho

TAUW Output wad shear sessi P e e——— (A\
__________________ 2

RDFL Qutpt 1ackstion fls? iNe

0K Cancal Hsip
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A select TAUW output wall shear stress
Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

m Fluld Properties
[FLOATA1ZLPROF DENS.

Dersity 4R 51 -] - —@
[FLOATATIIMARY DENS

BAdows denaly vaniations? ™ Mo

[FLOWTAIZLFRADFMSE

Viscosity
[FLDATATI[MARY WISC

Adow vitcasity variafion 7 I No

[FLOATATZLPROF.COND

Condactivily Coratant -
[FLOATAT3LVARY.COND

Al conductioty voriatiors? I Mo
[FLOATA12LPADP SPHT

Spaciic hast [Coms =]

[FLDATAT3]VARYSPHT

o | Apoy Cancel Help

A select AIR-SI in Density
B select AIR-SI in Viscosity

VY CFD Flow Properties

Density coetliciants vl be calzulated liom the data
b e, Flopip. ans undes the nama ARSI

Viscosty coefficients vl be calculsled from the data
i 1k s, Fopip ans under the name AR -51

1 implias corducipdty reed not be et
Conductily propedy lyps CONSTANT

== —

1. Imphes specific heal need nol be set
Speciic Hedl Piopeily Type CONSTANT

Eoe e

oK Comcel | He |
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Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Mormalized Rate of Change

Time = 0
e |
1.0E+00. \
1.08-01 N
1.00-02 {0 \
k \\"-—-..._

1.0E-03 h“"“‘-..____H \

--...________‘-‘
1.00-04

=]

1.00-08

20

0
Cumulative Iteration Number

ANSYS graphics shows solution convergence

FPRES

-'é) Sohsion is dorel

[ Close |

As shown in the normalized rate of change, the solution reaches the maximum num-
ber of iterations, which is 100, without reaching the termination criterion, which is
le-6. Therefore, additional iterations are required to solve the problem.

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

1.0E+01,

Time = 0

1.0E+00]

.0E-01

=

.DE-“’-

o1-00]

-

.0E-04

Normalized Rate of Change
-

.0E-05.

1.0E-06

1.0E-07

100
110

120

130

140
150

160

170

Cumulative Iteration Number

180

ANSYS graphics shows solution convergence

VX

PRES

200

150
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f\i) Sohstion iz donel

| Close

The solution is still not converged. Therefore, an additional iteration is required to
solve the problem.

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Time = 0
1.0E-03.

PRES

1.08-04

1.00-08,

™~

Normalized Rate of Change

—~—L

1.08-07

200 220 240 60 00 200
210 230 150 170 90
Cumulative Iteration Number

ANSYS graphics shows solution convergence

-'\iD Soksion is dorel

[ Cloe |

Now, 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 is loaded for the postprocessor. Otherwise, no
results will be shown in the postprocessor. A plot of velocity vectors is presented in
the postprocessor task, followed by pressure drop calculations.

Main Menu > General Postproc > Read Results > Last Set

Main Menu > General Postproc > Plot Results > vector Plot > Predefined
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m Vector Plet of Predefined Vectors

[PLVECT] Vacior Plot of Predefined Vector:
Ibam Victor Bem ho be plottad ’fj v
Mode Vecls o saster deplay
s Vector Mods
" Alaster Mode
Lot Vector kocabon bol readls
% Elam Coantrod
™ Elem Nodes
Edge Element edges [ Hudden
[A/SCALE] Scaling of Viector Ancwrs
WH Window Nubes [Wandow 1 -
VRATID Seahs Dacton muliphes 1
KEY  Vector scaing wil be [Magritude based =
OPTICN Yector plol based an [Undstomed Mesh 3
o Aol el | Heb |
1 T
— ANSYS
BTEFP=3
8UB =1
v
RODE=ZB46
MIN=0
MAX=,015423
]
o -004316 .DD8632 -012948 . 017265
.002158 . 006474 . 01079 -015107 . 019423

ANSYS graphics shows vector for the velocity

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 clearly visible in the
figure, and the flow is very slow at this region. The flow velocity is maxima above
and below the cylinder. Notice that the velocity 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 the path operation in the postprocessor. The path at the inlet is
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created by specifying two points. The number of divisions is the number of points used
to create the plot, and using a higher number of divisions will create a smoother plot.

Main Menu > General Postproc > Path Operation > Define Path > By Location

m“‘f Lacation >

[P&TH] Define Path spsciications

Nasme  Dsfine Path Name 4_—————— _®
APts Mumbes of points -
nSets Mumber of data 18t D

O Number of divitions Dq—— _©

NOTE: The numbes of specified panks (nPiz) must equal
the rmibes of delined points [PRATH command]

0K I Cancel I Help

A type inlet in Define Path Name. The name of the path is optional
B type 2 in Number of points
C type 20 in Number of divisions

Fi\ By Lacation in Global Cartesian
[PPATH] Create Path pointz in Global Catesian Cocednate Spefam

bl — A
¥ Z Locaticn in Global CS |J ||{cs || ]4——@
5 iapincs —

MOTE: The rumbsr of dafined path points must equal
tha number of specified peints [PATH command)

113 | Cancel | Help

A type 1 in Path point number
B type 0 and —0.05 in Location in Global CS

[_L‘ Ry Lacation in Global Cartesian
[PPATH] Ceeate Path pontz n Global Cartesian Cootdinate Spatem

NPT Fath port rmbet .:2 _—— A
KYZ Locslion in Globil CS [ |[oes 1] |4——@
5 pincs o—

NOTE: The rumbet of defined path poirts must equsl
thes rusmber of specsied poirts (PATH command]

ok | Cancel Help

A type 2 in Path point number



288 Finite Element Simulations Using ANSYS

B type 0 and 0.05 in Location in Global CS

m By Lacation in Global Cartesian

[PPATH| Camate Fath peirds in Glohal Cartasisn Cococinate Suatam

HPT  Path point rumber :'
¥¥Z Locabon inGicbd C5 o “tue ” ]
S Inberpolation 5 5.3

HOTE: The rummber of defined path points must equal
the numbes of specified points [PATH command]

ok Cancel | Help

Main Menu > General Postproc > Path Operation > Map onto Path

[POEF] Map Fistuk ltems onto Path
Lab  Liserlabel for kem |
Ibem Comp Nem bo be mapped O0F sohton
|Other quanities
{Elern tabie em
Fressue PRES
Average tesuls acioes element v es
[/PRL] Show boundaty conditon symbel
Show path on display ™ Mo
OF Apphy Cancel Heip

A select Pressure PRES

Main Menu > General Postproc > Path Operation > Plot path Item > On Graph

FiYPiot of Path Items on Graph

[PLPATH] Path Plot on Graph
Labl-B Pathitems to be graphed

oK Apoly Cancel Heb |

A select PRES
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1
POSTL

BTEP=4
BUB =1
PATH PLOT

{x10%*=4)
2.236

ANSYS

2.234

2.232

2.230.

2.228.

2.226.

2.224

2.222

2.220

z.218

2.216

ANSYS graphics shows pressure distribution at the inlet of the channel

289

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 variable. The number 10 in the Factor is the inverse of
the path length. Selecting S in Lab2 means that the integration is performed along

the path.

Main Menu > General Postproc > Path Operation > Integrate

m Integrate Path ltems
[PCALCIINTG

Labfl = FACT * Ink [Lab1) diLabZ] )

LabA  User label for result

FACT Factor

Labl 13t Pathilem
LabZ 2nd Path item

oK

]

o < @

[PRES =] - B

e OO
Apply Cancel Help

A type 10 in Factor

B select PRES in 1st Path item

C select S in 2nd Path item
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<% ANSYS 10.0 Output Window !E

DEFINE PATH IN PATH COORDINATE SYSTEM L)
DIRECTION % HMIN
"

A.ARAR A.ARAR
¥ B8.56060E-681 -8.56006E-61
Z . HEHH W . A
TOTAL PATH LENGTH =

A.1860684

DEFINE PATH VARINBLE PRES NS THE DEGREE OF FREEDOM ITEM=PRES COM
NUMBER OF PATH UARIABLES DEFIMED IS 5
SUMMARY OF UARIABLE PRES MAX = A. 61E-83 MIN = A.22163E-A3

PATH BOUNDARY CONDITION DISFLAY KEY = @

DISFLAY ALONG PATH DEFINED BY LPATH COMMAND. DSYS= @
DEFINE PATH UARIABLE N8 THE INTEGRATION OF
PATH UARIABLE PRES WITH RESPECT TO PATH UARIABLE S

FINAL SUHMHATION = @.22247E-83
NUMBER OF PATH UARIABLES DEFINED IS 3

The ANSYS Output window shows the average pressure at the inlet, which is
0.22247e-3 N/m?2. At the exit, the pressure is specified as a boundary condition and is
equal to zero. Hence, the pressure drop in the channel, is equal to 0.22247e-3 N/m?.

To determine the maximum shear stress at the surface of the cylinder, the dis-
tribution of the shear stress using the path operation is employed. A path is created
around the cylinder using the defined path by nodes. It is necessary to zoom the
cylinder’s region for better node selection.

ANSYS Utility Menu > PlotCtrls > Pan Zoom Rotate ...

click on Box Zoom, and make a box around the cylinder, as shown below.

Mesh view at the region close to the cylinder

Using the mouse, carefully select all nodes in the surface of the cylinder, and the selec-
tion should be in order. Double selections or backward selections will produce a wrong
result. Start the selection from the node at the front stagnation point of the cylinder.
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Main Menu > General Postproc > Path Operation > Define Path > By Nodes

click on nodes on the surface of the cylinder

[PATH] Define Path speciicalions

MName Define Path Name : —@

nSets Mumber of dats sets an I
nDiv Number of divisicrs

ok [ Cancal ! Help |

A name the path as cylinder. The path name is optional

Main Menu > General Postproc > Path Operation > Map onto Path

m»..\p Result llems ento Path
[PDEF] Map Fissult tems onto Fath
Lab Lhanr Il hrw e

Itaem, Corm lins e by et

v vwvals acioss shenerd

[/PRE] Show beundaey condition symbol
Shamwe oath o dealay Mo

o decky | Cancel |

A select Other Quantities
B select wall shear TAUW

Main Menu > General Postproc > Path Operation > Plot path Item > On Graph

mplol of Path Items on Graph .

[PLPATH]| Path Piot on Graph
Lanl-B Path items to be graphed

E‘“%!éé

N
&

oK Apoly Cencel | Heb |
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A select TAUW

*vosms ANSYS

STER=4

SUB =1

PATH PLOT

HOD1=402

WODZ=426 (x10% -5}

TALW 9.508
8.920 /\' [‘/ !
7.932 'f \ ki \I
6.944 ‘rf \\ ;‘[ \;‘
5.956 { t Irf ll

| J |

4.968.

S99, ‘ri ‘\ 1 i
2.004 ||[I \ /
1.016 I} \ ;

s [ / [x107e-2)

—t

o 1.52 3.04 4.56 6.08 7.596

ANSYS graphics shows shear stress at the cylinder

For the above results, the maximum shear stress is equal to 9.908e-5N/m?2. The plot
can be smoother if the number of nodes at the surface of the cylinder is increased.

PROBLEMS

5.1 Water flows in a two-dimensional channel as shown in Figure 5.4. Determine
the pressure drop in the channel for a uniform inlet velocity of 0.001 m/s. Let
p =998.3kg/m? and p = 0.00152 Pa-s. Divide all lines into 0.0025 m segments
for meshing.

5.2 Air flows in a two-dimensional channel as shown in Figure 5.5. Determine the
maximum shear stress at the cylinder wall for Reynolds numbers of 100 and
200. Let p = 1.204kg/m? and p = 1.82e-5 Pa-s. Divide all lines into 0.01 m seg-
ments for meshing.

L

H=0.1m Flow in Flow out

0.025 m
L LT
l—0.1 m—sle—s} 03m o

0.05 m

FIGURE 5.4 Channel for Problem 5.1.
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_‘_ Flow in

0.2 m

|

FIGURE 5.5 Channel for Problem 5.2.

Flow out
RO.1 m

|——0.2m | 02m | 06m

5.3 The two-dimensional channel shown in Figure 5.6, contains a triangular object
used to simulate an airfoil. The inlet flow is uniform and it is 0.01 m/s, and
the working fluid is air. Divide all lines into 0.0075m segments for meshing.
Determine

1. Maximum velocity in the x-direction
2. Maximum shear stress on the object
3. Pressure drop in the channel

5.4 A heat exchanger consists of a channel with four cylinders with a diameter of
0.025m, as shown in Figure 5.7. The working fluid is air, entering from the left

o
5

o
g*l-

"

f——{0.05m

=
5

i 02m i 0.8 m

FIGURE 5.6 Channel containing a triangular object for Problem 5.3.

Flow in t Flow out
> 0.1m >
+

o
— G
3

I-— 0.25m i { im i

0.1 m

FIGURE 5.7 Channel with four cylinders for Problem 5.4.
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0.12m

Flow out
a —

0.08 m

! ! 0.4 m |

020 m

0.05 m

FIGURE 5.8 Channel with a half cylinder object for Problem 5.5.

5.5

side with an average velocity of 0.005 m/s. The radius of the cylinders is 0.025 m.
Determine the maximum velocity and pressure drop in the channel.

The two-dimensional channel shown in Figure 5.8, contains a half cylinder
object used to simulate an airfoil. Determine the average shear stress at the
upper surface of the object and verify that the mass conservation is satisfied.
The working fluid is air. The average inlet velocity is 0.005m/s, and the inlet
velocity has the following velocity profile:

w0)=2u, {1_(%”



6 Multiphysics

6.1 INTRODUCTION

In practice, the engineering problems that are to be simulated are multiphysics, but
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 the heat
exchanger analyses, only fluid flow is solved and then followed by the thermal analy-
sis. Recently, significant improvements have been achieved in both hardware and
software capabilities that made the multiphysics simulations inexpensive and accu-
rate. As computing power increases, the ability to model the full physics is becoming
a practical possibility. Hence, there is an increasing demand for multiphysics simula-
tion 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, setting up of problems involving multiphysics is introduced. The
level of coupling for multiphysics simulations is illustrated. Examples of thermal—
structure, thermal—fluid, and fluid—structure systems 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 in thermal—structure and thermal—fluid
with temperature-dependent properties. In the thermal—structure, the thermal analy-
sis 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 structural
analysis is completely separated, because the structural deformation has a negligible
effect on the temperature distribution. The process is shown in Figure 6.1.

The problem with a medium level of coupling, the solution of the each physics
depends on other, but requires no mesh movement, such as thermal—fluid analysis
with temperature-dependent properties. In the thermal-fluid analysis, the proper-
ties of the fluid, such as the density, are a function of temperature. In this analysis,
the fluid is solved first, followed by thermal analysis. 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 6.2. 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 high level. It requires a degree of
compatibility in the solver technologies and often involves a mesh movement, which
may be accounted for by using of the arbitrary Lagrangian—Eulerian (ALE) method.
The computation time for this analysis is high, and it requires high-performance

295
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Bountty e | Resits b | Sracaa ] =
conditions solution

FIGURE 6.1 Low-level analysis.

Converged
Boundary . Th | Final
conditions > Fluid P Results > erma P solution
l Properties I

update o converged

FIGURE 6.2 Medium-level analysis.

Converged

Boundary . > Final
conditions P P Results =3 solution
| Mesh

update Not converged

FIGURE 6.3 High-level analysis.

computers. The process is shown in Figure 6.3. There are two types of fluid—structural
analysis. In the first type, the solid is moving in a specified way and the fluid pres-
sure 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 is occurred.

6.2 THERMAL AND STRUCTURAL ANALYSIS
OF A THERMOCOUPLE

High-temperature furnaces use thermocouples to control their temperature. Figure
6.4 shows the thermocouple. It consists of aluminum and carbon steel plates attached

5 W/m2-°c )
15°C Aluminum
L00%c 0.005 m
0.005 m
5 W/m?-°c Carbon steel
15°c
I 0.1m }

FIGURE 6.4 Thermocouple.
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to each other. The left end is fixed and maintained at 100°C, and the thermocouple is
exposed to a free convection boundary condition with & =5 W/m?-°C and T, = 15°C.
Display the y-displacement contours, and determine the maximum displacement in
the y-direction. The thermophysical properties of the aluminum and carbon steel are
shown in the following table:

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 107 12 x 107

This problem is considered as multiphysics and physics are not coupled because the
structure and heat transfer are solved separately. The deformation of the thermo-
couple has no effect on the heat transfer. The heat transfer must be solved first, and
then the structure.

Double click on the ANSYS icon

Main Menu > Preferences

FilPreferences for GUI Filtering

REYWI/PMETH] Prefereres lor GLE Fitenng

Iividusd dircphnelz] bo chow in the GLI 5 SW,‘_______—————————__@
®

@ Theeal

™ ANSYS Fhad
[~ FLOTRA&N CFD

I~ Magnatic-Hodal
I~ MagneticEdge
™ High Frequency
I~ Electic

MNote: If ro indrvidual discipln 7 vl ol thow

Diiscipine nphion:
& hrMgthod
 pMathod Stuct
™ prMethod Elech.

A select the Structure

B select the Thermal

A solid thermal element is used, and its shape is quadratic with four nodes. This ele-
ment will be replaced by structural elements when the thermal part is solved.

Main Menu > Preprocessor > Element type > Add/Edit/Delete
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m Element Types X

Defined Element Types:
NOME DEFINED

Add.. | Dphons.._l Delete
Close Help |

Add...
Fﬂ Library of Element Types
o3 e i show
Libeary of Element Types
® :
Elemert type reference rumber [:I
ok | Aok | Concel | Mo |

A select Solid in Thermal Mass
B select Quad 4node 55

mEicmcnl Types X

Defined Element Types:
Type 1 PLANESS

Add.. | Options... | Deiete |

_Oose | _Heb |
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For the material properties, the modulus of elasticity and Poisson’s ratio are
required to solve the problem. For the thermal part, the thermal conductivity is
required. Additionally, the thermal expansion for both materials is very impor-
tant to account for the deflection of the thermocouple. There will be different
sets of properties for aluminum and carbon steel. The Material number 1 in the
Material Models Model Behavior is for aluminum, while material number 2 is

for carbon steel.

Main Menu > Preprocessor > Material Props > Material Models

m Define Material Model Behavior

Material Edt Fovorkte Help
Material Models Defined
£ Materia Mol umbes 1

Material Moded: Avalable
=l @ Favesbes
@ Structural
i Linesr
i Elsstic

© fiskcee
@ Ortholropic
# Anisotropic

il Norirear

@ Density

(@ Thermal Expansion

Gl Dampirg

= T

A Double click on Structural > Linear > Elastic > Isotropic

m Linear Isotropic Properties for Material Num... X

Linear |sotropic Material Properties for Material Number 1

Temperatuies
EX
PRXY

ik

Add Temperature | Delete Temetature!

ok | canca |

&

Help

7063 <« 0 i

28,
2O,

A type 70e9 in EX
B type 0.33 in the PRXY

Double click on Structure > Thermal Expansion > Secant Coefficient >

Isentropic

®
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Thermal Expansion Secant Coefficient for Matenial Mumber 1

mThelma! Expansion Secant Coefficient for Mater...

Reference tuwdusi
' T
Temperatues [ i
ALPX |23e-5 < @
| AddTonpoirs] Delois Tompoaiins] Graph|
oK | Cocel | Hep |
A type 23e-6
Double click on Thermal > Conductivity > Isotropic
m Conductivity for Material Number 1 X
Conductivity [|sotropic) for Material Number 1
T
Temperatures ]
KxXX |93 . 3 @

Mdl'mw&ue'Dmem{

ok | camel |

A type 83 in KXX

In the Define Material Models Behavior: Material > New Model

m Define Material ID

DefnnMd.sridlDﬁ 4——@

ok | Concel |

Help_l

A type 2 in Define Material ID
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Select material number 2 in the Material Model Defined, then

Double click on Structure > Linear > Elastic > Isotropic

m Linear Isotropic Properties for Material Num... X

Linear |sotropic Matenal Properties for Material Mumber 2

m

EX 21069 _—

PRXY 0.29 ——— |

Add Tempersture | Delete Tem:uab.xe| Graph

ok | coes | Hep |

A type 210e9 in EX
B type 0.29 in the PRXY

301

Double click on Structure > Thermal Expansion > Secant Coefficient >

Isentropic

A type 12e-6

mThcrmal Expansion Secant Coefficient for Mater... X

Thermal Expansion Secant Coefficient for Material Number 2

Reference temperature |

T

Temperatures f

ALPR |1 2e6 <

Add Tu'rpeidwe.l Delete: Tempetatue{ Graph

0K | Concel | Hep |

Double click on Thermal > Conductivity > Isotropic
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m Conductivity for Material Number 2 X

Conductivity [lsotropic) for Material Number 2

T

Temperatures 1

K% 11 <

Add Temperature | Delete Temperature | Graph
K | cacel | He |

A type 111 in KXX

Close the material models behavior

©,

The geometry of the problem is relatively simple. Two rectangles are created and

then they are glued.

Main Menu > Preprocessor > Modeling > Create > Areas > Rectangle >

By 2 Corners

chclang!c by 2 Corners

~ Pick " Unpick
WP % =
¥ =
Global ¥ =
Yy =
Sk A
WP X |§ e
=
Height [m'—
ok | apply | \®
Reset l Cancel |
Help I

A type 0in WP X

B type0in WPY

C type 0.1 in Width

D type 0.005 in the Height

Apply]
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A type 0in WP X

B type 0.005in WP'Y
C type 0.1 in Width

m Rectangle by 2 Corners
& Pick " Unpick

WP X =
¥ -
Global ¥ =
¥ =

Z =

WP % |E ﬁ“

303

OO

we ¥ @ .8a5 <&
-
Width l,,, -«
IHeight |a.ms E
ok | apply |
Reset ] Cancel |
Help

D type 0.005 in the Height

Main Menu > Preprocessor > Modeling > Operate > Booleans > Glue > Areas

Pick All

Main Menu > Preprocessor > Meshing > Mesh Tool

@—. Aons

-+®
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A select Areas

B click on Set

Using mouse, select the carbon steel area

mlrna Attributes
[BATT] Assign Altibutes to Picked Areas
MAT Material number
REAL Real constant set number None dafined =
TYPE Element type number | 1 PLANE3S -I
ESYS Element coordinste sys I 0 ..I
SECT Element saction None defined =
113 Apply Cancel Help

A select 2 in Material number

Utility Menu > PlotCtrls > Numbering...

FaYPiot Numbering Controls
I/PNUM] Piot Numbering Conliols

KP  Keypori numbers I oK
LINE Line numbers I off
AREA Avea numbers I of
VOLU Vokume numbers I of
NODE Node rumbers  of
Efonn'/ Altib rarienin) m@
TABN Table Mames I off
SVAL Numeric contour vahues I of

[/NUM] Nurbering shown with

[/REPLOT] Repiot upan OK/Apply? Replot >

k| Aoply Concel | Heb |

A select Material numbers

B select Colors only
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Main Menu > Preprocessor > Meshing > Mesh Tool

.
|aear b il
ﬂ.h:l 1 ij
G S| |
Y |
e sd | cea|
e A |
low 5o | Cm|
Rop  [ed| oea|
i B
7 e Magped ™
O] o |
Fopfew 8 [Elerents -
|
Do | e |
A select Smart Size
B set the level to 1
C Mesh
Click on |Pick All
IBLBHZWG MS\’S

MAT HUM

ANSYS graphics shows the mesh
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Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click on the left boundary where temperature boundary condition is applied.

FiN Apply TEMP on Lines
[DL] Apply TEMP on ines
Lab2 DOFzbo be constraned

Apply & Conilanl vahe =]
I Cortart vekss ther: __®
VALLE Load TEMP vakie —
KEXPHD Agely TEMP to endpomis? Yo ..____©
ok Aol Cancel | Hep |

A select TEMP

B type 100 in Value

C select Yes

Main Menu > Solution > Define Load > Apply > Thermal > Convection > On Lines

Click on the surfaces where convection boundary condition is applied. Do not click
on the surface between the two materials.

T5FL] Apply Film Cosl on ines [-&md e _3
M Conptant vahus then
Dl — s WY
15FL] Apohs Bulk Temp on net [F‘;é;i';l. =
M Constant vake then
VAL Bulk tempesature D .E
M Constant vake then
Opbons CONY values o endJ o ine.
Mo blark for undom CONV |
i —
L — —

o | Cancel Heb
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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

mSulve Current Load Step X
[SOLVE] Begin Solution of Current Load Step

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

O] cacel | hep |

\i) Solution i dorel

The thermal solution is now completed. The thermal elements must be replaced by
structural elements with the same element type and distribution. This can be done
using the Switch element type in the preprocessor. The temperature contours is plot-
ted to check if the thermal boundary conditions are correctly applied.

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

i contour Modal Selution Data

Item o be contoured
&3 Favortes =
5 Nodal Sokusion

1 DOF Schusion

£ Themnal Geadient

£ Themnal Fhx

= |
i =
Undisplaced shape key
Undisplaced shape key | Defcemed shape orly =
Scale Facl Auto Calculated =l
Addiionsl Optiors ®|
oK dooy | Caee | He |
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A click Nodal Solution > DOF Solution > Nodal Temperature

YN
NODAL SOLUTION mSib
STEF=1

3UB =1

TIME=1

TEMF (AVE)

REYS=0

SMN =95.386
sMxX =100

MN

| = —

|
95.386 96.411 97. 437 98. 462 99.487
95.899 96.924 97.949 100

ANSYS graphics shows the temperature contours

The temperature contours shows the left side is maintained at 100°C, and the tem-
perature is decreasing in the lateral direction due to convective cooling. In general,
the temperature contour is as expected. The following steps are very important: the
element type is switched to structural type, and the nodal temperature solution from
the thermal analysis is loaded into the structural element nodes.

Main Menu > Preprocessor > Element type > Switch Elem Type

[ETCHG] Swich Element Types Diepending on Analysis
Change slemant type —@
oK Cancel Help

A select Thermal to Struc

TMET[:HGmnmhusdwmdmdemtwu lemmnotudyibnkf‘r’ﬂﬂs but
ale the real boundary and koadings, and then modfy a2
needed
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Main Menu > Solution > Define Load > Apply > Structure > Temperature >
form therm Analy

m Apply TEMP from Thermal Analysis

ILDREADLTEMP Apply Tempesatus from Thedmal Analysis
' data1et 1o be tead fom the resuls e
BI’EPS“IW,“HE
s e ——
o
- —
Frisme Name of tesuls fis [ | some.s i@
oK Aoely | Carcel | Heo |

A click on Browse

Fname Name of resulls file

Laok e | £ ANSYS = s

®

My Network  File pame: |p2ith
Files of lype: faLL ")

Ll Ll

Open
Cancel

A Select from the windows the thermal results file that has an extension of rth

m Apply TEMP from Thermal Analysis

[LDREADL.TEMP Apply Temperature lrom Themal Analysis
Identify the data set to be 1ead from the results fle

LSTEP SBSTEF,TIME
== — —
o
B —

Frame Name of resulls fle IpEZlH\ | Browse...
ok Apply | Cancel I Help

The structural boundary condition is the zero displacement at the left side of the
thermocouple.
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Main Menu > Solution > Define Load > Apply > Structural > Displacement >
On Lines

In the ANSYS graphics, click on the left lines where displacement is applied

FiX Apply U ROT on Lines

[OL] Apply Displacements [URDOT) on Lines
Lab2 DOFs to be constrained

VALUE Displacement value

oK Apoly

A select All DOF
B type VALUE to 0

Main Menu > Solution > Solve > Current LS

m Solve Current Load Step
[SOLVE] Begin Solution of Current Load Step

X

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

Cancel Help

Main Menu > General Postproc > Plot Results > Deformed Shape
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!—L‘ Plot Deformed Shape
[PLDISP] Flot Deformed Shapes
KUND [tems to be plotted

ok Aok Cancal Hep |

A select Def + undeformed

T o
DITPLACEMENT AN'S s
sTEPSL
aun =1
TIME=1
DMX =, 77%2-03

ANSYS graphics shows the thermocouple before and after deformation

The plot shows the deflection of the thermocouple because the thermal expansion of
aluminum is higher than copper.

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

i) contour Madal Solution Data

2 Plasiic Stisn
4 Croep Strain
4 Themai Susn
[ Total Mechanical and Thermal Stran
@ Svenling shisn -l
Ll |

Urchaplaced thape key

Urdisplaced shape key [Defcrmed thape ool 2
Scale Fiactor [ fao Cakcubsted ] [Enesmaur
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A select Nodal Solution > DOF Solution > Y-Component of displacement

1 ST
NODAL SOLUTION msvlb
STEF=1
3UB =1
TIME=1
Uy (AVE)

REYS=0

DMX =.T779E-03
BMN =-,759E-03
aMX =.998E-05

I e
-, T59E-03 -.536E-03 - 4LTE-03 ~. 246E-03 - 154E-04
-.673E-03 - S03E-03 -.332E-03 -.161E-03 . 998E-05

ANSYS graphics shows displacement in the y-direction

The ANSYS results indicate that the maximum displacement in the y-direction is
equal to 0.759 x 10~ m.

6.3 CHIPS COOLING IN A FORCED CONVECTION DOMAIN

Predict the thermal characteristics of two electronic chips mounted on a channel
using the ANSYS. The configuration is shown in Figure 6.5. The working fluid is air,
and thermophysical properties of the chips are listed in table below, and for air, use
ANSYS properties. The inlet velocity is 0.01 m/s, while the exit pressure is the atmo-
spheric. The inlet temperature is 25°C, and 10 W is generated in each chip. Consider
the problem as a steady heat transfer. Determine

Flow in —»

2=z Z =z Z ZZ ra r.a Z i ra Z7 r.a Z ra ZA

}+—0.1 m—-|« 0.05 m»\a— 0.05m-|- 0.05m [F‘ 0.5m I

FIGURE 6.5 A channel with two chips.
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1. Maximum velocity in the x-direction
2. Maximum temperature in the domain
3. Average heat transfer coefficient at the surface of the first chip

Property of the Chips

Density 2500kg/m?
Conductivity 0.25W/m-°C
Specific heat 850J/kg-°C

Electronic manufacturers are continuously providing the market with high-perfor-
mance devices, but with high heat dissipation. Heat highly affects the performance
and durability of electronic devices more than any other factors, and operating elec-
tronic devices at a temperature higher 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 these analyses, researchers are focusing on the temperature
distribution within the chips, the maximum temperature of the chips, and distribu-
tions 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,
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 interested 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.

This problem is considered as multiphysics, and physics are not coupled because
the fluid flow and heat transfer are solved separately. In this problem, the ANSYS
will solve the fluid flow first, and then it uses the velocity components to determine
the temperature. ANSYS Flotran CFD can solve fluid dynamics problems, as well as
the thermal problems. The selected FLOTRAN 141 element has also temperature as
a degree of freedom besides the velocity components and pressure.

Double click on the ANSYS icon

Main Menu > Preferences

FEVWITHE TH]| Prefesences lat Gl Fkerg
ackraikanl dacinireds] 15 show in the TN
I Swuctad
I~ Tharmal
™ ANSYS Fuad
W HOTRAIGD

>

Electonagrelic
I Magreiic ody
I~ MagraticEdoe
I Mg Freauy
I~ Ewchic
Mo 1 nciecual discipknes s veiscted sy vl o thow

ecphem sptors
F hethod
™ pMelhed Shuct

I pMathed Elscit
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A select the FLOTRAN CFD

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

m Element Types X

Defired Element Types:
MONE DEFINED

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

ml ibrary of Element Types

Orly FLOTRAN CFD elemant ypes e shown
Libvaey of Element Types

®

| [;DRAOTRAN 141 <=
ZDFLOTRAN 142

20 FLOTRAN 141

Element lype relerence rumbe:

Ok Aoy |

A select FLOTRAN CFD
B select 2D FLOTRAN 141
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m Element Types

Defined Element Types:
Type 1 FLUIDA 41

Add...

Close

Options...

315

Delete
Help I

There will be different sets of properties for air and chips. The Material number 1 in the
Material Models Model Behavior is reserved for the fluid only, and material number 2 to
10 is for the solids. For air, Air-SI in the Flotran materials library will be used.

Main Menu > Preprocessor > Material Props > Material Models

Fi\ Define Material Model Behavior

Material Eck Favorte Help
Material Models D efined
© Material Mode! Numbar 1 =
Kl _1J

Matenial Models Avalable

& Favorites
& CFD

¥

In the Define Material Models Behavior menu: Material > New Model
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Vi Define Material ID

Define MaterialID |2 - —@

0K I Cancel | Help |

A type 2 in Define Material ID

ml'leﬁm Material Madel Behavior - 0
Materist Eck Faverts Help
Material Modeis Dafined Iiatanal Modeds Avadshis
£ Material Mode! Humbes 1 | @ Favortes =
& Wiateil i Nimmbes & 0D
O T o Condivy 7
© [EEEE (B,
& Onhotiopic
@ Specihic Heat
@ Dersity
8 Viscosity
8 Emamniy
= I |
{0 ¥ A H

A Select Material Model Number 2

B double click on CFD > Conductivity > Isotropic

m Conductivity for Material Number 2 X

Conductivity (lzotropic] for Material Mumber 2

il
Temperatures |
|
|
Add Temperabure | Delete Temperarurei Graphl
oK | cacsd | Heb |

A type 0.25 in KXX

Double click on CFD > Specific Heat
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A type 850in C

m Specific Heat for Material Number 2

Specific Heat for Matenal Mumbear 2

Ll

Tempsratures |

317

c r=

AdAT | Delata T, |

ok, Carcel |

Double click on CFD > Density

mn«:nsily for Material Number 2 X

Density let Malesial Mumber 2

T

Tempesatuies

Q,

|DENS [zs00 " -

Add l'enpefm! Delate 'lempafamm|

ok | cowa |

Help |

A type 2500 in DENS

Close define material models behavior

"
&

The geometry is created by first creating a large rectangular area for fluid flow. Then,
the two chips are created using areas. Overlap operation is utilized to insert the chip
areas into the large rectangle.

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

2 Corners

m Rectangle by 2 Corners
 Unpick

SO
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A type 0in WP X

B type0in WPY

C type 0.75 in Width
D type 0.075 in Height

A type 0.1 in WP X

B type0in WPY

C type 0.05 in Width
D type 0.025 in Height

Finite Element Simulations Using ANSYS

m Rectangle by 2 Corners

* Pick " Unpick
WP X =
Y -
Glohal ¥ =
Y=
Z=
up v B - B
e igne W \©
OK | Apply | \®
Reset | Cancel |
Help I

m Rectangle by 2 Corners

pnns

+ Pick " Unpick
up % =
¥ -
Global X =
Yy =
z =
upP ¥ ?.2 1
e
fHeight
ok | apply |
Reset | Cancel |
Help |
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A type 0.2in WP X
B type0in WPY
C type 0.05 in Width

D type 0.025 in the Height

Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap >
Areas

Pick Al

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. The air, by default, has the properties of number 1 in the mate-
rial model.

Main Menu > Preprocessor > Meshing > Mesh Tool

Dhemeri Aibuinr

@Ayl E[EE]-HB

A select Areas
B click on Set

Using mouse, select both chips
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mArea Attributes

[SATT] Assign Attnbules to Picked Aieas
MAT  Material number [ v | —@
REAL Real constant sat number WZI
TYPE Elemnent lype rumber [ 1 PLANEZS =l
ESYS Eleman: coardinale sys I'_D—E
SECT Element seclion [Nore cefned =]
oK Apply Cancel Help

A select 2 in Material number

To ensure that properties of the 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...

m Plot Numbering Contrals 2

[4PMUM] Plot Numbeting Conlioks

KP  Keppaoint rumbers I~ ok
LINE Line numbers I O
AREA Area numbers [ Off
VOLU Volume numbers [ LOfF
NODE Nods numbers I Off
Elam / Altrib numbaring [ Material rumosrs Bl _®
TAEN Table Names [ Off
SVAL Mumedic contour values [~ O

[/HUM] Mumbering shovan with
[/REPLOT] Replot upon 0K/ Apply? Iﬁepu A

oK Ao Carcel | Heo |




Multiphysics 321

A select Material numbers

B select Colors only

The smart mesh number of 1 has insufficient mesh density to have accurate results
for fluid dynamics problems. 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 the number of elements in those lines. The length of the
segment is 0.003 m.

Main Menu > Preprocessor > Meshing > Mesh Tool

Meshlool

Element Athibules:
|
F Sman Sze

ki 2
Fine 1 Coarse
Size Contiols:

Global Sel Clear
Areas Sel Claa
Pi'r,m’/,".-el Clear

O =i =l

Layer Sel (T
Feypls Sel Clear
Metht | Avess -

Refine ot IEI!mtnls x I

Relre

O | He |

A click the Set in lines

Click on [Pick All| to select all lines, and the following window will show up.
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m Flement Sizes on Picked Lines
[LESEE] Elemant sices on picked nas
SIZE  Elament edge length

NDIY  HNo. of elemenl dmsions

[NDIY i used only i SIZE is bank o zerc]
KYNDIV SIZENDIV can be changed

I

<l

Yoz
SPALE Spacing ralio :
ANGS(Z Divivon aic [degrees] ]:l

| use ANGSIE oniy if rumber of divisions [NDIV] and
slement edge length (SIZE ) are blank or zesa)

Clex attached areas and volumes Mo

9

ok Apsly Cancel Heln

A type 0.003

Mesh I Hreas >

Shape. (" Tii * Quad
 Fied " Magped T Coon

O 1 =m B

Reret [Elements =)
Refine
Cise | Hep |

A click on Mesh
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Pick All
1 ANSYS

ELEMENT2

MAT NUM

ANSYS graphics shows the mesh

Notice that the ANSYS properties of the air will be used, and the unit is SI. Therefore,
the temperature at the boundaries must be in Kelvin scale so that the ANSYS will use
the properties at the corresponding temperature. The inlet temperature is 298 K.

Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click at the inlet of the channel

(DL} Apply TEMP onines

Lab2 DOFs to be constrained AIDOF
Wi
W
VZ
PRES | ./A\.
ENEKE 1 Loy
ENDS

Apply & I'.:mz:en! value -

If Contant vaue then:

VALUE Load TEMF vehe e

KEXPND Appl TEMP to endpeints? ] y“.,\

oK Aoply Carcel | Hep | :
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A select TEMP
B type 298 in Load TEMP value
C select Yes

The heat generation must be per unit volume. The applied heat generation is divided
by the area of the chip because the problem is two dimensional. The chip’s volumet-
ric heat generation is calculated as follows:

10

Q=————=28000 W/m*
0.05x0.025

Main Menu > Solution > Define Load > Apply > Thermal > Heat Generat >
On Areas
Click on both chips

[BF&) Apply HGEN on aieas a2 a m

If Constant value then:

VALUE Load HGEN valve [alm—k__ @

(114 i Cancel Help

A type 8000 in Load HGEN value

The top and bottom boundaries are walls and these are insulated. Zero x- and
y-velocities should be imposed. There is no need to impose the velocity boundary at
the bottom surface of the chips. By default, any unassigned thermal boundary condi-

tion will be considered as insulated. Do not impose any boundary conditions on the
surface of the chips that is exposed to the flow.

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

Click on the top and bottom walls
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Fi\ kpply VELO load an lines

[OL) Apply Velocity Constiznts on fires
Apply Vi load 8z 2 Constant value e
It Constant value then:
bl E_=—1®
Apply VY load a3 a WH
If Constant value ther:
b _—1H®
Apply VE load 2 2 IMM: value vl
If Constant value therc
¥ etn —
Appdy lo endpoints? W 'fez
Moving wall? I~ No
Generalized Spmmetry? ™ No
MOTE: Blank values not interpreted as O's Il

A type 0 in VX Load value
B type Oin VY Load value
Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

Click on the inlet of the channel

m Apply VELD load an lines

[OL) Apply Velocity Constiairts on ines
Apgly Vil load as @ I[Ionsranr value -
If Constant value ther:
leie p
Apply V' load as @ Constant value -
If Constant value therc
Dl — e 2O
Apply VE load as 2 !Bmsm—_lnr ik =
If Conztant value therc
@ e —
Apply to endpoints? 7 res
Moving weall? I Mo
Generlized Symmetry? I~ Mo
NOTE: Blank values not intespeeted as O's I

A type 0.01 in VX Load value
B type 0 in VY Load value

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Pressure DOF >
On Lines
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Click on channel exit

[OL] Apply PRES on ines as & Constant value -I
If Cormtant valus ther;
s Peaean F —H®
Apply o endpoints? W Yes
ok | Aoply | Cancel Help

A type 0 in PRES Pressure value

The fluid flow must be solved first, followed by heat transfer. In solution options,
the problem will be solved as steady state, and the system is adiabatic, and therefore
keeps the default settings. Flow can be changed from laminar to turbulent and from
incompressible to compressible in this window.

Main Menu > Solution > FLOTRAN Set Up > Solution Options

m FLOTRAN Solution Options X

[FLDATA1].SOLU
TRAN Steady stale or hansien?
FLOW Scbve flow equations? M Yes
TEMP Adiabaiic of theimal? [adsbate =]
TURB Laminar of turbulant? ]m—;]
LCOMP Incompress o compress™ IW]
VOF Achvate YOF advecton? I~ Ho
SFTS Suface tergion ellect? I No
WSH Incomprass siscous heat? ™ Ha
SWHL Aseymmelnc vath seal? I Ho
SPEC Multiple spacies transport " No
ALE  Allow mesh motion 7 I~ Ho
ADSF Soive radiosty equation T W ‘es
ok | ony | Carcel | Help

Keep the default settings
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In execution control, it is required to specify the number of iterations for fluid flow.
Three hundred iterations will be sufficient to reach the convergence criteria for all field
variables, which is le-6.

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

m Steady 51
[FLOATAZITER o Contid

EXEC Global berstens

- I

OVER il e ovenmite fieq

AFPL M He aopend heg.

[FLOATAZ]TERM  Trmmrathion Citeris
UK Valeeky sanpenent

WY Veloclty campenent

VZ  Welocily component

PHES Pimcsisn

TEMFP Tomomation

ENKE Turbuient hirstic snegy

LA I

ENDS Tubuent davpstion

=
51

Mcke: Tarminatisn chach i ignaead far & DOF
1 s Lwrdion e 5 gl
[FLDATASIOUTF  Output Dotors

SUMF Dt sy beguoncy.

o | Careel | Hae

A type 300 in the EXEC Global iteration

B change the Termination Criteria for VX, VY, Pressure, and Temperature to le-6

Air properties are assigned in the following step. The SI unit must be selected since
the dimensions are in meters, and temperature in Kelvin.

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

T3 Fluid Properties

[FLDATAIZLPAOP.DENS

Densty AR5 = 1-—@

[FLDATAYLVARY DENS

BAlow deresly vangora? I Ho
[FLOATANZ] PROPVISC
Viecosty [air st |

[FLDATATILMARY VIEC

Howeareaty vanstons? I Ho

[FLOWT&)1ZLPROP.COND

)

[FLDATATILVARY.COND.

ey coeductrely vangorn? o

[FLOATA1Z] PROF PHT

Spatc et [ S—

[FLOATATILMARY,SPHT

Blcer tpaciic hest varinort I Ho
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A select AIR-SI in Density

B select AIR-SI in Viscosity

C select AIR-SI in Conductivity
D select AIR-SI in Specific heat

FA\ CFD Flow Properties X

Density coelficiants vill be calculated fom the data
in he fle. flopip ans under the nama AIR-S1

Viscasity coellicizants will be calzulated from the data
in the file. flopip.ans undes the name AIR-S1

Cordick fcionis will be calculated fiom the data
i Ihe lie. flopip. ans under the name AIR-51

Specific Heat coefficients wil be calculated from the data
in Ihe e, flopip. &ns undses the name AIR-S1

For the heat transfer coefficient calculations, 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
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ml'!efl:renn:l: Canditions

[FLDATAS] PRES REFE

e
[FLDATATE] ELILK BETA

Bulk modubss paramelst 1e=015
[FLDATA1 7] GAMM COMP

Ratio of Cp/Cy 77

[FLDATAT4L.TEMP NOMI

MNominal temperature

[FLOATAT4LTEMP.TTOT

Stagration [total] temp

[FLDATATALTEMP BULK
Beference [bulk) temp

[TOFF] Tema offsel fom ABS 2em0

IR

ok | Cancel |

s
&

A type 298 in Reference (bulk) temp

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Time = 0
1.0E-04
v
VY
PRES
@
o
=
L]
=
U 1.0E-0S
N
°
@
&
o~
55 \
3 h“\._ .
A 1.0p-08 S~
.
2 \u\
1.0E-07
200 220 240 260 280 300
210 230 250 270 290

Cumulative Iteration Number

ANSYS graphics shows normalized rate of change for field variables

329
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-'\i) Sokion s donel

ANSYS graphics shows the normalized rate of change of the field variables. Note
the solution is fully converged. All field variables reach le-6 at the iteration number
238, which is less than the specified 300 iterations. Now, the solution is ready for
the postprocessor. The velocity contours for the x-velocity component is presented
to ensure that the fluid flow is solved correctly. In read results, the last set must be
called to have the results from the last iteration.

Main Menu > General Postproc > Read Results > Last Set

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

m Contour Nodal Solution Data X

Ttem b bes conboused

(£ Favoites _J
8 Modal Solution
@& DOF Solstion
@ Modal Temperatus
@ Presue
P :—,,; i ___é <
@ -Component of Muid velocily
@ Fluid velocity
@ Turbulent kinetic snergy
@ Tubulen! energy dssipation
(3 Othes FLOTRAN Quaniies

©)

|
| =
Undisplaced shaoe key
Undisplaced shaps key [ Dformed shape only =l
Seaie Facter [Aute Caiculated ~ifo
Addiional Options: @]
ok dppy | Cocel | Hep |

A click on Nodal Solution > DOF solution > X-Component of fluid velocity
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1
HODAL

BTEP=Z
8UB =1
vE

REYE=)
N =-

BOLUTION

(AvE)

001042

EMX =.021365

=.001042 .003937 013896 018875

006427 011406 016185 021365

ANSYS graphics shows x-component velocity contours

For the obtained results, the maximum and average velocity in the x-direction

occurs above the

chips, and the maximum velocity is 0.021365 m/s. This is expected

because this region has the smallest cross-section area that forces the flow to accel-

erate. At the wal

Is, the velocity is zero. The velocity contours are not smooth at the

region close to the chips, indicating that more elements are needed, and inaccurate
results are expected. Increasing the number of elements can be accomplished using
a smaller line division in mesh tools. The fluid part of this problem is completely
solved at this stage. Next, the thermal solution will be started. In the solution option,
the fluid solver is turned OFF, and the solution is changed to thermal.

Main Menu > S

olution > FLOTRAN Set Up > Solution Option

FiY FLOTRAN Salution Options

[FLOATATLSOLU
TRAN Steady tiate of hansient? [seaystde =]
FLOW Scive flow equstions? I HD“—__®
TEMP Adsbatc osthemnad? — [TRend - | —— —@
TUAE Lominas of bububent? Lamnal =
COMP Incomprass of comprass? Imb;ﬁ
VOF Activate VOF advection? ™ He
SFTS Suflace bermon edlect? I™ Mo
IVEH Incompeass viscous heat? I~ Mo
SWAL Aompermetne wath iwel7 " Ho
SPEC Multiphs speces banepol I Mo
ALE Allom mesh maticn 7 I~ Ho
ROSF Sobve sedwoply equabon 7 M Yes
O Aoy Carcel Help
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A select No for Solve flow equation

B select Thermal

Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Time = 0
1.08401

1.00-01

1.0r-02 )L

1.08-03

1.08-04

Hormalized Rate of Change

1.01-05.

1.0E-0%

1.08-07

1] 28 e 280 210 e
248 268 288 208 18

Cumulative Iteration Number

ANSYS graphics shows normalized rate of change for temperature

@ Soksion is donel

[ e

[Close]

Main Menu > General Postproc > Read Results > Last Set

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

m Contour Hodal Solution Data

~ ltem to be contoured
[E3 Favorles j
@5 Modal Soluton
@ DOF Solution
E4 Themal Gradent
Thetmal Flux
2
i |
[ Undisplaced thaps kay
Undisplaced shape key | Detormed shape only =l
Scale Faclor [Bute Caculated =l
Addtional Options ®|
oK ey | coed | Hep |
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A select Nodal Solution > DOF Solution > Nodal Temperature

Y
NODAL SOLUTION AN‘SX‘S

STEF=4

8UB =1

TEMP (AvVE)
REYS=0

BMN =258

BMX =393.956

319.323 340. 647 361.971 383.294
308. 662 329.985 351.309 372.632 393.956

ANSYS graphics shows temperature contours
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As shown in the temperature contours, the maximum temperature is 393.956 K, and
occurs at the second chip. The path operation is performed in the following steps to
obtain the distribution of average heat transfer coefficient around the first chip. The
name of the path is arbitrary, and the number of data sets is the maximum number of
field variables. The number of divisions is 20 by default, and increasing this number
to 50 will produce a more accurate result. A path is created at the surface of the first
chip that is exposed to the flow. Then a field variable is assigned into the path. This
can be accomplished by using the Map onto Path in the path operation. Only one
variable can be selected. Here, the film coefficient is selected.

Main Menu > General Postproc > Path Operation > Define Path > By Location

m Ry Locatian

[PATH] Define Path spacfications
Mame Define Path Name ©

—P—
o N —
—

nSely Number of dala sels
ndy  Number of dvimens 20

MOTE. The rumbes of speciled points [nPis) must equal
the number of defined points (FRATH command)

113 Cancel I Help |
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A type chip in the Define Path Name. The name of the path is optional
B type 4 in the Number of points

m By Location in Glohal Cartesian 4

[PPATH] Craste Path points in Glabis Cartesian Cooidinate System

NPT Path point umber == &
%¥Z Location i Glabal CS [1 IS il |« @
£S5 Inteipolaion 05 0 |

MOTE: The rembst of defined path points must equal
the number of specified ponts [PATH command]

_* | e | e |

A type 1 in Path point number

B type 0.1 and O in the Location in Global CS

m By Locatian in Global Cartesian

[FFATH] Create Path peints n ksl Cartasian Cooicinate System

NPT Path point rmbs: -=— )
HYZ Locabion in Global CS [0 | [eozs | 4——@
5 e

MOTE: The rumber of defined path points must equal
the number of specsfied points [PATH command)]

0k Carncal Help I

A type 2 in Path point number

B type 0.1 and 0.025 in the Location in Global CS

m By Locatian in Global Cartesian

[FPATH] Create Path points r ksl Cantasian Cooicinate Syster

MPT  Fath port rumbac -=— A
WYZ Locabion in Globel CS [035 | [oozs | 4——@
5 idncs

HOTE: The rumber of defined path points must equal
the number of specsfied points (PATH command)

ok Cancel Hep |

A type 3 in Path point number
B type 0.15 and 0.025 in the Location in Global CS
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m By Location in Global Cartesian

[FFATH] Create Path points in Global Catasian Cocidinate Systam A
NPT  Fath poirt numbs: -+

XYZ Localion in GlobalCS P Ip Il 4——@
C5  Interpolation C5 !0 |
NOTE: The rumber of defined path peints must equal

the number of specified pointz [PATH command)

ak | Cancal | Heip

A type 4 in Path point number

B type 0.15 and 0 in the Location in Global CS

Fi\By Location in Global Cartesian

[FPATH] Create Fath points in Global Cartasisn Cocedinate System

NPT Palh point numbe: l:l

H¥2Z Location in Global CS [-: 15 ||u ||
CS  Intespolation CS Ta— R -

NOTE: The number of defined path points must equal
the numbes of specified points [PATH command]

0k Cancel I Help

Cancel

Main Menu > General Postproc > Path Operation > Map onto Path

m Map Result Items onto Path
[POEF] Map Rssul tems orio Path
Lab  Llserlabel lor em

@ Item.Comp llem ko be mapped

Aveage esulls aciozs slement

[#PAC] Show boundam coredition symbel
Show path on dsplay

ok Apply Concel Help

A select Other quantities
B select Film Coeff HFLM
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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 on graph, or listed. The list
results can be exported it into other graphical software such as EXCEL.

Main Menu > General Postproc > Path Operation > Plot path Item > On
Graph

m Plot of Path Items on Graph

[FLFATH] Path Plot on Graph
Lab1-6 Path items to be graphed HG
YG
26
0K Apply Canicel | Help |

A select HFLM

1
POSTL AN

STEP=4

sUB =1
PATH PLOT
HFLM

5. 561
5.02 A

4.478 "
i I
[

3,394

I\

N
el LT TN A
il =11

| \

\\q“-
14z
0 0z .04 06 08 1
()8 03 05 07 09

DIST

ANSYS graphics shows heat transfer coefficient around the first chip

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
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path length to get the average value of the variable. Selecting S in Lab2 means that
the integration is performed along the path.

Main Menu > General Postproc > Path Operation > Integrate

m Integrate Path ltems *

[PCALCUINTG  LabR = FACT * Int (Lab1] d[Lab2] |
LabR  User label for resull
FACT Factoe |_1i < @
Labl 15t Pathdtem [Wn =l @
Lab2 2nd Path item |L......J3<———_________ :

oK Aol | Concel I Hep: ||

A type 10

B select HFLM

C select S

¢ ANSYS 10.0 Output Window
TOTAL PATH LENGIH B.16808
OF FREEDOM ITEM=HFLH COMP=

IND MOUED TO THE PATH

[
MIN 8.14166

PATH BOUND

DISPLI

DEFINE
PATH U

dent JPEG Group.

The ANSYS Output window shows the value of the average heat transfer coefficient
around the first chip, which is 1.6569 W/m?-K.

6.4 NATURAL CONVECTION FLOW IN A SQUARE ENCLOSURE

Consider the natural convection flow inside a square enclosure, as shown in Figure
6.6. The left vertical wall is maintained at a constant temperature of 300K, while
the right vertical wall is maintained at 310K. The bottom and top walls are well
insulated. Determine the heat flow at the cold and hot walls. The sides’ length of the
enclosure is 0.1 m. Use Air properties in the ANSYS.



338 Finite Element Simulations Using ANSYS

Insulated

Cold
wall

Hot
wall

Insulated

FIGURE 6.6 Natural convection in a square enclosure.

This problem is considered as multiphysics, and physics are coupled, because
the fluid flow and heat transfer must be solved at the same time. In this problem,
the ANSYS will solve the heat transfer first, and then it uses the temperature to
determine the fluid properties for the fluid flow. The fluid flow solution will be used
to solve for heat transfer again. This process is continued until the solution for both
physics is fully converged.

Double click on the ANSYS icon

Main Menu > Preferences

F“ Preferences for GUI Filtering

]
Indrvicual discipine(s) to show in the GLIL

I Stuchssl
I~ Thesmal
I~ ANSYS Fhad

F FIOTRANCID <—

©

™ Magnatic-Nodsl
I™ MagneticEdge
T High Frequency
I~ Electic

Notee If o individual discipines PRt R TG

Disciplre ctions

& hMethod
1~ prMethod Stuct.
" prMothod Electr.

EIKI Chnndl H#l

A select the FLOTRAN CFD
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Main Menu > Preprocessor > Element type > Add/Edit/Delete

m Element Types

X

De_ﬁned Element Types:
NONE DEFINED

Add... ] Options.,.l Delete |
Close

Hebl

Add...

ml.ihmly of Element Types

Only FLOTRAN CFD element types are showm
Library of Element Types

®

L N —
30 FLOTRAN 142

2D FLOTRAN 141
Element type reference number

(118

A select FLOTRAN CFD

B select 2D FLOTRAN 141
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m Element Types _)_(

Defined Element Types:
Tvpe 1 FLUID141

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

mﬂectanglc by 2 Corners

= Pick " Unpick
WP ¥ -
¥ =
Global X =
¥ =
= (™)
WP X -
vl ®
IHeight ﬁ @
ok | apply | D
Reset | Cancel 1
Help

A type 0in WP X
B type0in WPY
C type 0.1 in Width

D type 0.1 in the Height
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Coupled physics, such as natural convection flow, requires the mesh to be fine. The
smart mesh of number 1 still provides insufficient number of elements in the domain.
The number of elements can be increased if a manual sizing is used and dividing the
lines to small lines, such as 100. For this technique, do not turn the smart mesh ON

in the mesh tool.

Main Menu > Preprocessor > Meshing > Size Cntrls > ManualSize > Lines >

All Lines

m Element Sizes on All Selected Lines

[LESIZE] Element sizes on al selected ines

S Gt —

HNDIV Mo of slement divisons
[NDIV is used only if SIZE is blank or zero)

KYNDIV SIZE NDIV can be changed  Yes

SPACE Spacing ratio |':"|

Show more oplions [~ Ho

ok | Concel | Heo |

A type 100 in No. of element divisions

Main Menu > Preprocessor > Meshing > Mesh Tool

MeshTool

Chae Help

A Mesh
Pick All
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12!.2!2"‘1‘5 M'Y’S

ANSYS graphics shows the mesh

Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click on left line

FaX Apply TEMP on Lines
[OL] Apply TEMP on knes
Lab2 DOFs to be constisined

Apply 2
If Cormtant vaiue ther:
VALUE Load TEMF value

KEAPND Apply TEMP to endpoints ?

oK Apply

A select TEMP
B type 300 in Load TEMP value
C select Yes
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Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click on right line

[DL] Apoly TEMP on knes
Lab2 DOFs o be conslrained

-1 A
- &

Bppk a5 [Comtantvane =]
If Congtant vahs her:
VALUE Load TEME vake —
KEXPND Apply TEMP to endpoints 7 Fovesg— 0o |
©
oK Apoly Cancel | Help |

A select TEMP

B type 310 in Load TEMP value

C select Yes

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

Click on the left, right, top, and bottom walls

FiX apply VELO load an lines

[DL] Apply \Velocity Constrants on nes
Apply Vi load a2 a IEamlanl vakae -
1 Constant vakss ther
e — s 3O
Apply VY load as & Wm
I Constart vahs ther:
Walosirke _1=—1®
Apply VZ load 22 & Itmlanlvahe -
1 Constant valus ther
e —
Apply to endpaints? F Yes
Maving wall? " Mo
Genesakzed Symmeby? " Ho
NOTE: Blank values not intespreted as (s I
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A type 0 in VX Load value
B type 0 in VY Load value

Main Menu > Solution > FLOTRAN Set Up > Solution Options

T FLOTRAN Salutian Optians
[FLOATATLSOLY
TRAM Steady state o banmend 7 I-EMTE
FLOW Sobve flow quations & Yer
TEMP Adiabatc or themal? = .___®
TURE Lamnas of habulent? Laminge e
COMP |ncomgees: o compress? [MM"TE
VOF  Activate VOF advection? Mo
SFT5 Suface tension effect?  ho
IVSH Incompenss visoous heat? r Mo
WAL Asisprmalric vt swid? I Mo
SPEC Mulliple species ranaporl I Ho
ALE Allow mesh mation 7 o
ROSF Solve tadorly aquation 7 7 Yes
o, Apghy Concel | Help

A Select Thermal
Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

FiY steady State Control Settings
[FLOATAZLITER  lbecsbon Cantiol

EXEC Globlbaraions

I
®

OVER il e cvervate hieg

APPE A He sppend ireq

FLOATAT)TERAM Temnation Cibens
Wi Velnclly component
WY Welocly componient

WZ Wsiocky component

!
@

FRES Precasm

LR

TEMP Tespeaiue

ENRE Tububerd bawbic sneegy

=]
-

ENDS Tustwdent dasipation

Hlete: Tarmination chack i ignored fov a DOF
s Lvmanabion crlenon i regalre

[FLDATASIOUTF Dulput Coticrs
SUMF Dutpud smmany feguency

Tl

2
§
F:
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A type 200 in the EXEC Global iteration

B change the Termination Criteria for VX, VY, Pressure, and Temperature to le-6

The natural convection flow inside the enclosure is due to the variation of density
with temperature. Hence, making density the function of temperature is essential
to generate the natural convection flow. Additionally, the acceleration gravity in the
y-direction is also important to generate the natural convection flow. If density varia-
tion is not turned ON or gravity acceleration is not assigned, the problem will be
solved as only a pure conduction problem.

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties

rl‘ Fluid Properties
[FLDATAT2]PROP.DENS

® 0006

Dersty T
[FLDATAT3]VARY DENS

Allow densily vanations? W Ver
[FLDATA12LPROPMISC

Viscosty ARSI v | 4—
[FLDATAT3|MARY MISC

Allow viscosity vanations? I~ Mo

[FLDATA12.PROP.COND

Conductrity ARSI -] -
[FLDATA13)VARY,COND

Allow conductivity varations? I~ Mo

[FLDATAI2]PROP.SPHT

Spackchest [ —
[FLDATAT3)VARY SPHT

Allow specific heat vanations [ No

oK Cancel Help

®

A select AIR-SI in Density

B click on Yes for Allow density variation
C select AIR-SI in Viscosity

D select AIR-SI in Conductivity

E select AIR-SI in Specific heat
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meD Flow Properties b

Density confficients wil be calculated from the data
in the e, floprp.ans under the name AIR-S|

will b the data

scoty

in the fle, flopm.ans under the name AIR-SI

Conductivity cosflicients wil be calculated from the data

in the fie, flopp.ans under the name AIR-S|

Speciic Heat cosfiicients wil be caculated from the dala
in the file, flopr. ans under the name AIR-SI

!

In order to calculate the heat transfer coefficient accurately, a correct fluid reference
temperature is required. ANSYS calculates the heat transfer coefficient based on a
temperature of 298 K, which is meaningless for this problem. The reference tempera-
ture should be the average temperature of the cold and hot surfaces, which is 305 K.

Main Menu > Solution > FLOTRAN Set Up > Flow Environment > Ref Condition

mﬂ'eference Conditions 2

[FLDATA15LPRES REFE

Reletence pressure

[FLDATATE]BULK.BETA

Bulk moduks paramedsr

[FLDATA17]GAMM.COMP

Rabo of Cp/Cv

[FLDATA14LTEMP.HOM|

MNominal lempesahae

[FLOATAI4LTEMP,TTOT

Stagnation (total] tlemp

[FLOATAT4LTEMP BULK

Fietesence [bulk) temp

[TOFF] Temp offzet fiom ABS 280

ak. Cancel
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A type 305 in the Reference (bulk) temp

Main Menu > Solution > FLOTRAN Set Up > Flow Environment > Gravity

m(.iravily Specification
[ACEL]

ACELX Accelin X direction D

ACELY Accelin diection _@

ACELZ Accel inZ direction

ok | Cancel | Hep |

A type 9.81 in ACELY Accel in Y direction
Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Time = 0

1.00-04

8
:

1.00-06.

Normalized Rate of Change

T
.

da

5

150 170 190 210 230 250
160 180 200 210 240

Cumulative Iteration Number

ANSYS graphics shows normalized rate of change for field variables

The Normalized rate of change indicates that the solution did not converge. The
velocity components and pressure reach 10-%, and therefore additional iterations are
required.
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Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

Normalized Rate of Change

Time = 0

FRES

1.08-08.

TEHP

B
%

:

A

1or-onf

1.08-09

|

IS

230

260

250 70 250

Cunulative Iteration Number

ANSYS graphics shows normalized rate of change for field variables

(1)  Solusionis done!

Now, the solution is fully converged. The next step is to inspect the temperature con-
tours and velocity vectors to check if the problem is correctly solved.

Main Menu > General Postproc > Read Results > Last Set

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

.'A‘. Contour Modal Solution Data b

o

Ibemn 1o be contoured

& Favortes
@5 Modal Solution

£

@ Turbudent kinetic eneigy
@ Tubulen! eneigy dissipation

Scals Factor

Addiional Dptions

Undisplsced shepe key

(3 Other FLOTRAN Quaniities

N
&

Undsplaced shape key | Defomed shape ony

[&uto Calculated

oK

Aot |
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A click on Nodal Solution > DOF Solution > Nodal Temperature

13IODAI. HSOLUTION N'YS

STEP=2

sUB =1

TEMP (Ave)
RyYS=0

SMN =300

aMx =310

9

302,222 304,444 306. 667 308.889
301.111 303,333 305.556 307.778 310

ANSYS graphics shows temperature contours

Main Menu > General Postproc > Plot Results > Vector Plot > Predefined

P\ Vectar Piot of Predafinad Vactors

[PLVECT] Vector Plot of Pradefined Vectors
Ibem Vector iem to be plotied —
Mode Vector or raster display
& Veclor Mode
" Raster Mode
Loc Vector location for resulls
v Elem Centroid
* Elem Nodes
[Edge Element adpes. I~ Hidden
[/VSCALE] Scaling of Vector Amows
WHN Window Mumbes [Windw1 =]
WRATID Scale factor mulbipler I:l
KEY Wecior scaling wil be Magrituda based 'I
OPTION Vector plot based on Unideformed Mezh s
oK Aooly | Cancel Hep |
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1 ANSYS

VECTOR

STEP=2
3UB =1

v

NODE=9853
MIN=0
MAX=.048119

.010693 .021386 . 032079 .042772
. 005347 .01604 . 026733 . 037426 .048119

ANSYS graphics shows velocity vectors

From the temperature contours, left wall is kept at a low temperature, while the
right wall is kept at high temperature. The velocity vector figure shows the air flow-
ing downward at the cold wall region, while the air flowing upward at the hot wall
region. The region at the center of the enclosure is nearly stagnant. The problem is
solved correctly. The following steps are for fining the average heat flow at the cold
and hot walls.

Main Menu > General Postproc > Path Operation > Define Path > by nodes

Using the mouse, click on the upper left corner, and then on the lower left corner.

[FATH] Defins Path specifications

MName Define Path Name ©

nSets Mumber of data sets
nDiv  Number of divisions

_®
_®

4y

Ok Cancel Heip
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A name the path as Cold
B type 100 in nDiv Number of divisions

The name of the path is arbitrary. The number of data sets is the maximum number
of field variables. The number of divisions is 20 by default, and increasing this num-
ber to 100 will produce result that is more accurate. Next step is assigning a field
variable into the path. This can be accomplished by using the Map onto Path in the
path operation. Only one variable can be selected at a time. Here, the heat transfer
coefficient is selected.

Main Menu > General Postproc > Path Operation > Map onto Path

FiY Map Result ltems onto Path
LA]Map

[PDEF] Map Result llems anto Path
Lab  LUses lsbel for item

Item.Comp Item to be mapped
O,

Average results acioss slement ¥ Yes

[/PBC) Shew boundary condition symbel

Show path on display I” No
oK Apply Cancel Help

A select Other quantities
B select Film Coeff HFLM

Main Menu > General Postproc > Path Operation > Plot path Item > On
Graph

ml’inl of Path Items on Graph

[PLPATH] Path Piot on Graph
Lab1-6 Path items to be graphed “G
G
26
S
®
oK Apply Cancel Heb |

A select HFLM
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POSTL

STEP=2

8UB =1

PATH PLOT

NOD1=202

NOD2=1

HF LM 8.582

ANSYS

T.752 ]

6.917].

5.2474

4.412

3.577

2.742

1.907

1.072

237

.02 .04 .06 .08 -1

.01 .03 o5 .07 .09

DIST

ANSYS graphics shows heat transfer coefficient at the cold wall

The average heat transfer coefficient at the wall can be determined using the integra-
tion 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

m Integrale Path ltems

[PCALCLINTG Labh = FACT " Inkt (Lab) diLab2] |

Labf Uses labed for resul

FACT Facto

Labl 15t Pathitem
LabZ 2nd Path fem

g

L<

A
O@ @

A type 10
B select HFLM
C select S
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AS THE DEGREE OF FF DOM ITEM=HFLH CO
H @ AND HOUED TO THE PATH
I 5

ARIABLE HFLH

R -
NUMBER
SUHMARY ©

FATH BOUNDA
DISPLAY ALO ATH DEFINED BY LPATH COMMAND. D

DEFINE PARTH URARIABLE 3 . INTEGRATION OF
PATH UARIABLE HFLH WIT P [0 PATH UARIABLE 8

6

i

ANSYS Output window shows the value of the average heat transfer coefficient at
the cold wall which is 4.3278 W/m?2-K. Hence, the heat flows out of the cold wall is

Q. =hA(T, -T,)=4.3278x0.1x(300-305) = -2.1639 W
Now the average heat transfer coefficient at the hot wall is calculated in the follow-
ing steps.
Main Menu > General Postproc > Path Operation > Define Path > by nodes

Using the mouse, click on the upper right corner, and then on the lower right corner.

[PATH] Define Path specifications

Name Define Polh Name : _@
nSets Number of data sets
nDiv  Mumber of divisions

ok | Cancel Help

A name the path as hot

B type 100 in nDiv Number of divisions
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Main Menu > General Postproc > Path Operation > Map onto Path

m Map Resull ltems onlo Palh
[PDEF] Map Resul lbems onta Path
Lab  User Label for e

A Ttem. Comp Ibem 1o be mapped DOF sokon
O Elem table ibom
Average et acioss slement W Yes
[/PEC] Show boundary condition symbal
Shaow path on display I~ No
ok | Aoy Corcel Help

A select Other quantities
B select HFLM

Main Menu > General Postproc > Path Operation > Plot path Item > On Graph

ml’-‘lnl of Path Items on Graph

[PLPATH] Path Plot on Graph
Lab1-6 Path items to be graphed

oK Apply Cancel | Heo |
A select HFLM
Leosmt ANSYS
BTEP=2
8UB =1
PATH PLOT
NOD1=102
NODZ=Z
TP 2 0 B.918.
7.191
6.328.
5.459.
4.593
3.7
2.861
1.995 -
1.129, -
263
o o2 04 o8 o8 1
.01 .03 08 07 .09
DIST

ANSYS graphics shows heat transfer coefficient at the hot wall
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Main Menu > General Postproc > Path Operation > Integrate

m Integrate Path ltems

[PCALCLINTG

LabR = FACT * Int (Lab1] dlLab2] |

FACT Factor

Labf  User label for rezult

Labl 13t Path item
Lab2 Znd Path item

ok | horty |

:
[HFM =l

O @

[:ar-:eii Help

A type 10
B select HFLM
C select S

NUHBER
SUMMARY

PATH BOUNDARY
DISPLAY ALONG PATH DEFINED BY LPATH COMMAND.
DEFINE PATH

H
F UARIABLE HFLM

PATH UARIABLE

FINAL
NUMB!

'L
UMMATION = 4.5481
F PATH UARIABLES DEFINED IS

DISTANCE MULTIPLIER FOR WIN

DISTANCE FOR WINDOW 1 8.¢

DISPLAY ALONG

wun UARNIN
f

DITION DISPLAY KEY

PATH DEFINED BY LPATH COMMAND.

8.9179

a
DSYS

ATION OF
PATH VUARIABLE 8

8.924@

DSEYS

NIEGRATION OF
> PATH UARIABLE 8§

b

ANSYS Output window shows the value of the average heat transfer coefficient at
the hot wall which is 4.5401 W/m?2-K. Hence, the heat flow out of the hot wall is

0, = hA(T, —T,) = 4.5401x0.1x (310 -305) = 2.2701 W

Heat flow into the cold wall, Oy, and heat flow out of the hot wall, O, are almost the
same. The observed small error is due to numerical calculations, and this error can
be minimized if a finer mesh is used.
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6.5 OSCILLATIONS OF A SQUARE-HEATED
CYLINDER IN A CHANNEL

Consider an oscillating square cylinder with a cross section of 0.025m x 0.025m in
a channel, as shown in Figure 6.7. Air is entering the left open side with a uniform
and time-dependent velocity of 0.05m/s. The inlet temperature is 300K, while the
cylinder is heated at 400 K. The cylinder is oscillating harmonically according to the
following expression:

(1) = 0.025 sin(mr)

The amplitude of the oscillation is 0.025m and the frequency is 0.5s7!. Use Air
properties in the ANSYS. Create an animation file for the process during the time
interval of 0-5s.

The forced convection flow in a channel containing bluff objects has received
increased attention in the last decade because of their importance in engineering
applications. The geometry of the horizontal channel with bluff is commonly found
in heat exchanger devices. On the other hand, the flow structures are not completely
understood, especially of the unsteady flow. Most of the experimental or numerical
investigations of forced convection flow in pertain to flow in fixed bluff objects. The
oscillating bluff object enhances the heat flow in the channel by mixing and reduc-
ing the temperature gradients in the domain. The example focuses on the flow and
thermal characteristics of the square cylinder.

The physical model used in this work is shown in Figure 6.7. A two-dimensional
horizontal channel with a square cylinder is used. The outer walls of the channel are
fixed, while the square cylinder is oscillating vertically with a frequency of 0.5s!
and a maximum amplitude of 0.025 m. The working fluid is air. Initially, the square
cylinder is at the center of the channel and the air’s temperature is equal to the
inlet temperature. To simulate the motion of the inner cylinder, the ALE kinematics
description method is utilized. In this method, the computational mesh can be moved
with fluid (Lagrangian), fixed (Eulerian), or moved in a prescribed way. Therefore,

Insulated wall

0.05 m

Flow in 0.025 m Flow out

0.05m

Insulated wall

I 0.1m I I 0.4 m I
0.025 m

FIGURE 6.7 Oscillating heated square cylinder in a channel.
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the ALE method is used to numerically investigate the effect of oscillations of the
inner cylinder upon the flow field and heat transfer characteristics. The Eulerian
equations of motion need to be modified to reflect the moving frame of reference.
The time derivative terms need to be written in the term of the moving frame of
reference, as follows:

on
ot

o

=— -W-vI
ot

fixed frame moving frame

where
Q is any degree of freedom
W is the velocity of the moving frame of reference

At the steady state, the Eulerian sense requires

an
at fixed frame

This problem is considered as multiphysics and physics are coupled because the fluid

flow and heat transfer must be solved at the same time. In this problem, the ANSYS will
solve the fluid flow and heat transfer first, and then the mesh is moved according to the

user’s function. The fluid flow and heat transfer will be solved again for the new mesh.

Double click on the ANSYS icon

Main Menu > Preferences

FilPreferences for GUI Filtering

FREYWI/PMETH] Pretersnces bt GLE Fibsang

Indrridusi discpline(s] bo show in the GLI
I~ Stucheal
I Theea
I~ ANSYS Flad
 FLOTRAN CFD

®

I~ Magnatic-Hodal

I~ MagreticEdge

™ High Frequency

I~ Electic
Hote: I ra incividual daciplines are sskected thoy vil o thow

Disciplne options
@ hrMgthod
" pMeihod Stuct
1™ pMathod Elech,

A select the FLOTRAN CFD

Main Menu > Preprocessor > Element type > Add/Edit/Delete
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m Element Types X

Defined Element Types:
NONE DEFINED

Add... I Dptions... Delete |
Close Help I

Add...

m Library of Element Types

Only FLOTRAN CFD element types are showm

®

|[30 FLOTREN 142

2D FLOTRAN 141

Element type reference number

A select FLOTRAN CFD
B select 2D FLOTRAN 141

This problem involves a mesh movement. In the options, the support mesh displace-
ment should be enabled.
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m Element Types

Defined Element Types:
Tvpe 1 FLUID141

X

Add... | Dptions.. Delete |
Close Help
Option|
PN FLUID1 41 alement type options
Options fot FLUID141, Elernent Type Ref. No. 1
Huber of species ¥ v
Element coordinate system K3 [Catesin =]
Support mesh disp. DOFS 7 K4 Yer = q——@
o | Cancel | Heo |

A Select Yes in Support mesh disp.

359
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m Element Types X

Defined Element Types:
Type 1 FLUID141

Add.. | Options.. Delete |
Close Help

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

m Rectangle by 2 Carners

+ Pick " Unpick
WP X -
¥ =
Global ¥ =
[T
——1-®
up ¥
wr et )
Height \©
ok | appry | \®
Reset ! Cancel |
Help !

A type 0in WP X
B type0in WPY
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C type 0.525 in Width
D type 0.125 in the Height

mkeclnng[e by 2 Corners  ©

= Pick " Unpick
WP % -
y -
Global ¥ =
g =
= 1o
WP X 1 - |
= =l e
Width .825 -
|Height .B25 ‘\\\©
o | s || ®)
Reset I Cancel |
Help |

A type 0.1 in WP X

B type 0.05in WPY

C type 0.025 in Width

D type 0.025 in the Height

Main Menu > Preprocessor > Modeling > Operate > Booleans > Overlap >
Areas

click on [Pick All| to select all areas
Main Menu > Preprocessor > Modeling > Delete > Area Only

Click on the square to highlight it

Coupled physics, such as moving mesh problems, requires the mesh to be fine. The
smart mesh of number 1 still provides only an insufficient number of elements in the
domain. The number of elements can be increased if a manual sizing is used and divid-
ing the lines to small segments. For this technique, do not turn the smart mesh ON in
the mesh tool. All lines are divided into segments with 0.005 m length each. A smaller
line segment would be better, but it will take much longer computational time.

Main Menu > Preprocessor > Meshing > Size Cntrls > ManualSize > Lines >
All Lines
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'L‘ Element Sizes on All Selecied Lines
[LESIZE] Element sizes on al selacted ines

S Bomert oo &)
NDIV  No of element drvisions E
[NDIV is used only i SIZE is blank o zero)
KYNDIV SIZE NDIV can be changed W Yes
SPACE  Spacing ratio :I
Show mare options I No

ok | Cancel | Hep |

A type 0.005 in Element edge length

Main Menu > Preprocessor > Meshing > Mesh Tool

MeshTool

Element Attributes:

Global >| | Set

Refine at [Elements  v|
Refine
Oose | Hep
A Mesh
Pick All
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1BLBHBN’1‘S mS'YS

ANSYS graphics shows the mesh

Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click on inlet of the channel

[DL] Apply TEMF on ines
Lab2 DIOFs lo be constrained

Apply as Corstant vahse -
I Constert vakue therr
VALUE Load TEMP value 4—""""’
KEXPND Apgly TEMP to endpoints? ¥ Yer 4———@
oK Apply Cancel | Hep |

A select TEMP
B type 300 in Load TEMP value

C select Yes
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Main Menu > Solution > Define Load > Apply > Thermal > Temperature >
On Lines

Click on the lines of the square

[OL] Apply TEMP on fines.
Lab2 DOFs o be constraned

Apply az
I Constant valee then
VALUE Load TEMP value

KEXPND Apply TEMP to endpoints?

Ok Apply

A select TEMP
B type 400 in Load TEMP value
C select Yes

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

Click on the walls of the square cylinder, and top and bottom walls

m Apply YELD load on lines
[OL] Appke Velocily Constraints on nes
Apply Vix load 3¢ 2 Constant vaks -
M Corstant valie then
= F_1~—1®
Apply VW load as a [ﬁn““v“ =
I Constant value then
Watedis i J——+B)
Apply VZ load az & l—_|Cm=!mvam P
M Corstant value then
Eloton | —
Apply o endponts? W ‘Yo
Moving wall? I No
Generskzed Symmeliy? I Mo
MNOTE: Blank walues not ntespreted a2 03 111

A type 0in VX Load value
B type 0 in VY Load value
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Main Menu > Solution > Define Load > Apply > Fluid/CFD > Velocity > On Lines

Click on the inlet of the channel

m Apply YELO load on lines

(DL Apply Velociy Constraints on fines
Apply Vi foad a2 & [Constantvae =]
It Constant value then:
e F__~—1®
Apply V' load az !Emslan‘l value 'I
If Constant valus then:
st I ~—1®
Apply VZ load as a [Constantvabe =]
If Constant value then:
e —
Apply to endponts? W Yes
Moving wall? I Ne
(Generakzed Symmety? I No
NOTE: Blank values not mterpeeted az 0's Il

A type 0.05 in VX Load value
B type 0 in VY Load value
Main Menu > Solution > Define Load > Apply > Fluid/CFD > Pressure > On Lines

Click on the exit of the channel

m Apply PRES on lines
[DL] Apply PRES on ines a: & Corstant vale 2
1l Canstant vahus ther
PRES Pressure value b [e— _@
Apply to endponts? v ‘Yes
ok | Apphy Cancel Help

A type 0 in Pressure value
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The initial condition for the velocity components, displacements, and pressure is zero,
while the initial condition for temperature is 300 K. By default, the initial condition for
all field variables is zero. Hence, only assign the initial condition for temperature.

Main Menu > Solution > Define Load > Apply > Initial Condition > Define

Pick All
FiYDefine Initial Conditions <

(IC) Define Inkial Conditions on Nodes .———@

Lab  DOF tobe specified T <1

VALUE  Initial value of DOF _®
ok | Aooly | Cancel | Hep |

A select TEMP in the DOF to be specified
B type 300 in Initial value of DOF

The sinusoidal oscillating function of the square cylinder can be easily applied with
the function editor feature of ANSYS. ANSYS will create a data table from the
displacement function, and apply it to the selected lines. The mesh will move according
to the displacement function. To ensure that the equation is written correctly, a graph
of the displacement is created in the ANSYS graphics.

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

mFuncl\'on Editor X
Fle Edt Help

Fl-ﬂuhun] Aegms 1 ] Regime E'] Aegims J} Fegme d] Regime E] Fegme E]

Function Type

* Singla aquation
™ Mudtivabued function based on 1egme variable [Regmevan
BYZIntepetedinesys.o 0 =]
Fesul =[0.025%5r{31415'(TIME]) 4——@
© Degreet  Radisrs
usT
[ | TIME =l
MIN ASIN =
e I I R W N W
RACL ACo0E 107
570 I cos ] LOG J ] | 5 | 6 | . | - |
INSMEM  ATAN  SQAT
£BS | TAN | 2 | 1 | 2 | 3 | . | ﬁ
A ¥ T
[ | :.muzl O | 0 | | . | E

A Type the equation of the oscillating: 0.025%sin(3.1415*{ TIME})
B click on GRAPH
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mlilut Information X
- Equation
Result= 025"5in(3.415%{TIME))

[~ Wariable Data

« TlMEl

Hange Dala

XAvis Range: [0 to]5 -« |

Number Of Points: {100 -

(Geph || st | coe | He |

O

A type 0 and 5 for X-Axis Range
B type 100 in the Number Of Points

0 and 5 are the range of the data in the x-axis, while 100 is the number of data to be
plotted. Number Of Points has nothing to do with the accuracy of the results, and
Higher number of it will just create a smother plot.

(x10%*-2)
4.8

ANSYS graphics shows the oscillating function
In the Equation Editor click on File then Save
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Save As £

Savein: | ) ANSYS - - EBEeE

My Recent
Documents |

|

Deaskiop

X

My Documents

My Computer

Save I

My Network  File pame: [eist
Places

L Lo
i

Saveaslype:  |FUNC Files ["func)

Save the file as DisY, the file name is optional

After saving the function, it is required to load it to the ANSYS solution using the
read file comments.

Close the Function Editor window

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

Open ?X
Look e [ 3 ANSYS = = ®&crE-
O [peEEe &

My Recent
Documents
Dackiop

My D‘w.mul:

My Compules

Network.  File s Junc .
My, name: | = Qpen
Files of ype: | FUNC Files [" func) =

A select disY.func
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mFuncﬁunlr_\ddtr X
Comments
=
L]
Table parameter name

|dis Y pru— @

Local cooednate system id for [x, ¥, x] mbespeatation

0 =
Function |
Equation
Result = 025"n(3 415" {TIMEN) =
=l
Conslant Valkues 1
Hane J
ok | cowel | b |

A type dis_Y in the Table parameter name

The dis_Y will be shown later when applying the boundary conditions in the exist-
ing table. The lower and upper walls are fixed, while the square cylinder walls are
displaced according to the input equation.

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Displacement >
On Lines

Click on the upper and lower walls

FiY Apply DISP load on lines
DL Appl Displacemmer Constisits on kres

Apply L load a5 a [Comtantvale =]

W Constant vahe ther:

Heie —r®

Apply U load a2 8 m

W Constant vahse ther:

e F__1~—71®
Apply to endponts? W Yex

oK Cancel Help
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A type 0 in UX Load value
B type 0 in UY Load value

Main Menu > Solution > Define Load > Apply > Fluid/CFD > Displacement >
On Lines

Click on the lines of the square

mAppIyDISI-‘ load on lines
[DL] Apply Displacement Constraints on lines
Apply Lixload a3 2 | Constant value ~|

If Constant vahue then:
U Load value

Apply UY load a5 2

If Constant value then:
U aLoad value

Apply to endpoints? [ ‘es

oK Cancel Help

A type 0 in UX Load value

B select Existing table

FiY Apply DISP on lines

Apply Table UY Load ~

Existing table T A
GAPHPLT A

oK Appy Dnmil uup[
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A type DIS_Y

The following step is very important to initialize the moving mesh. The problem
must be transient, and flow and thermal analysis must be enabled. ALE should be
turned ON to allow mesh motion. If the ALE is not checked, the square cylinder will
not move.

Main Menu > Solution > FLOTRAN Set Up > Solution Options

m FLOTRAN Solution Options

[FLDATAT]SOLU
TRAM Steady stale o anuent? Transient = q——@
FLOW Sobve flow equations? ¥ Yes
TEMP Adiabatic or themai? Themal v | —
TURB Lamina of tubuert? L =
COMP Incompress of compress? [inconpressble =]
VOF Activate VOF advection? Mo
SFTS Surface tention effect? ™ Mo
WSH Incompress viscous heal? [ 'No
SWHL Asasymmetric with swal? I~ Mo
SPEC Muliple species hianspart I No
ALE  Allow mesh motion 7 W fres a— _©
RDSF Sobve radiosily equation 7 W Yes

ok | Apsly Cancel Heo |

A Select Transient
B Select Thermal

C click on ALE mesh motion

The total time for the problem is 5s, and selected time step size is 0.1 s. The small
time step size is used to ensure the convergence at each time step. The time interval
of 0.1s is used to store the results at each time step.

Main Menu > Solution > FLOTRAN Set Up > Execution Ctrl

m Time Step Controls

Determine time step contiol
STEP Select time step control User defined vl

Determne output control

Base cutput control on TimeVaues | = 4—@

oK Cancel | Heo |
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A select User defined

B select Time values

[FLDATA4LTIME 5‘

STEP User-defined time step

Length of Transient Exscution

TEND Stop time

Time Step Temination

GLOB Globaliter per time step

Vi Velocily component e

-

VY Velocky componant

Q

VZ  Velocy component

PRES Pressuwe

TEMP Temperature

ENFE Tusbulent kinetic energy

AL

ENDS Tusbulent dissipation

Note: Temmination check iz ignosed for a DOF
i it lemination criterion s negative

[FLDATA#LTIME - Transient conal by time

Dvanwrie hequency to results fle

TIME.OVER Time interval

Append frequency o results s

TIME AFPE Time rierval

E [
s

Summary frequency to output e

I e S i)

A type 0.1 in User-defined time step

B type 5 in Stop time

C set the Time Step Termination to le-6 for all field variables
D Type 0.1 in Time interval

Main Menu > Solution > FLOTRAN Set Up > Fluid Properties
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® ©

®

m Fluid Properties

[FLDATAT2] FROP.DENS

Denaty ARSI - | -
[FLDATAT 3] VARY DENS

Aliow denaity vanations 7 I~ Mo

[FLDATA1Z|PROPMIST

Viscosity ARSI - |
IFLDATAIIVARY VISC

Alow vircosty vanations? I Mo

[FLOATAI2LPROP.COND

Conductivity M
[FLDATA13JVARY COND

Allow conductivity vanstions ¥ I Mo

[FLDATA12LPROP.SPHT

Speciic heat - | -—
[FLDATAT2LVARY. SPHT

Aliow specific heat varishon: ™ Mo

ok | e Help

®

A select AIR-SI in Density
B select AIR-SI in Viscosity

C select AIR-SI in Conductivity
D select AIR-SI in Specific heat

mCHJ Flow Properties

[Densty coefficients will be caiculated from the data
in the fie, Boprp. ans undes the name: AIR-SI

\ 1 cosicients vl be caloulatad from the data
i the fie, foprp. ans undes the name AIR-SI

Conductn dficanrits wall be ek d romn the data
in the fle, Boprp. ans undes the name: AIR-SI

Speciic Heal coefficients will be calculsted from the data
iy thee i, lopep.ans undex the name AIR-SI

0K Cancel

Help
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Main Menu > Solution > FLOTRAN Set Up > Run FLOTRAN

The Normalized rate of change indicates that the solution is converged. The velocity
components and pressure reach 10~ at all time steps.

The solution task ends successfully at this point. The temperature contours at time
4955 is presented to ensure that the mesh is moved correctly.

Main Menu > General Postproc > Read Results > by Time/Freq

m Read Results hy Time or Frequency

Fead Results by Time or Frequency
[SET] [SUBSET] [APPEND]
Fead results for Entire model o
TIME  Vihue of time of fieq 4—-@
LSTEF Results at or near TIME IAt'EIME vale '[

FACT Scale factor I:I

oK Cancal [ Help

A type 4.95 in Valve of time or freq

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



Multiphysics 375

Fi\ Contour Modal Solution Data X
Ibem 1o be contoured

4 Favortes E
@5 Modal Soluton

©

@ Turbudent kinetic eneigy
@ Tubulen! eneigy dissipation
(3 Other FLOTRAN Quaniities

=
I =
Unddisplaced shepe key
Undsplaced shape key [ Defomed shape ony =
Scale Factr [Auto Calculeted =ljo
Addiional Options @|
oK doh | ot | Hep |

A click on Nodel Solution > DOF Solution > Nodal Temperature

I ANSYS
NODAL SOLUTION

TIME=4, 95
TEME (AVG)
R3YS=0

DMx =.003922
8MN =258.072
EMX =401.681

—
298.072 321.096 344.12 367.144 390. 168
309 608 355, 632 378.656 401, 681

ANSYS graphics shows temperature contours
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Notice that the square cylinder is moved upward. The following steps are for creating
the animation file. In the display type, the mesh movement can be animated as well
as all field variables. Here, the animation for temperature contours is selected.

Main Menu > General Postproc Utility Menu > PlotCtrls > Animate >
Over time ...

m Animate Over Time Y

[ANTIME] Animate cver time [interpolation of resuls)

it o ke eowee o @
Model resull data
(+ Cusrent Load Stp
" Load Step Range
 Tims Rlange
et ——
Auto contour scaling [v On
———
[PLDIPLNS PLVE PLES PLVFRC]
Display Type Mesh V2 ~
DOF zolubion VSUM g
/ Veclos piot Pressue  PRES
e Flus & gradient TubKE. ENKE [
Other quantities Ereg diss ;
\VOF data - C
oK Cancel Hep |

A type 100 in Number of animation frames
B select DOF solution

C select Temperature

ANSYS will create an animation file for the square oscillation with temperature
contours.

PROBLEMS

6.1 A pipeline used for transporting highly corrosive liquids is made of concentric
carbon steel and aluminum pipes, as shown in Figure 6.8. The inner pipe is
made of aluminum to prevent corrosion, while the outer pipe is made of car-
bon steel to add strength to the pipeline. At the inner surface of the pipe, the
temperature is 125°C, while at the outer surface the temperature is 20°C. As a
result, a thermal stress is induced at the contact surface that could damage the
pipeline. Determine the maximum stress in the pipe. Mesh the computational
domain with a smart mesh size of 1.
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Property Aluminum Carbon Steel
Thermal conductivity (W/m-°C) 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°¢

Carbon steel

Aluminum

FIGURE 6.8 Composite pipeline for Problem 6.1.

6.2 For an electronic chip mounted on a channel shown in Figure 6.9, the working
fluid is air, and the thermophysical properties are listed below. The inlet velocity
is 0.0l m/s, while the exit velocity is the atmospheric pressure. The inlet tem-
perature is 20°C, and 3 W is generated only in the heat source, as shown in the
figure. Mesh the computational domain with a smart mesh size of 1.

Property Chip Air
Density (kg/m?) 850 1.21
Conductivity (W/m-°C) 1.5 0.025
Specific heat (J/kg-°C) 900 1010

Viscosity (Pa-s) - 18.26e-6
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E - . 2 T
Chi 0.03 m
Flow in P 003 mp— Flow out
Heat source —_[ = ¥
[ ¥ 0.01 m 0.02 m
CZ Z 222 2z 227 2z 222 i ]

} 0.1m I 0.05 m ll 0.25m 4—]

FIGURE 6.9 A chip in a channel for Problem 6.2.

Determine

1. Maximum temperature in the domain

2. Maximum heat transfer coefficient around the chip surface
3. Average heat transfer coefficient around the chip

4. Show that the energy balance is satisfied

6.3 Air is heated in a channel using four circular heaters, as shown in Figure 6.10.
Heat is volumetrically generated in the heaters, S W in each heater. Flow veloc-
ity at the inlet of the channel is 0.05m/s and temperature is 300 K. Determine
the exit temperature of the air. The properties of the heaters are p = 950kg/m?,
C,=1250J/kg-K, k = 35 W/m-K.

6.4 Consider the natural convection flow inside a concentric annulus enclosure, as
shown in Figure 6.11. The inner cylinder is maintained at a constant temperature
of 310K, while the outer cylinder is maintained at 315 K. The working fluid is
air, and use air properties in the ANSYS. Determine the heat flow at the inner
and outer cylinders.

6.5 Consider the two circular cylinders with diameters of 0.025m x 0.025m, as
shown in Figure 6.12. Air is entering the left open side with a uniform velocity
of 0.1 m/s. The inlet temperature is 300 K, while the cylinder’s wall is heated at
350K. The initial temperature of the air is 300 K. The first cylinder is oscillating
harmonically according to the following expression:

y(t) = 0.05sin(27r)

0.015 m

o 4 x R 0.005 m
0.02m | s— —_—
® @
0.015m
| 0.1m |_ |- 0.17 m -J
0.03 m

FIGURE 6.10 A channel with four circular heaters for Problem 6.3.
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FIGURE 6.11 Natural convection in an annulus enclosure for Problem 6.4.

T T T T T = L LA AL

v @ @

R0.025m

T T T T T T T T T LT T T T T T T T T T T T T T T L T LT A T ETLTALMALALALALALLALALALALALAA LR R LR

’-—0.1m—+—0.1m—-|

| 0.6 m

FIGURE 6.12  An oscillating cylinder in cross flow for Problem 6.5.

Create an animation file for the process during the interval of 0-7s. Also, calculate
the flow exit temperature at time = 3, 5, and 7s.

6.6 Figure 6.13 shows a square enclosure containing air, and its external wall is sub-
jected to a free convection of 300K, and 5 W/m-K. Inside, a rectangular object
is maintained at a uniform temperature of 310K, and oscillating harmonically
according to the relationship:

y(t) = 0.05sin(r)
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The initial temperature of the air is 300 K. Create an animation file for the process
during the interval of 0-5s. The results should be presented for two cases: with and
without the effect of natural convection of the air.

0.3 m

0.3 m I

FIGURE 6.13 An oscillating rectangular object inside a square enclosure for Problem 6.6.
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71  MESH REFINEMENT

The accuracy of the finite element model can be enhanced by either increasing the
number of elements in the model or using higher-order elements. Increasing the num-
ber of element is called h-refinement, while increasing the order of the element is
called p-refinement. Increasing the number of elements or the elements’ order will
lead to significant increase in the computational time and requires memory to solve
the problem. Consider the stress analysis of a plate with holes shown in Figure 7.1a.
A linear quadratic element is used to determine the stress concentration factor.
The exact solution is available from the theory of elasticity, and Figure 7.1b shows
the finite element mesh. The mesh consists of 86 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 all mesh sizes.

Figure 7.2 shows the error of the stress concentration for different number of ele-
ments using linear quadratic elements. The domain is meshed with three different
mesh sizes, A, B, and C. The number of elements of mesh C is higher than B, and
B is higher than A. The figure indicates that as the number of elements increases, the
relative error is decreased to approach a fixed value. Adding more elements to the
mesh C will have an insignificant effect in reducing the computational error.

When the number of elements has no effect on the solution, the mesh is called a
mesh-independent solution. Increasing the order of the elements reduces error per-
centage for the same number of elements. Figure 7.3 indicates that replacing the
linear quadratic elements with a cubical one reduces the percentage of the error by
about 10%.

With a high-order element, the mesh-independent process is faster than a low-
order element, as shown in Figure 7.4. In addition, a mesh with the linear quadratic
element is becoming mesh independent at a very slow rate.

The higher-order elements lead to more accurate results than lower-order ele-
ments. On the other hand, the time required to complete the solution is important,
especially for very large meshes. The computational time could take more than
10 days for meshes with more than one million elements. In addition to time, the
higher-order elements need large amount of memory that could not be afforded.
Figure 7.5 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 num-
ber of elements in the mesh. Also, increasing the order of the elements significantly
increases the time required to solve the problem.

381
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N\
()

@ (b)

FIGURE 7.1 (a) Geometry of a plate, and (b) finite element mesh.

Error %

A B C

Number of elements

Y

FIGURE 7.2  Error of the stress concentration for different mesh size using linear quadratic
elements.

20 +

Error %
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FIGURE 7.3 Percentage of error with different element orders.
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Error %

t . : —
A B C

Number of elelments

FIGURE 7.4 Error of the stress concentration for different number of elements with differ-
ent orders.

Normalized computational time

Number of elements

FIGURE 7.5 Computational time for various types and numbers of quadrilateral elements.

7.2 ELEMENT DISTORTION

When a complex geometry is meshed using an automatic mesh generator, elements
at some critical regions in the geometry become distorted, and the accuracy of the
results is significantly decreased at these regions. Hence, this section concerns with
the element distortions, and discusses finite element meshes and identifies the bad
elements. In addition, guidelines on good element shapes are also introduced in this
section. There are four types of element distortion:
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//1

FIGURE 7.6 The major types of element distortion: (a) mid-side node off-center, (b) taper,
(c) skew, and (d) aspect ratio.

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, 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 also be skewed or tapered. The angles of the rectangu-
lar elements should be 90°. For a rectangular element, when the height to width
ratio exceeds 2, the element has an aspect ratio problem. It turns out that a perfectly
shaped equilateral triangle should have an aspect ratio of 1.15, and a square element
should have an aspect ratio of 1. Aspect ratio higher than the recommended one
can only occur in noncritical regions in the model, such as in uniform temperature
or stress regions. Figure 7.6 shows the major types of element distortion. 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 faces of a solid element do not lie in the same plane. The warping angle should
not be more than 10°; otherwise an error is expected.

7.3 MAPPED MESH

Meshes can be classified as a free or a mapped mesh. The elements of the free mesh
are randomly distributed in the domain with different sizes and shapes, and Figure
7.7 shows a free mesh for a wavy channel. Element distortions are most likely to
appear in these meshes. Most finite element software generates these meshes. Poor
results are always associated with free meshes. The free meshes should be only lim-
ited to very complex geometries.
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FIGURE 7.7 Free mesh for a wavy channel.

FIGURE 7.8 Mapped mesh of a wavy channel.

On the other hand, mapped meshes have organized elements and element sizes
are gradually changing in the domain, and the mesh is free of the element distor-
tions. Figure 7.8 shows a mapped mesh of a wavy channel. The user can fully control
the size of the elements and their distribution in the computational domain. These
meshes are typically used in finite element simulations because of their flexibil-
ity and ability to mesh complex geometries. Mesh designers should have a strong
understanding of the physics of the problem before generating the mapped mesh. For
example, for an elasticity problem, the areas with high and uniform stress gradients
should be located, and design the mesh accordingly at these areas.

For solid mechanics problems, elements should be concentrated at the regions
with stress gradients. For example, for a plate with a hole, as shown in Figure 7.9,
stress is extremely high at regions close to the hole. Therefore, the mesh is dense
at these regions. For fluid problems, the regions close to the walls have a very high
velocity gradient due to shear forces, and the elements should be dense at regions
close to the walls.

Figure 7.10 shows a mapped mesh of channel containing multiple blocks. Elements
are concentrated near the region close to the blocks’ surface to capture some critical
features, such as the heat transfer coefficient and shear stress.

The geometry shown in Figure 7.11 is for a 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 7.11a is unacceptable because the elements are
not concentrated in the upper region, and poor results are expected. In the second
mesh, Figure 7.11b, the upper region of the geometry has more elements than the first
mesh, but an abrupt change in element size should be avoided, because any errors in
the large elements will transfer into the small elements. In addition, matrix opera-
tions of these meshes are difficult. The third mesh, Figure 7.11c, is the ideal mesh.
Elements are concentrated at the upper region, and the change from the coarse ele-
ments in the lower region to fine elements in the upper region is gradual.
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FIGURE 7.9

(c)

(b)

Different mapped meshes for a fin.

FIGURE 7.10 A mapped mesh of channel containing multiple blocks.

FIGURE 7.11
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7.4 MAPPED MESH WITH ANSYS
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For the geometry shown in Figure 7.12, create a mapped mesh using the ANSYS. The
model is intended to be used for a fluid mechanics problem, and therefore, concentrate
the mesh at the regions around the step.

FIGURE 7.12

0.1 m

0.025 m

[L 0.1 m

Double click on the ANSYS icon

Main Menu > Preferences

m Preferences for GUI Filtering
[KEYW[/FME TH| Prefersnces far GLI Fisnng
Individual diseinineds] to show in tha GLI

Electiomagnetic.

Blote; I no individual discipines aee setactad thay val all show.

Jr 0.075 m

—

Geometry for mapped mesh.

I Stuctusl
I Theemal
™ ANSYS Fhad

0.1m

I~ MagraticNadal
I~ MagreticEdge
I High Frequency
I™ Eleclic

Dmcpine optors

& hMethed
" prhethod Stuct
" pMethod Efectr

K|

select the Flotran CFD

Main Menu > Preprocessor > Element type > Add/Edit/Delete
Add...
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m[ ibrary of Element Types
Only FLOTRAN CFD elemant lypes are shown

Libwany of Elemeant Typas | CFi ! 141 - @
@ _’///'nmsmm 30 FLOTRAN 142

Element lyps isference rumbe: :l
ok | ooy | Corcel | Help

A select FLOTRAN CFD
B 2D FLOTRAN 141

The modeling session is started here. First, 12 key points are created, followed by
lines, and finally areas. The x- and y-coordinates of each key point are identified
with its number.

In order to create a mapped mesh with the ANSYS, the computational domain
must be divided into areas. Each area must have four sides only. Creating key points
that will be connected by line to form four sides area, as follows:

Main Menu > Preprocessor > Modeling > Create > key points > In Active CS

Enter the coordinate of the key points, and the total number of key points is 12, as
shown in the figure below.

*ectues ANSYS

FOIN NUM

ANSYS graphics shows generated key points

Now, the lines can be created. Using the straight lines, connect two key points to form
a line. The connection must be from left to right for all horizontal lines, and for bot-
tom to top for all vertical lines. This technique will make the mesh division easy.
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ANSYS Main Menu > Preprocessor > Modeling > Create > Lines > Lines >
Straight Line

Click on the Key points to connect two Key points with one straight line, as shown
in the figure below.

ANSYS

1
LINES
TYPE NUM

ANSYS graphics shows generated lines

Carefully inspect the above figure; each area is made of four lines. Next, the areas
are created.

ANSYS Main Menu > Preprocessor > Modeling > Create > Areas > Arbitrary >
By Lines

Click on the lines to create rectangles for the domain as shown in the figure below.

: AREAS ANSYS
TYPE WM

ANSYS graphics shows areas



390

FIGURE 7.13 Mapped mesh.

Now the domain is ready to be meshed. Flow will be separated and reattached at the
corners. Elements should be concentrated at the corners since high velocity gradient
exists at these locations. To create a mapped mesh, the lines should be divided into
segments. The two opposite lines of an area must have same number of divisions.
Accordingly, the attached area should have the same number of line divisions. Figure
7.13 shows all opposite lines are having same number of line divisions.

Finite Element Simulations Using ANSYS

Lines with same number of division

Main Menu > Preprocessor > Meshing > Mesh Tool

A select Set Line

Meshlool

Elesnert &lnbudes

Global - Sel

I~ SmanSee
| i
Fine 1 Coaize
Size Conlroks

Global Sel Clear

G| [P |
Layet i‘ Clear
s O ()
Medv | pa -

Clate Help |

Lines with same number of division
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Select the horizontal lines as shown below.

= ANSYS

TYFE NUM

m Element Sizes on Picked Lines
[LESEZE] Element sizes on picked nes

SIZE  Element edge length
NDIY  No. of element dvisions

Tﬂ

[NDIY iz used onbs if SIZE is blank or zero)
KYNDIV SIZE NDIV can be changed W Yes

SPACE Spacing ratio

e

ANGSIZ Division aic [degiess]

[ use ANGSEZ only if number of divisionz (NDIV) and
slament edge lzngth (SIZE | are blank or 2e10]

Clear attachad areas and volumes

1l

-

Mo

ok | Apply Canedl Help

A type 20 in the NDIV
B type 0.2 in the SPACE

The number 20 means that the selected lines will be divided into 20 segments, and
the number 0.2 decreases the size of the division by one-fifth.
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Select the horizontal lines as shown below.

S ANGYS

TYFPE NUM

Apply

[LESIZE] Ebement sizes on picked lines
SIZE  Element edge length

NDIY Mo of element dvisions 0 @
[NDIY iz used only d SIZE & blank o zemo]
KYNDIV SIZE NDIV can be changed v

SPACE Spacing ratio

TR

ANGSIZ Division arc [degrees]

[ use ANGSEZ only if numbes of drvizsions (NDIV] and
element edge length [SIZE | are blank or 2e10)

Clear attached areas and volumes

1

Mo

oK | A Canc Help

A type 20 in the NDIV
B type 5 in the SPACE

The number 20 means that the selected lines will be divided into 20 segments, and
the number 5 increases the size of the division by 5.
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Click on the horizontal lines as shown below.

- ANSYS

TYFE NUM

hz 3\ 4 i

Apply
m Element Sizes on Picked Lines A

[LESIZE] Element sizes on picked ines
SIZE  Element edge length
NDIY  No. of element dvisions

_®

[NDIV 15 used onky il SIZE 15 blank of zero)
KYNDIY SIZE NDIV can be changed

SPACE Spacing 1alio

ANGSIZ Division arc [degiees]

|

[ use ANGSIZ anly if number of divitions (NDIV) and
element edge length [SIZE | ane blank or zeno)

Clear attached areas and volumes

-

Mo

ok | Apoy Cancel Help

A type 20 in the NDIV
B type -5 in the SPACE

The number 20 means that the selected lines will be divided into 20 segments, and
the number -5 will increase, then decrease the size of the division by 5.
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Click on the lines as shown below. These lines will be divided equally.

lu\zmﬂ AN:S ‘!’S
11 10 9 2
2 ] A "
I
)
by F g 3

Apply
m Element Sizes on Picked | ines X

[LESEZE] Element sizes on picked ines
SIZE  Elsment edge length
NDIY Mo of elsmen! divisions

[NDIV iz used orly f SIZE iz blank or 2er0)
KTYNDIV SIZE NDIV can be changed

I
@
W Yes

SFACE Spacing ralio _4—
I

®

ANGSIZ Division aic [degreas)

[ use ANGSEZ only if number of dwvitions [NDIV] and
element edge length (SIZE | are blank or zero)]

Clear attached areas and volumes:

B

Na

ok | Aply Cancel Helo

A type 20 in the NDIV
B type 5 in the SPACE

The number 20 means that the selected lines will be divided into 20 segments, and
the number 5 increases the size of the division by 5.
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Click on the lines as shown below.

m Element Sizes on Picked Lines
[LESEZE] Element sizes on picked inas

SIZE  Element edge length
NDIY  Mo. of element dwisions

[NDIV i used only if SIZE iz blank or zeig)
KYNDIV SEZE NDIV can be changed

SPACE Spacing iatio

0

1ARBJ\2 ANSYS
TYFE NUM
11 10 g ]
\12 \\3 \\q ~ b
% % b s \s

v

2

ANGSIZ Divition aic [degiess]

[ use ANGSEZ only if number of divisions (NDIV] and
element edge length (SIZE | are blank or zeia)

[

Clzar attached areas and volumes

ok | Apply

No

-

Cancel Help

A type 10 in the NDIV

B type 0.2 in the SPACE
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The number 10 means that the selected lines will be divided into 20 segments, and
the number 0.2 decreases the size of the division by one-fifth. ANSYS graphics
shows the lines have been meshed according to the specified mesh divisions.
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LINES
TYFE NUM

ANGSYS

z_x

ANSYS g

raphics shows mesh division

Inspect the mesh carefully; all opposite sides have the same number of divisions;

otherwise an error message will
mesh is ready to be meshed. The

appear or the mesh will not be mapped. Now the
Smart Size selection must be off, keep the element

shape as Quad, and finally change mesh type to Mapped.

Main Menu > Preprocessor > Meshing > Mesh Tool

Meshlool

Elamert Arbater

0Q




piwstk|402064(1435433946

Meshing Guide 397

A select Quad
B select Mapped
C click on Mesh

: LINESZ ANS}.’.S

TYFE NUM

ANSYS graphics shows a mapped mesh

PROBLEMS

7.1 Create a mapped mesh for the geometries shown in Figure 7.14, and the geometries
are used for solid mechanics.

7.2 Create a mapped mesh for the geometries shown in Figure 7.15, and the geometries
are used for heat transfer.

7.3 Create a mapped mesh for the geometries shown in Figure 7.16, and the geometries
are used for fluid mechanics.

e 004m ——

001 m fo005m

() I 0.06 m |

FIGURE 7.14 Geometries for solid mechanics.

(continued)
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FIGURE 7.14 (continued)
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FIGURE 7.15 Geometries for heat transfer.
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FIGURE 7.15 (continued)
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FIGURE 7.16 Geometries for fluid mechanics.

(continued)
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Index

A

ALE method, see Arbitrary Lagrangian—Eulerian
method
Aluminum, thermophysical properties, 297
Animation, 169
ANSYS software
applications, 8-9
capabilities, 8
chips cooling, forced convection domain
analysis
applying PRES on lines, 325-326
applying VELO load on lines, 325
coloring, air and chips, 320-321
contour plot, 330-333
FLOTRAN CFD selection, 313-314
FLOTRAN 141 element, 314-315
FLOTRAN Solution Options, 326-327,
331-332
fluid properties, 327-328
heat generation, 324
inlet of channel, 323
Material Models Model Behavior,
315-317
mesh tool, 319, 321-323
normalized rate of change of field
variables, 329-330
path operation, 333-337
rectangular area for fluid flow, 317-319
reference conditions, 328-329
Termination Criteria, 327
components, 10
fin unsteady thermal analysis, 206
boundary conditions, 215
element types, 207-208
heating process animation, 222
initial conditions, 216
key points, 211-212
material models, 208-209
mesh tools, 212-213
Nodal Solution, 218-219
selecting Thermal, 207
temperature contours, 218
temperature curve, 220-221
transient, 213-214
WP setting, 210-211
flow around a tube, channel analysis
ANSYS graphics, 291-292
ANSYS output window, 290
apply VELO load on lines, 279-280
element type, 271-272

FLOTRAN CFD selection, 270
FLOTRAN Set Up, 281-285
Function editor window, 277-278
graph of velocity, 276277
hydrodynamics boundary conditions, 276
mesh tool, 274-275

nodes on surface of cylinder, 290
path operation, 287-289
segments, 273

solid circular area, 273

solution convergence, 284-285
vector for velocity, 286287

fluid flow, two-dimensional channel analysis

ANSYS Output window, 269

defining path, 266-267

exit line, 257-258

FLOTRAN CFD selection, 251-252

FLOTRAN Solution Options, 258

fluid properties, 259-260

inlet line, 256-257

Last Set, 262

lateral lines, 257

material model behavior window,
252-253

mesh tool, 254-256

path operation, 263-265

path plot on graph, 268

running FLOTRAN, 260-262

steady state control settings, 259

vector for velocity, 263

x-velocity profile, centerline of channel,
265-266

graphics shows areas, 389
main menu, 13-14
natural convection flow, square enclosure

analysis
applying TEMP on lines, 342-343
applying VELO load on lines, 343-344
CFD flow properties, 346
2D FLOTRAN 141, 339-340
path operations, 350-352
running FLOTRAN, 347-348
temperature contours, 348-349
velocity vectors, 349-350

oscillating square-heated cylinder analysis

applying DISP load on lines, 369-371
applying PRES on lines, 365

applying TEMP on lines, 363-364
applying VELO load on lines, 364-365
contour plot, 374-375

2D FLOTRAN 141, 358-360
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displacement graph, 366-367
disY.func, 368-369
FLOTRAN Solution Options, 371
fluid properties, 372-373
initial conditions, 366
mesh tool, 362-363
number of elements, 361-362
oscillating function, 367
running FLOTRAN, 374
selecting FLOTRAN CFD, 357
temperature contours animation, 376
time step controls, 371
transient controls, 372
output window, 11
phase change heat transfer problem analysis
colors, 231
density, 227
elemental type, 224-225
isotropic conductivity, 228
material ID, 227-228
material models, 226
melting temperature, 239
mesh tool, 230-232
selecting preferences, 224
solid circular area, 229-230
specific heat, 226, 228-229
specific heat and temperature
relationship, 233
specific heat vs. temperature, plot, 229
temperature curve, 237-238
temperature history, 236-238
time-time step, 234-235
transient, 233
thermal and structural analysis,
thermocouples (see Thermocouples)
utility menu, 12-13
Apparent specific heat, 223
Arbitrary Lagrangian—Eulerian method, 356-357
Aspect ratio, element distortion, 384
Automatic mesh generator, 383
Axial strain, 81
Axial symmetry, 6

B

Bar element

coordinate systems, 15, 17
differential, 37
force transformation, 20
horizontal (see Horizontal beam elements)
potential energy, 4
stiffness matrix derivation, 15
strain—displacement relationship, 15
subjected to

forces and moments, 37

tensile force and displacements, 19

Index

Bar-truss structure, 21
animation time delay, 73
ANSYS software analysis, 23-36
material properties, 27
problem solving
by applying boundary conditions, global
stiffness matrix, 22
by assembling elements’ stiffness
matrices, 22
by constructing stiffness matrix, 21-22
by eliminating rows and columns, global
stiffness matrix, 22-23
under transient loading, 56-74
Bluff objects, forced convection flow, 356
Boundary conditions, 215

C

CAD drawing software, 8
Carbon steel, thermophysical properties, 297
CFD flow properties, 346
Chip
components, 189
thermal analysis (see Thermal analysis
of chip)
Chips cooling, forced convection domain
configuration, 312-313
thermal characteristics analysis, ANSYS
applying PRES on lines, 325-326
applying VELO load on lines, 325
coloring, air and chips, 320-321
contour plot, 330-333
FLOTRAN CFD selection, 313-314
FLOTRAN 141 element, 314-315
FLOTRAN Solution Options, 326327
fluid properties, 327-328
heat generation, 324
inlet of channel, 323
Material Models Model Behavior,
315-317
mesh tool, 319, 321-323
normalized rate of change of field
variables, 329-330
path operation, 333-337
rectangular area for fluid flow, 317-319
reference conditions, 328-329
Termination Criteria, 327
Computational fluid dynamics (CFD), 8
Conduction energy equation, 186
Cyclic symmetry, 6-7

D

Degrees of freedom
development of bar elements, 15
linear triangular elements, 82
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2D FLOTRAN 141, 339-340
Dirichlet condition, 186
Displacement analysis, vessel, 106

E

n-Eicosane wax, melting time, 222, 239
Eight-node rectangular element, 178
Elastic deformation, 44
Elasticity theory, 381
Element distortion
aspect ratio, 384
mapped mesh, 384
types, 383-384
Elements, types, 4-5
Energy balance, differential control
volume, 184
Equation of motion, spring—mass element, 147

Fin
components, 189
different mapped meshes, 386
thermal analysis (see Thermal analysis of fin)
unsteady thermal analyses, ANSYS, 206
boundary conditions, 215
element types, 207-208
heating process animation, 222
initial conditions, 216
key points, 211-212
material models, 208—-209
mesh tools, 212-213
Nodal Solution, 218-219
selecting Thermal, 207
temperature contours, 218
temperature curve, 220-221
transient, 213-214
WP setting, 210-211
Finite element mesh, 381
for plate, 82
Finite element method, 1-4
fluid mechanics
coefficient matrices, 250
mass and momentum conservations, 249
weighted integral statements, 248-249
heat transfer
linear triangular element, 187
temperature gradient matrix, 187-188
increasing order of element, 381
phase change heat transfer problems, 223
Finite element software, 384
Fixed control volume, 246
Fixed-mesh method, 223
FLOTRAN CFD selection, 338-339
FLOTRAN 141 element, 314-315
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FLOTRAN Solution Options, 326-327,
331-332, 344
Flow around a tube, channel
ANSYS analysis
ANSYS graphics, 291-292
ANSYS Output window, 290
apply VELO load on lines, 279-280
element type, 271-272
FLOTRAN CFD selection, 270
FLOTRAN Set Up, 281-285
Function editor window, 277-278
graph of velocity, 276-277
hydrodynamics boundary conditions, 276
mesh tool, 274-275
nodes on cylinder surface, 290
path operation, 287-289
segments, 273
solid circular area, 273
solution convergence, 284-285
vector for velocity, 286287
working fluid, 269-270
Flow Environment, 346347
Fluid flow, two-dimensional channel, 250
ANSYS Output window, 269
defining path, 266267
exit line, 257-258
FLOTRAN Solution Options, 258
fluid properties, 259-260
inlet line, 256-257
Last Set, 262
lateral lines, 257
material model behavior window, 252-253
mesh tool, 254-256
path operation, 263-265
path plot on graph, 268
running FLOTRAN, 260-262
selecting FLOTRAN CFD, 251-252
steady state control settings, 259
vector for velocity, 263
x-velocity profile along centerline of channel,
265-266
Fluid mechanics, 387
finite element method
coefficient matrices, 250
mass and momentum conservations, 249
weighted integral statements, 248—249
governing equations
conservation of momentum equation,
245-248
mass conservation equation, differential
form, 245
Fluid properties, 345
Fluid—structural analysis, 295
Force transformation, development of bar
element, 20
Fourier’s law, differential form, 183



406

Four-node rectangular element, 177
Free mesh; see also Mapped mesh
classification, 384
element distortions, 384
wavy channel, 385

G

General preprocessor task, 114

Global coordinate system, 17

Global displacement matrix, 21

Global displacement vector, 18

Global force vector, 85

Global nodal force matrix, 21

Global stiffness matrix, boundary conditions, 22

H

Heat conduction equations, 183
Heat flow, element’s boundary, 188
Heat flux, opposite surfaces of solid, 183
Heat generation expression, 185
Heating process animation, 222
Heat transfer
axial symmetry, 6
finite element method
linear triangular element, 187
temperature gradient matrix, 187-188
through plate
conduction energy equation per unit
volume, 185-186
energy conservation equation, 185
heat flux, 183-184
heat generation, 15
Higher-order elements, 175-178
High-level analysis, 296
Hooke’s equation, 39
Hooke’s law, 15, 80
Horizontal beam elements
contact analysis, 130-131
development, 36—42
displacement solving method, 41-42
radius of deflection, 38
structure analysis method, 42-56
variation of curvature, 39

I-beam

creating steps, 121

finite element simulations, ANSYS
deformed shape, 128
material models, 120
mesh tool, 125
select Solid, 119
select Structural, 119
type 210e9 in EX, 121

Index

utility menu, 122
Y-Component of displacement, 129
modeling techniques, 121
three-dimensional stress analysis, 118
Isotropic conductivity, 228

L

Lateral strain, 81

Linear quadratic elements, 381

Linear triangular elements, 187
displacements at nodes, 82
nodes, 81

Low-level analysis, 296

Lumped-mass matrix, 149

M

Mapped mesh
channel containing multiple blocks, 386
creation using ANSYS software
FLOTRAN CFD selection, 388
mesh tools, 390-391
preferences, 387
type 20 in NDIV, 391-392
type 0.2 in SPACE, 391-392
type 5 in SPACE, 392-393
elements, 384
for fin, 386
geometry for, 387
organized elements and element sizes in, 385
of plate with hole, 386
for wavy channel, 384
Material models, 226
Material Models Model Behavior, 315-317
Matrix algebra, 16
Medium-level analysis, 296
Melting temperature, 239
Mesh refinement, 381-383
Mesh tool, 212-213, 230-232, 319, 321-323,
341-342
Modulus of elasticity, 97, 134
Moving-mesh method, 223
Multidimensional heat flux flow,
Fourier’s law, 183
Multiphysics simulations, level of coupling, 295

N

Natural convection flow inside square enclosure

bottom and top walls, 337

heat flow analysis, ANSYS
applying TEMP on lines, 342-343
applying VELO load on lines, 343-344
CFD Flow Properties, 346
2D FLOTRAN 141, 339-340
path operations, 350-352
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running FLOTRAN, 347-348
temperature contours, 348-349
velocity vectors, 349-350
schematic representation, 338
Natural frequency, oscillating mass, 147
Neumann condition, 186
Newton’s second law, 147
Normalized rate of change of field variables,
329-330

P

Pan-Zoom Rotate tool, 124
PCM system
latent heat effect approximation, 223
phase change heat transfer problems (see
Phase change heat transfer problems)
pipe and, 222
specific heat as function of temperature, 223
Phase change heat transfer problems
ANSYS analysis
colors, 231
density, 227
elemental type, 224-225
isotropic conductivity, 228
material ID, 227-228
material models, 226
melting temperature, 239
mesh tool, 230-232
selecting preferences, 224
solid circular area, 229-230
specific heat, 226, 228-229
specific heat and temperature
relationship, 233
specific heat vs. temperature, plot, 229
temperature curve, 237-238
temperature history, 236238
time-time step, 234-235
transient, 233
numerical modeling techniques, 223
Phase change material (PCM), 222
Physical phenomena, coupling, 295-296
Planar symmetry, 6
Plane bar-truss problem, solving method, 21-23
Plane stress—strain elements
characteristics, 79
development, 79-86
Plate
finite element simulations, ANSYS
select Plane strs w/thk, 94
select Solid, 93
type 210e9 in EX, 97
type-1000 in Load PRES value, 102
type 0.005 in thickness, 96
x-component of stress, 105
harmonic vibration, 169
hole subjected to tensile pressure, 91
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hole under stress, 91

modal vibration, 151-152

stress concentration, 90-97
Poisson’s ratio, 27, 81, 97, 134
Principal angle, definition, 80

Q

Quadrilateral elements, computational
time, 383

R

Repetitive symmetry, 6

S

Shear stresses, 79
Shell element, 5
Solid circular area, 229-230
Solid elements, three-dimensional, 118
Solid mechanics, 86
Solid, temperature gradient, 183
Specific heat, 223, 226, 228-229
Specific heat and temperature, relationship
between, 233
Specific heat vs. temperature plot, 229
Spring—mass system, time-dependent force, 147
Square cylinder, 350-352
Square-heated cylinder
harmonic oscillation, 356
inner cylinder simulating motion, 356357
oscillation analysis, ANSYS
applying DISP load on lines, 369-371
applying PRES on lines, 365
applying TEMP on lines, 363-364
applying VELO load on lines, 364-365
contour plot, 374-375
2D FLOTRAN 141, 358-360
displacement graph, 366-367
disY.func, 368-369
FLOTRAN CFD selection, 357
FLOTRAN Solution Options, 371
Fluid Properties, 372-373
initial conditions, 366
mesh tool, 362-363
number of elements, 361-362
oscillating function, 367
running FLOTRAN, 374
temperature contours animation, 376
Time Step Controls, 371
Transient Controls, 372
physical model, 356
Static deformation, 164
Steady State Control Settings, 344-345
Stiffness matrix, boundary conditions, 53
Strain energy, stored in bar, 3
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Strain vector, 80
for two-dimensional element, 84
Stress analysis
I-beam, 118
plate with holes, 381
Stress analysis problems, temperature gradient
matrix, 187
Stress concentration
different element orders, 383
errors, 381
factor, 381
mesh size, linear quadratic elements, 382
Stress concentration factor, 90, 381
Stress concentration, plate with hole, 90-97
Stress—strain matrix, six-node triangular
elements, 176
Stress—strain relationship, 85
Structural boundary condition, 309
Structural elements, 297-298
Symmetries
in models, 5-8
types of, 6

T

Temperature contours, 218, 308, 348-349
Temperature curve, 220-221, 237-238
Temperature gradient matrix, 187-188
Temperature history, 236-238
Tensile stress, 81
Thermal analysis of chip
average temperature at base of chip, 203-206
boundary condition, 199
with color, 197
convection boundary condition, 199
heat generation, 200
key points, ANSYS graphics window,
194-195
material model, 191-193, 196-197
mesh, 198
rectangle chip area, 195-196
selecting Thermal in preferences, 189-190
setting up work space, 193-194
solid element, 190-191
temperature contours, 201-202
thermal conductivity, 194
thermal flux, 202
Thermal analysis of fin
boundary condition, 199
with color, 197
convection boundary condition, 199
heat generation, 200
key points, ANSYS graphics window, 194-195
material model, 191-193, 196-197
mesh, 198
rectangle chip area, 195-196
selecting Thermal in preferences, 189-190
setting up work space, 193—-194

Index

solid element, 190-191
temperature contours, 201-202
thermal conductivity, 194
thermal flux, 202
Thermal—fluid analysis, 295
Thermal results file, 309
Thermal-structural analysis, 295
Thermocouples
components of, 296-297
structural analysis, ANSYS
contour nodal solution data, 307
deflection, 311
displacement in y-direction, 311-312
solving Current LS, 307, 310
structural boundary condition, 309
temperature contours, 308
thermal results file, 309
thermal analysis, ANSYS
apply Temp on lines, 306
deflection, 311
geometry of problem, 302-303
Material Models Model Behavior,
299-302
mesh tool, 303-305
Plot Numbering Controls, 304
selecting Thermal, 297
structural boundary condition, 309
structural elements, 297-298
Transformation matrix, 18
Transient, 213-214, 233
Trusses
line elements, modeling, 4
pin-connected, 15

\%

Vessel
displacement analysis, 106
finite element simulations, ANSYS
2D axi-symetric, 117
full expansion, 117
select all DOF, 114
select axisymmetric in element
behavior, 109
select Solid, 108
select Structural, 107
type 180e9 in EX, 110
Vibration analysis, mass-spring system, 147
Volume elements, 5

w

Warping, 384
WP setting, 210-211

Y

Young’s modulus, 3



Mechanical Engineering

The complexity of modern-day problems in mechanical engineering makes relying
on pure theory or pure experiment impractical at best and time-consuming and
unwieldy at worst. For a large class of engineering problems writing computer
codes from scratch is seldom found in practice. Use of reputable, trustworthy
software can save time, effort, and resources while still providing reliable results.
Finite Elements Simulations Using ANSYS focuses on the application of this
design analysis software in solving practical engineering problems.

The text presents fundamental information on finite element analysis using ANSYS.
It covers all major areas in mechanical engineering: structure, solid mechanics,
vibration, heat transfer, and fluid dynamics, with adequate background material
to explain the physics behind the computations. The author treats each physical
phenomenon independently, enabling readers to single out subjects or related
chapters and study them as self-contained units. Because a finite element solution
is greatly affected by the quality of the mesh, a separate chapter on mesh generation
is included as a simple meshing guide, emphasizing the basics of the meshing
techniques. Each chapter contains pictorially guided problems with appropriate
screenshots that provide a step-by-step, easy-to-follow technical demonstration.
The book includes end-of-chapter problems and a number of complete tutorials
on using ANSYS to resolve some of the issues engineers tackle on a regular basis.

The author first explains multiphysics analyses, such as structure-thermal or fluid-
thermal analyses, then derives the equations governing the physical phenomena
and presents the modeling techniques. He covers structural analysis, solid
mechanics and vibration, steady-state and transient heat-transfer analysis, fluid
dynamics, multiphysics simulations, and modeling and meshing guides. Written
and organized so that it can easily be used for self-study, the book guides readers
through the basic modeling requirements to the correct and physically meaningful
numerical result.
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