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PREFACE

practitioners in engineering fields. The main objective of the material

is to introduce and help readers to use COMSOL® as an engineering
tool for modeling by solving examples that either directly could be used or
could become a guide for modeling similar or more complicated problems.
It would be exhaustive to include all features available in COMSOL in a
single book; our objective is to provide a collection of examples and model-
ing guidelines through which readers could build their own models.

This book is written for engineers, engineering students, and other

Readers are assumed to know or at least be familiar with the princi-
ples of numerical modeling and finite element method (FEM). We took a
flexible-level approach for presenting the materials along with using practi-
cal examples. The mathematical fundamentals, engineering principles, and
design criteria are presented as integral parts of examples. At the end of
each chapter we have added references that contain more in-depth physics,
technical information, and data; these are referred to throughout the book
and used in the examples. This approach allows readers to learn the materi-
als at their desired level of complexity.

COMSOL for Engineers could be used as a textbook complementing
another text that provides background training in engineering computa-
tions and methods, such as FEM. Examples provided in this book should be
considered as “lessons” for which background physics could be explained
in more detail. Exercise problems, or their variations, could be used for
homework assignments.

We start each chapter with an overview, background physics, and
mathematical models to set the foundation. We then present the relevant
modeling techniques and materials through several examples. The examples
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progress from simple to more complex and are designed to complement
one another, where applicable. Several exercise questions are provided fol-
lowing and relevant to each example. We use the COMSOL software tool
(version 4.3 series') for solving the examples. Where suitable, we also com-
pare the modeling results with existing analytical, experimental, or other
relevant models. Detailed steps are provided (relevant to version 4.3) to
build the relevant model for each example, but it is recommended that
readers, especially students, go through all models to master applications
of COMSOL. The purpose of using COMSOL software is to introduce this
tool to engineering students, engineers, and researchers.

This book is composed of the following chapters:
Chapter 1: Introduction

In this chapter, we discuss why multiphysics modeling is becoming a
necessary tool for engineering design and analysis in modern engineering
education and practices.

Chapter 2: Finite Element Method—A summary

In this chapter, we provide a summary of FEM and its main merits.
This is intended to help the reader understand some technical features of
COMSOL. It also provides a common level of understanding of this popu-
lar and powerful engineering computational method for readers with dif-
ferent educational backgrounds.

Chapter 3: COMSOL—A Modeling Tool for Engineers

In this chapter, we introduce the main features and structure of COMSOL
(version 4.3), including modules available and main references for further
readings for interested readers. Additional details for using this modeling
tool are provided when it is used for solving examples later in the book.

Chapter 4: COMSOL Models for Physical Systems

In this chapter, we use COMSOL to solve examples that represent
“practical” engineering problems involving fluids, solids, and electrical net-
works. Several examples and step-by-step instructions to build the models
in COMSOL and interpretation of results are presented. Readers will find
it useful to understand the preceding chapters before attempting the con-
tent in Chapter 4.

! http://www.comsol.com/support/releasehistory/
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During publication of this book, a new version of COMSOL (version
4.4) was announced. The models available from the accompanying CD
could be used with the new software version.

M. Tabatabaian
Vancouver, BC
February, 2014



CHAPTER

INTRODUCTION

ngineering practice foundations are mathematical models, physics

principles, and empirical results obtained from experiments for

defining design criteria. When we mention physics in this book we
mean overall science, which includes all disciplines such as chemistry, biol-
ogy, etc. An engineer should know the Laws of Physics very well and use the
relevant mathematical models and their solutions, either exact or numeri-
cal, in practice to design parts, systems, and complex machines that work
and function with certain reliability for an assumed lifetime.

Knowing the exact behavior of a complete system or a system com-
ponent under actual “real life” type loads is an extremely difficult task.
Hence engineers use a safety/design factor to overcome the probability
of weaknesses and defects in materials used or extreme loads applied to
a system or component under extreme conditions. For example, an engi—
neer who designs a curved beam for a given load assumes that the mate-
rial is free from defects and the load does not exceed the corresponding
design limits. However, that beam might be subject to extreme dynamic
loads due to vibration resulting from a strong earthquake, and subsequently
fail. Designing for extreme cases is “possible” but is neither practical nor
economical. Safety factors should be considered in accordance with design
codes, which usually address the minimum requirements. To assist in this
task, an engineer may use modeling tools to simulate the behavior of the
curved beam such that the beam’s strength is sufficient to resist the real-
world loads applied to it. The modeling task and application of software tools
are becoming more common in modern engineering practices, as shown in
Figure 1.1. Modeling results can support optimization and refinement of a
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design before the physical prototype is built and minimize the duration of
the design process. In addition, application of modeling helps to minimize
the final cost of a prototype or product.

A definition of a“model” seems useful at this point. Actually, modeling has
a long history that begins in ancient times when scientists used “equations”
to relate variables or parameters to one another (e.g., Archimedes, Tales,
Khwarizmi). Later, scientists and mathematicians developed “equations”
that could represent the way that natural phenomena work and materials
behave. These “equations” are sometimes referred to as Laws of Physics
and constitutive equations, because they have been validated over time and
the obtained results match what we experience or measure in the real world
(of course, with some approximations). For example, Newton’s second law
is given as a “model” that predicts the behavior of materials under given
forces applied to them. In other words, it is a relationship between forces
applied to a material point (or a body mass) and the change of its momen-
tum with respect to time. Similarly, Ohm’s law is a model that relates the
voltage applied across a resistor to the electrical current flowing through
the resistor’s material property.

These models and many other similar ones (e.g., Fourier’s, Ficks,
Hooke’s) related to different engineering disciplines form the foundation
of engineering, and it is through their application that we “trust” the behav-
ior and responses of our “designs” in the real world. For a second, assume
that you are riding an airplane that is designed based on laws and govern-
ing equations or models applied to fluid mechanics and solid mechanics,

FIGURE 1.1 Modern design process for a system or component.
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among others. If we don't trust and accept these laws and models, then it
wouldn’t be logical to ride an airplane!

Real-world phenomena are complex and usually involve many types of
physics. For engineering application we usually simplify these phenomena
and consider the dominant physics involved. For example, the length of a
simple spring changes linearly under a given load according to Hooke’s law.
But it becomes a more complex problem if the spring’s material behaves
nonlinearly or if electrical charges flow through it. Traditionally the simpli-
fication of a problem is/was due to a lack of tools for finding a solution that
could represent more accurately its “real-world” behavior. It is at this point
that modern computational methods, such as FEM, and advanced model-
ing software tools, such as COMSOL, are valuable resources for finding
solutions to complex engineering problems and optimizing our designs to
have more economical, reliable, and durable products as end results.

Although the focus of this book is on using COMSOL as a modeling
tool, we would like also to emphasize the importance and necessity of
learning and hence understanding the foundation and mathematics behind
FEM. For this purpose we cover a summary of the topic in Chapter 2 and
provide references for further readings. We encourage readers to consult
with available textbooks, online lectures and other trusted resources on this
subject to enhance their technical and analytical backgrounds, which are
key to becoming a competent modeler.



CHAPTER

FINITE ELEMENT
METHOD—A SUMMARY

OVERVIEW

in engineering and applied science fields. Other methods including

finite-volume, finite-difference, boundary element, and collocation
are also used in practice. To provide general readers with a background for
applications of FEM, either directly or with application of a software tool,
we discuss the FEM principles in summary in this chapter. We also refer
readers who are interested in further reading on this subject to a selection
of available textbooks and references.

F inite element method (FEM) is the dominant computational method

As discussed in Chapter 1, modeling has an ancient history. However,
since the mid-twentieth century a new definition of modeling has gradually
emerged (see References 2.1 and 2.2). This definition is a direct conse-
quence of the development of advanced computational methods as well
as huge advances in digital computers in terms of their CPUs and graph-
ics processing power. As a result, computer modeling is synonymous to
“modeling.” The combination of advanced computational methods, applied
mathematics, and powerful computers has created a valuable tool for engi-
neers and applied scientists to model their designs/products before manu-
facturing them. The state-of-art modeling technologies that we currently
enjoy using our laptop and mobile computers equipped with powerful
software packages are the result of vast progress and advances in applied
mathematics, computer science, engineering methods of analysis, and, of
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course, capital and business investment in these fields. For example, not
long ago, just analyzing a tapered beam would take quite an amount of
time and resources, whereas now an engineer can perform a similar—and
accurate—analysis in about fifteen minutes!

As mentioned in the previous chapter, the mathematical models
relevant to the physical phenomena involved in a given problem are the
foundation of modeling. The mathematical model may be a system of alge-
braic equations, ordinary differential equations (ODE’s), partial differential
equations (PDE’), or more complex form of differential-integral equations
in the form of a functional. Some of these equations are listed in Table 2.1
as examples where summation convention of indices is applicable. Among
these models the ODEs and PDEs require application of suitable compu-
tational methods to find solutions for a set of given boundary conditions

O

i

4K, =0 Equilibrium equation (elliptic)

ou, B
P 5 + ujul.J = p,i + uuw

Navier-Stokes equation (viscous fluid motion)

oT Diffusion-Heat equation (parabolic)
5 = T’jj
oy Wave equation (hyperbolic)

S =Cy,,
a t 7
F=kA Hooke’s law (algebraic)
V=RI Ohm’s law (algebraic)
V.E=4np Maxwell’s equations (electromagnetics)
V.B=0
_VxE= l@_B

c Ot
E 4
vxp=LoE 47,
c ot ¢

TABLE 2.1 Examples of mathematical models for different phenomena.
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for a given domain or geometry. FEM is one of these methods. It should
be noted here that for some simple cases (e.g., simple geometries) exact
solutions of the ODE/PDEs may exist, serving as valuable resources that
can be used to validate the corresponding modeling results. However, in
practice and especially for engineering applications, we use FEM to find
solutions. This method becomes more valuable when a problem has com-
plex geometry and/or complex boundary conditions.

FEM computation procedure starts with dividing the geometry of
the problem at hand into several subdivisions. This step in the process is
called meshing. As shown in Figure 2.1, the subdivisions or elements are
simple geometrical shapes, such as triangle, quadrilateral, tetrahedron, or
hexagon. Then the variation of the quantity in question that is governed by
the relevant PDE/ODE (e.g., displacement, temperature, fluid pressure)
is approximated using simple functions with the values of the dependent
variables at the nodes of elements.

Using the calculus of variations to minimize a variational principle
(see Reference 2.3) or a weighted-residual method, the governing PDE’s
are transformed into algebraic equations for each element. The equations
obtained for each element are then collected to form the global system
of algebraic equations that can be solved using available standard and
advanced solvers. The solutions are the nodal values of the quantity in ques-
tion (i.e., displacement, temperature, pressure). These nodal values can be
used to calculate a quantity’s values at any point inside each element and
therefore over the whole geometrical domain of the problem.

Several advances have been made in the fields of computer-aided design
(CAD), automatic meshing of complex geometries, robust solvers, elements
formulations, post-processing, and overall “reliable” computational software
packages. COMSOL is one of these packages that includes multiphysics
modeling facilities. Recently, commercial CAD packages (e.g., Autodesk®,
SolidWorks®) are equipped with some modeling facilities as well.

[N A

FIGURE 2.1 Examples of mesh elements and nodes (2D and 3D).
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FEM FORMULATION

In general, there are two types of approaches to implement the FEM

procedure described above:

1.

Minimization of a functional using variational principle approach:

In this approach, we use an integral expression instead of a PDE, and
by using the calculus of variations we minimize this integral expres-
sion or the functional. It can be shown (see Reference 2.4) that this
approach yields the same corresponding PDE or the governing equa-
tions (Euler-Lagrange equations) for a given problem. For example,
the principle of minimum potential energy is a subset of this approach.
This approach is used mostly in structural mechanics where we have
the functional or can simply calculate it (e.g., using principle of virtual
work). The matrix approach to finite element formulation can also be
considered a subset of this approach.

Weighted residual approach:

For many engineering problems either it is difficult or impossible to
find an integral expression or functional that can be minimized and
result in the governing or equilibrium equations. An example is the
Navier-Stokes equations that govern viscous fluid flow. For these types
of problems we use a weighted residual method and start the formu-
lation directly from the corresponding PDE’. This method is mostly
used for fluid flow, heat transfer, and nonlinear types of PDEs. See the
chapter references to classical texts (e.g., Reference 2.5) for further
readings on FEM.

Both of these methods are applicable for finite element formula-

tion. The flowchart in Figure 2.2 depicts the process. We will use both of
these methods (matrix and weighted residual) in the following examples to
demonstrate the step-by-step FEM procedure accordingly. These simple

| Functional |_>| Calculus of variations |—> Extremize action

integral ~a] FE algebraic

| PDEIODE |- Weighted residual | Minimization of |7

equations

residue

FIGURE 2.2 General process for finite element formulation.
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examples are intended to serve the objectives of this chapter. More complex
examples will be presented in future chapters.

MATRIX APPROACH

As mentioned above, the matrix approach can be considered a subset
of the variational approach. For structures having members that can be
considered as elements, such as trusses, the method is very straightforward.
For analysis of a plate, which does not have obvious members or elements,
we use the overarching variational approach. This method has commonly
and traditionally been used for large structures such as aircrafts and tall
buildings. This approach has its roots in the 1950s when pioneering engi-
neers such as Turner et. al. (see Reference 2.6) and Clough (see Reference
2.7) developed and applied it to the analysis of aircraft structures.

Example 2.1: Analysis of a 2D Truss

For the 2D structure shown in Figure 2.3, calculate the displacement
of the nodes/joints. Each node has 2 degrees of freedom (d.o.f.), which are
displacements in x and y directions. All members of the truss have the same
cross-section area A and modulus of elasticity E. Member 2-3 has a length
of L, and vertical load P is applied at node 1. After finding the symbolic
solution, numerical values can be assigned to the variables L, E, A, P for
practical applications.

Y
N
e2
el L

e3 45° 1

FIGURE 2.3 A 2D structure with truss elements.
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X, u

FIGURE 2.4 A general element with orientation with respect to x, y global coordinates.

Solution: This example can be solved using methods discussed in sub-
jects like Statics and Strength of Materials. However, we would like to use
this example for demonstrating the application of FEM using the matrix
approach. The following steps explain this procedure:

First we assign node numbers (1, 2, 3) and element numbers (el, e2,
e3) to the nodes and members of this truss, as shown in Figure 2.3. The
order is arbitrary; it will affect the resultant global matrix in general but not
the final solution. Since each node has 2 d.o.f., each element/member has
4 d.o.f. and hence a 4 x 4 stiffness matrix. For reference, by definition the
elements of stiffness matrix are forces per unit displacement for each node,
and the direction of the force and displacement will determine the location
of each element in the matrix. A general member i-j with orientation angle
a is shown in Figure 2.4. The relationship for forces #= (F, FV ) applied
at each node (i or j) and the corresponding displacement « = (u, v) can
be written in a matrix format using the equilibrium equation {F}=[K]{u},
where [K] = K_is the stiffness matrix of the truss members. These quantities
are defined in the global system of coordinates (x, y).

For example, K | is the force at node i = 1 in the x-direction due to a unit
displacement at node i = 1 in the x-direction. Similarly, K, is the force at node
i =1 in the x-direction due to a unit displacement at node 1 in the y-direction.
Since [K] is a 4 x 4 matrix and truss elements experience only compression or
tension load, then we need to transform these loads into the global system of
coordinates (see Reference 2.4) to relate them to {F} and {u}, as shown below:

™
!
(o
|
-
%
S
8
<
,\'.11 ﬁm ,""‘.n r-m

<
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X, —X =Y. <
Where ¢ = Cos(a) = ]L ,s:Sin(oc):%,Lz\/(xj—x,.)2+(yj—y,.)2,

and u, is displacements at node i in x-direction and v, is displacements at
node i in y-direction. Using this formulation for each element/member of
the truss, we can calculate their corresponding stiffness matrices. Note that
angle o is measured counter-clockwise, or using the right-hand rotation
rule for the system of coordinates shown in Figure 2.3.

= Memberel,nodei=2,nodej=30=90,x2=y2=0,x3=0,y3=L;
s=sin(90) =1, ¢ = cos(90) = 0; then;

0 0 0 0

k_£010—1

T Lo 0 0 0
0 -1 0

= Member e2, nodei=1,nodej=3, a=(180-45)=135°,x1 =L,yl =0,
x3=0,y3=L;s=sin(135) = V2/2, ¢ = cos(135) = —V2/2; then

05 -05 —05 05

AE |-05 05 05 =05
2T Z-05 05 05 -05
05 -05 05 05

= Membere3,nodei=1,nodej=2,0=180°x1=L,yl=0,x2=y2=0;
s =sin(0) =0, ¢ = cos(180) = —1; then

1 0 -1 0
AEI O 0 0 O
k#S =
L{-1 0 1 0
0O 0 0 O

Now we need to combine the members’ stiffness matrices, which are
written in the global system of coordinates, to get the global stiffness matrix
of the structure. For this we need to consider the degrees of freedom at
each node (i.e., 2) and the total number of nodes (i.e., 3). Hence the global
stiffness matrix would be 6 x 6 since (2 x 3 = 6). We write a 6 x 6 matrix and
fill its elements as follows:
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= Element 1 has the nodes 2 and 3, so its stiffness matrix will occupy
rows and columns (2i — 1 and 2i); 2x2—-1=3and 2 x 2=4 and
2x3—-1=5and2x3=6

In row 3, columns 3, 4, 5, and 6 put (0, 0, 0, 0)
In row 4, columns 3, 4, 5, and 6 put (0, 1, 0, -1)
In row 5, columns 3, 4, 5, and 6 put (0, 0, 0, 0)
In row 6, columns 3, 4, 5, and 6 put (0, -1, 0, 1)

= Element 2 has the nodes 1 and 3,so0 its stiffness matrix will occupy rows
and columns (2i—1and 2i);2x1-1=1land2x1=2and2x3-1=5
and2x3=6

In row 1, columns 1, 2, 5, and 6 put (1, -1, -1, 1)/ 242
In row 2, columns 1, 2, 5, and 6 put (-1, 1, 1, -1)/ 22
In row 5, columns 1, 2, 5, and 6 put (-1, 1, 1, -1) / 2V2
In row 6, columns 1, 2, 5, and 6 put (1, -1, -1, 1)/ 242

= Element 3 has the nodes 1 and 2, so its stiffness matrix will occupy rows
and columns (2i—1and 2i);2x1-1=1and2x1=2and2x2-1=3
and 2 x2=4

In row 1, columns 1, 2, 3, and 4 put (1, 0, -1, 0)
In row 2, columns 1, 2, 3, and 4 put (0, 0, 0, 0)
In row 3, columns 1, 2, 3, and 4 put (-1, 0, 1, 0)
In row 4, columns 1, 2, 3, and 4 put (0, 0, 0, 0)

The resulting global stiffness matrix is:

(172241 -1/242 -1 0 —1/242 1/242 |
“1/242 17242 0 0 1/242 -1/242
K, AE -1 0 1 0 0 0
e L 0 0 0 1 0 -1
17242 17242 0 0 1/242 -1/22
| 1/242 0 -1/242 0 -1 -1/242 1/242
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Now we apply the boundary conditions and known forces applied on the
truss. These are u, = v, = u,= 0. The final system of algebraic equations is:

1/242+1 —1/242 -1 0 -1/242 17242 (y, 0
“1/242 17242 0 0 1/242 17242 ||| |-p
AE| -1 0 1 0 0 0 0| |R,
L 0 0 0 1 0 -1 o[ R,
“1/242 17242 0 0 1/242 -1/242|| 0| |R,,
/22 —1/242 0 -1 -1/242 17242 [(8s) L0

R’s are reaction forces at the supports, as shown in Figure 2.5. We have
as a result, six unknowns (u, v, v,, R, , Bgy, R, ) and six equations that can
be solved for the unknowns.

The solution of Example 2.1 is complete here. We should also note
that the stiffness matrix method or displacement method (as compared to
flexibility matrix method or force method) is very suitable for computer
programing. However, we need to obtain the reduced form of the global
stiffness matrix to avoid the singular matrix, which means to avoid rigid-body
motion. This task is performed by implementing the boundary conditions.

General Procedure for Global Matrix Assembly
When the number of elements for a structure is large, combining the
stiffness matrices of the elements becomes a difficult task sometimes prone
to error. To help with this task and get the right global stiffness matrix, we
present a formula that can be used for any number of nodes and d.o.f. in a
structure.

R3X —

e2
el L

e3 45° 1

2 i
R

y

R2x

FIGURE 2.5 Free-body diagram, reaction forces, applied load.
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Let’s assume that we have n number of d.o.f. (n can take a value from
1 to 6) for each node. Then for a triangular element, which has 3 nodes, we
have a 3n x 3n stiffness matrix. The values of stiffness matrix components of
this triangular element should find their right places in the global stiffness
matrix as follows (say for node number j):

w—(n—k)
where £ is an integer; k=1, 2, ..., n. Similarly for an element with
4 nodes, such as a quadrilateral, we have a 4n x 4n stiffness matrix, for

which the above equations can be used. We demonstrate the application of
this useful formula in the next example.

Example 2.2: Global Matrix for Triangular Elements

The elements of the stiffness matrix for the triangular shape element
are given as [k] = k as shown in Figure 2.6. This element has 3 nodes
(1, 3, 5). Calculate the location of each element of [k] in the global stiffness
matrix when the total number of nodes is 5 (i.e., the whole structure has
5 nodes) and the d.o.f. for each node is 3.

Solution: Since each triangular element has 3 nodes, then its element stiff-
ness matrixis 9 x 9;

k[l klz km
9 k . kr)L

[k] = . ?2 Y kl/ = k/l
k91 kgz k99

Here we assume that we have the numerical values of k Using the
formula nj—(n—k), for (n =3,k =1, 2, 3) we have:

forji=1;{3x1-(3-1)=1,3x1-(3-2)=2,3x1-(3-3)=
forj=3;{3x3-(3-1)=7,3x3-(3-2)=8,3x3-(3-3)=
forj=5;(3x5-(3-1)=13,3x5~(3-2)=14,3x5-(3-3)=15)

Since the global stiffness matrix is 15 x 15 (3 x 5 = 15), the above ele-
ments would take the following places in the global stiffness matrix: {1, 2,
3,7,8,9, 13, 14, 15}. The procedure to place these elements in the global
stiffness matrix is as follows: We place the elements of row 1 from k (k. K,

.k, )inrow 1 and columns (1,2, 3,7, 8,9, 13, 14, 15) of the global matrix.
Simﬂarly elements of row 2 of kz, are placed in row 2 and columns (1, 2, 3,

©
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FIGURE 2.6 A triangular shape element and global stiffness matrix.

7,8, 9,13, 14, 15) of the global matrix. We continue in the same manner for
rows 3, 7, 8, 9, 13, 14, and 15. The resulting global stiffness matrix K, with
elements of ki]., and using symmetry, is shown in Figure 2.6.

WEIGHTED RESIDUAL APPROACH

As mentioned in previous section, for any PDE, in principle, there
exists an integral equation that can be minimized using variational principle,
and the resulting Euler-Lagrange equation will be the same as the original
PDE. Minimization of the corresponding integral is, usually but not always,
easier than solving the original PDE. However, finding this integral equa-
tion is not always easy or for some equations not yet obtained (e.g., Navier-
Stokes). It can be shown (see Reference 2.8) that the method of weighted
residual is an equivalent approach that can be applied to any PDE and is
also more suitable for computer programming. There are several weighted
residual methods; among them we will discuss the Galerkin method, which
is the most commonly used FEM in engineering.

GALERKIN METHOD

Assume that a PDE is represented by L(®) =0, where ® is a dependent
variable and in general can be a function of space and time, and L is the
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differential operator (e.g., V*,V ). Now, if we take the approximate solution
of the function @ to be @, then L(®) =0, obviously. Let’s assume the error
to be R, then we have:

L(®)=R

By using a weighted residual method we minimize this error over the
entire domain in which the PDE applies, and therefore the approximated
solution asymptotes to the exact one. The integral of R over the computa-
tional domain V using a weight function W can be written as:

j RW dV =0
\%

For the Galerkin method, W is the same as shape functions. We will
explain the concept and applications of shape functions in Example 2.3,
but interested readers can refer to finite element texts (see Reference 2.4).
For Finite-Volume method, W=1; for Collocation method, W=8(x); and for
spectral method, W=Fourier series. By dividing the whole domain into sev-
eral elements and applying the weighted residual method for each element,
we end up with a system of algebraic equations. This system then can be
solved using known boundary and initial values for the dependent variable
®. It should be mentioned here that the guessed function @ should satisfy
the initial and boundary conditions, as well. The Galerkin method should
include the essential (or kinematic constraints) and will result in the nones-
sential (or natural dynamic) ones.

SHAPE FUNCTIONS

As mentioned previously and demonstrated in Example 2.3, obviously
the choice of shape functions is an important step in the FE analysis. The
shape function can be piecewise linear, quadratic, or cubic polynomials.
More complex functions are also considered for different types of ele-
ments. We can use higher order polynomials for the shape functions and/or
increase the number of elements to reach an acceptable accuracy level and
convergence for a finite element analysis.

In finite element software packages, this choice is referred to as the
“element type” for modeling.

In this section, we go a bit deeper to explain the concept and applica-
tion of shape functions.
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As mentioned previously in FE, we use piecewise functions (usually
polynomials) for approximating the variation of the dependent variables
inside elements. Let’s assume a linear function as u = a, + a,x, which defines
a linear variation for u over the domain of an element with length L. Also
let u, and u, be the values of u at nodes or end points of the element. Then
we have

u =0 — u, =a

U, — U,
=u,=u, +a,L=a,=———

ulx:L L

As it should, this function satisfies the boundary conditions. We define
N, =1-2 N, = % as shape function for function u. Then we can write the

function u as

u=N,u, +Nyu, or

u
u=I[N, Nz]{ 1}
u,

Note that the shape function N,=1 and N,=0 atx = 0 and N,= 1 and
N, =0 at x = L. This is a very important property of shape functions. In
general for multiple elements, we can write

n
u= ZulNi
i=1

where n is the total number of nodes of the elements.

CONVERGENCE AND STABILITY

The solution of an FE model should asymptote/approach to the cor-
responding exact solution, with “acceptable” accuracy. In other words, the
results should converge towards the “exact” solution in a “stable” manner.
The stability of the solution indicates that the error should not oscillate in a
way that the answer becomes infinite. We want the answer of the FE model
approaches exact solution in a monotonic or “damped” oscillation manner.
There are two ways to achieve the convergence:
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= h-type convergence, or by increasing the number of elements or the
resolution of the mesh; and

= p-type convergence, or by increasing the element interpolation/
shape function order, which employs higher order polynomials for
shape functions.

Usually p-type approach provides a faster convergence, for a given
problem, towards exact solution, but in practice h-type is used more often

because computer time and power are readily available.

Example 2.3: Heat Transfer in a Slender Steel Bar

A slender steel bar with length L is given, as shown in Figure 2.7. At
x = 0 the bar is subjected to heat flux ¢ and at the other end is kept at a
fixed temperature T,. All other surfaces are thermally insulated. Calculate

the temperature distribution along the bar using FEM.

Solution: The temperature T satisfies the following differential equation

and boundary conditions (steady state, 1D):

_kdiZO,T:T @x:Land—kd—T: @x=0
de L dx 9

Note that this problem has an analytical solution that can be easily found

by integrating the corresponding ODE twice, or T =T, + 4q (L —x). The exact

solution, if available, is useful for checking the FE results. However, in this
example we want to use FEM to find the solution. This is done by following

the steps below:

m We divide the steel bar into two sections, or elements (el and e2), hence

we will have 3 nodes, i = 1, 2, 3, as shown in Figure 2.8.

» Within each element, we approximgate the temperature distribution by
using a simple function, as: T(x) =Y N,(x)T, = N,T, + N,T, + N,T,
i=1

y

T
O ———— e — X
L

FIGURE 2.7 A slender steel bar with heat flux and temperature boundary conditions.



FINITE ELEMENT METHOD—A SUMMARY © 19
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FIGURE 2.8 Elements and nodes numbers for the steel bar.

N is the linear shape function that defines the temperature distribution
within element e, and T’ is the value of temperature at node i. The approxi-
mated function T(x) should satisfy the boundary conditions, always. The
shape function N, should be equal to 1 at node i and zero at the other node
of corresponding element.

Now we introduce the T(x) into the governing equation, which results
in a residue since the approximate function will not satisfy the PDE, hence
l2

k Q

2
X
steel bar, but we can have its integral (or its total net value) vanish. To do
this we use the method of minimization of weighted residuals, specifically
Galerkin method, as mentioned previously. Therefore we will have

=R # 0. We cannot force the residue to vanish at any location on the

jw{ kf]—T}lx = jN(x)Rdxzo

X

Note that in Galerkin method shape function N(x), is used as the weight
function.

We integrate the above equation, using the method of integration by parts

Ty TN gy o]
dx dx dx |,

=0

This is called weak formulation for FEM, since the second-order deriva-
tive is transformed into first-order one (hence a “weaker” constraint on the
variation of the independent Variable in this case the temperature T(x)).

Now we substitute for T(x ZN )T, = N,T, + N,T, + N,T, then

3 j
J‘ dN Z dx+ ( kd_T>]£/o
= J dx
3 ;= T
Z T ldx +[N, (- kd—T)]g,gzo fori=1,2,3
= dx

L/2
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Using the shape functions definition, we have as a result a system of
3 equations for 3 unknown values T, , T, ,T,. The final equations in matrix
form are

a0 | T | [ g

okg ks akg Tz =l 0
0 72%‘ 2% 3 -

13

But T, =T, , therefore the third equation can be solved separately.
Finally, we have

W)\ 1| _[a], 2k, [0
2k aby Tz_o L F1

Or T, =qL/k+T, and T, = qL/2k+T, .

We see that these are actually equal to the values of exact solutions at
the nodes i = 1, 2, 3 since the exact variation of temperature in the rod is
a linear one, similar to our assumed shape functions. The solution of this
example is complete here.

This example demonstrates an application of Galerkin method.
Readers may want to review and pay attention to the process of FEM, weak
formulation of FE, and weighted residual minimization among other con-
cepts presented in this example. For more examples, readers may refer to
Reference 2.3.
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EXERCISE PROBLEMS

Problem 2.1: Solve Example 2.1 for numerical values A = 10 cm?,
E =200GPa, L=1.5m, P =200 N.

Problem 2.2: Repeat Problem 2.1 for oo = 53°.

Problem 2.3: Using the method described in Example 2.2, write down the
global stiffness matrix for the 3-element structure as shown below.
[K], [M], and [L] are elements’ stiffness matrices.

3

4

Problem 2.4: Renumber the nodes of the plate structure shown in Figure
2.6 and repeat the assembly of global stiffness matrix. Compare your
results with those of Problem 2.3.

Problem 2.5: Solve Example 2.3 with a set of new boundary condition
givenas; T=T atx=0,and T=T,atx=L.
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CHAPTER

COMSOL—A MODELING
TOOL FOR ENGINEERS

OVERVIEW

tool for modeling. The objective is to provide a “tour” of this software

package and introduce its features, modules, and facilities to readers as
well as provide guidelines for building models using COMSOL. To dem-
onstrate COMSOL module applications, we will provide several modeling
examples and their applications in detail in the next chapter. Because it
would be exhaustive to include all features available in COMSOL in a single
book, our main objective is to provide a collection of examples and model-
ing guidelines through which readers could build their own models.

In this chapter, we introduce COMSOL and its features as a software

COMSOL, which is a finite-element based modeling tool, has a well-
developed graphic user interface and several modules for modeling com-
mon and advanced types of physics involved in engineering and applied
science practices. Its history goes back to when this package was called
FEMLAB and was written based on MATLAB™ whereas newer versions
are stand-alone packages. The latest version is COMSOL 4 x series. In ver-
sion 4, the user interface was upgraded and more modules and stronger,
smarter solvers were added. Meshing with COMSOL is almost seamless
and “automatic,” yet it gives users the choice of having custom-designed
mesh both for structured and unstructured types. It has a rich materials
property database and yet allows users to define their own database for
their desired materials.
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Another major feature of COMSOL is the ability to solve any PDE/
ODE that users might have and which may not fit into classical govern-
ing equations (e.g., wave, heat, equilibrium). A new feature in version 4,
called (0D), allows users to solve problems that do not have space as a rel-
evant defined dimension, such as electric or thermal equivalent networks.
The most recent feature to become available allows COMSOL to be run
directly through a CAD software package interface, such as SolidWorks™
and some Autodesk™ products.

The author’s experience with this package includes its ongoing improve-
ment in features and especially the solvers, which makes it an efficient
modeling tool for small- to medium-size problems (in terms of geometrical
size) and with multiphysics involved. In COMSOL, users can see the gov-
erning equations for the type of physics they solve right on the interface—a
feature that is very helpful for assigning right values to the variables and
boundary conditions as well as knowing what type of equations you are solv-
ing using the finite element method. Building the geometry of a model is
possible either by using CAD facilities available in COMSOL or using live
communication modules such as, LiveLink™. LiveLink modules are avail-
able for major CAD packages (e.g., Inventor™, SolidWorks™, SpaceClaim™)
as well as MATLAB™ and Excel®. The post-processing features allow users
to study and see the modeling results and analyze them using color-coded
surface graphs and data line graphs, among others. The Reports feature is
very useful, enabling users to generate a file using modeling results in com-
mon word processing formats.

COMSOL has comprehensive and rich Help documentation as well as
tutorials. In the following sections, we will take a tour of COMSOL features
and modules and introduce some of its features. COMSOL provides free
workshop and webinars for new users as well as more extensive training
courses for a fee. More information about the features, models gallery, and
tutorials is available on the COMSOL Website (www.comsol.com).

COMSOL INTERFACE?

After purchasing the product license you can install COMSOL on your
machine, either PC or Mac. When launching COMSOL, a window similar

2 Related to version 4.3. new version 4.4 has a different interface.
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FIGURE 3.1 Entrance window; opens when launching COMSOL 4.3.

to the one shown in Figure 3.1 will open (default layout windows arrange-
ment may vary). This window has three major parts:

= Model Builder, which accumulates all features/steps that may be used
for building a model in a tree-style format;

= Model Wizard, which allows data entry for applications of different
features, such as geometry, physics, material properties, meshes, and
post-processing; and

= Graphics, which shows geometry as well as the modeling results in color
with legends.

Each of these main windows has tabs that allow users to change the
content of the corresponding window; if needed, and to move them, detach
them from the main window, or change the layout.

A user starts building a model by operating in the Wizard window. The
sequence of actions is listed and recorded in the Model Builder tree, which
becomes handy for editing and maneuvering around the model. The graph-
ics window will show the results in different stages during construction
from geometry to final modeling results.

Through Model Wizard facilities, a user can choose the geometrical
dimension of the model (0D to 3D) including axisymmetric 1D or 2D
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FIGURE 3.2 Add Physics feature window for COMOSL 4.3.

problems. Once a dimension is chosen, by pressing the arrow key (=,
marked by the ellipse in Figure 3.1) a user can move to the next window to
choose the right physics for the model, as shown in Figure 3.2. Available
physics modules depend on the software license purchased; additional fea-
tures can be added to the basic license. The user can select the required
physics for the problem by right-clicking the options from the Model
Wizard list. The selections are then listed in the Selected physics space at
the bottom of the window, as shown in Figure 3.2.

Clicking the arrow on the right-top corner will take the user to next
window to choose the Study Type. Several studies are available based on the
features in the purchased license as well as the physics chosen. See Figure
3.3 for Solid Mechanics physics as an example. The desired study type can
be chosen by clicking on it and then clicking on the flag icon located on the
top right corner of the window (see Figure 3.3)
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FIGURE 3.3 Select Study Type window for COMSOL 4.3.

At this stage the Model Wizard window is replaced by the Geometry
window, as shown in Figure 3.4, and is ready for drawing the model’s geom-
etry. Drawing facilities are shown on the top of the window, in the icon bar.

Building a model geometry can be done in two ways in COMSOL: by
using the drawing tools to build relatively simple geometry inside COMSOL,
or by importing geometry from a commercial CAD package®. The main
module for seamlessly importing a geometry file is called LiveLink™
Interfaces and should be purchased as part of the user license. When a
user has a solid model of a geometry open in a CAD package, through
LiveLink it is possible to seamlessly import the file as well as communicate

# Inventor, SolidWorks, Pro/Engineer, SpaceClaim, Creo Parametric. Please check
COMSOL.com for updates.
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FIGURE 3.4 Geometry building window in COMSOL 4.3.

between the parameters of the CAD geometry in COMSOL and update
it if needed. The LiveLink modules make the CAD package an integral
part of COMSOL. These modules enable users to run COMSOL from the
interface of a CAD package.

LiveLink modules are extremely useful and are recommended for users
who have more complex model geometry and would like to use their favor-
ite CAD package for building them. In addition, users can import a solid
model in conventional format such as Parasolid, STEP, IGES, VRML, and
STL. See the COMSOL manuals for CAD import modules.

Several Unit Systems of measurement are available in COMSOL. Users
can choose their desired Units by clicking on the (root) at the top of Model
Builder window, as shown in Figure 3.5, and scrolling down in the Root tab
to find the Unit System. When a Unit System (e.g., SI) is chosen at the root
level, users can enter the data in different units but COMSOL automati-
cally converts it to the main selected Unit System.
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FIGURE 3.5 Unit System options in COMSOL 4.3.

By clicking on the Geometry 1 node in the Model Builder window, the
Geometry window will open again. After building the geometry (or import-
ing it), material properties can be added to the geometry by either entering
the data directly or using the database available in COMSOL. This is done
by right-clicking on the Materials node in the Model Builder window and
choosing the Material Browser, as shown in Figure 3.6. As shown, materials
are categorized for different applications and users also can add their own
material library to the list.

Boundary and Initial conditions can be selected by right-clicking on
the selected/corresponding physics in the Model Builder window. When
selected, the conditions can be implemented to the boundaries by clicking
the corresponding edges or surfaces of the model geometry in the Graphics
window. A typical boundary selection is shown in Figure 3.7.

Meshing, a process for dividing the geometry into finite elements, is
a major step in modeling. Meshing facility in COMSOL is generally done
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using free meshing or mapped mesh. Free meshing is unstructured mesh,
and mapped meshing is similar to structured mesh. Users have options to
modify the resolution of the mesh for different regions of the geometry.
Mixed or hybrid meshing is also possible by combining structured and
unstructured mesh types. Users can also define the resolution or number
of meshes/elements in different regions of the geometry. COMSOL has
adaptive-mesh facility, a feature that customizes the mesh resolution during
the solution process for complex geometry or physics. Meshing facility is
not shown at the start window; this will appear after building or importing
a geometry. Clicking on the Mesh 1 node in the Model Builder opens the
Mesh window, as shown in Figure 3.8. Users can choose the resolution of
the mesh and also manipulate the meshing parameters in this window by
choosing options from Mesh Settings.

At this point the model is ready for analysis. This is done by right-clicking
on the Study node in the Model Builder window and choosing Compute
(or =). Additional studies can be implemented by right-clicking on the
(root) point in the Model Builder/tree and choosing Add Study.
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FIGURE 3.8 Meshing facility in COMSOL 4.3.
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FIGURE 3.9 Study and Results window in COMSOL 4.3.

After running the simulation for the selected Study, the results are dis-
played in the Graphics window, as shown in Figure 3.9.

A detailed or summary report can be generated by clicking on the
Reports node in the Model Builder window. This is a very useful feature for
communicating and filing model results.

COMSOL MODULES

COMSOL has many ready-to-use modules to handle modeling most,
if not all commonly occurring engineering problems. In addition, users
can solve unconventional governing equations/PDEs using available
Mathematics modules in COMSOL.

Following is a list of COMSOL physics/application modules available
for purchase. Additional features and modules are released with newer ver-
sions of the software. For an updated and complete list, check the COMSOL
Website (www.comsol.com).
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= CAD Import Module

= CFD Module

» Structural Mechanics Module
= Heat Transfer Module

= Optimization Module

= AC/DC Module

® Mathematics Module

= Chemical Transport Module
= Acoustics Module

= Batteries & Fuel Cells Module
® Geomechanics Module

= MEMS Module

= RF Module

u Subsurface Flow Module

= Particle Tracing Module

= Pipe Flow Module

COMSOL MODEL LIBRARY AND TUTORIALS

In addition to standard technical support, COMSOL offers several
resources including free workshops and webinars to assist new users or pro-
vide updated information for new versions as well as extended workshop
sessions available for a fee.

When a user installs COMSOL, many other resources become available
to support their modeling tasks. One resource is the Model Library, which
offers solved models for training, teaching, or modification. Registered
users can download these models and supporting documents (usually in
PDF format). Models available in the library are a valuable way to start a
model with similar or closely related physics and modify them according to
a specific modeling problem. A sample list of models in the Model Library
is shown in Figure 3.10, for a typical sublist for CFD Module. The Model
Library is available under the View button in the toolbar, as shown.
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FIGURE 3.10 Sample list of models in Model Library, COMSOL 4.3.

There are also two types of Help documents available for users under
the Help button in the toolbar: Documentation and Dynamic Help. The
Help Documentation offers users access an extensive, searchable list of
documents that explain interface icons and keys, as well as details of mod-
ules, physics, meshing, geometry, post-processing, and more. Users at vary-
ing levels of expertise can refer to the documentation to find more details
about COMSOL features as well as answers to specific questions. The
Dynamic Help feature opens a specific section of the Help Documents rel-
evant to the section or feature in use at the moment. This is helpful feature
for finding assistance when users want to find out about the specifics of, say,
fixed constraints 1 boundary condition, as shown in Figure 3.11.

GENERAL GUIDELINES FOR BUILDING A MODEL

The major sequential steps for building a model using COMSOL for a
given problem are as follows:

1. Define the problem, including physics and materials involved.

2. Identify the governing equations and boundary conditions to have a
clear understanding of the scope of the problem’s solution.
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FIGURE 3.11 Example of Dynamic Help in COMSOL 4.3.

3. Launch COMSOL.

4. Use COMSOL features to assign the dimension (1D, 2D, 3D, etc.),
the physics involved, and the temporal (steady or transient, etc.) of the
problem.

5. Build the geometry of the problem (if required), import your CAD file,
or use LiveLink to access your model geometry.

6. Assign material properties to the built geometry blocks of the problem.
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7. Add physics according to Steps 1 and 2.
8. Create a mesh or finite elements for the built geometry.
9. Solve/run the model.

10. Visualize the results and validate them, either using hand calculations
or comparing to similar known results.

11. Create a report of the model and its specifications.



CHAPTER

COMSOL MODELS FOR
PHYSICAL SYSTEMS

OVERVIEW
M any engineering problems involve either one type of physics or,

if they involve multiphysics, can be simplified to a dominant one.

For example, consider the laminar flow of a fluid at a high value
of Reynolds number. Since a Reynolds number may be interpreted (see
Reference 4.1) as the ratio of inertia over viscous forces exerted on the
fluid, then for a fluid with a high value Reynolds number we can neglect
viscous forces and consider the fluid as an ideal frictionless one. When tur-
bulence effects are present, flow becomes more complicated and equiva-
lent turbulence-induced viscous stresses (so called Reynolds stress) should
be included. Or in the case of a steel beam, for example, we can neglect
the effects of deformation due to shear stresses at the cross-section of the
beam and assume that the beam cross-section remains perpendicular to the
axis of the beam about which it is bent. These types of approximations in
engineering are very common and sometimes are matters of “engineering
art” or technical judgment. It takes much experience to simplify a problem
without losing the dominant physics and obtain results that are useful in
practice and have applications.

In this section, we use COMSOL to model example problems covering
a wide range of concepts including stationary equilibrium, dynamic equi-
librium, buckling, time-dependent, fluid flow, heat transfer, electrical cir-
cuits, and transport phenomena. The main objective is to provide, for users
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and readers, a collection of solved examples that could be applied directly
or lead to further solutions of similar or more complex problems using
COMSOL. It is assumed that readers are familiar with relevant engineering
principles and governing equations. Nevertheless, in each example we offer
brief explanation of physics involved along with governing equations and
phenomena, as applicable. It is recommended that readers cover Chapters
1 through 3 before attempting examples in this chapter. As mentioned pre-
viously, the examples are solved using version 4.3. Newer version (like 4.4)
could also be used to solve these examples with finding the relevant tools in
the new COMSOL 4 4 interface. Readers could also open the files from the
accompanied CD in version 4.4 and study or modify the examples pertinent
to their modeling needs.

SECTION 4.1: STATIC AND DYNAMIC ANALYSIS OF
STRUCTURES

In this section, we use COMSOL features to model some problems
in structural mechanics. Models include static, dynamic, parametric study,
and buckling of two- and three-dimensional structures.

Example 4.1: Stress Analysis for a Thin Plate Under Stationary Loads

A plate is a structural member that can carry loads acting normal to or
along its plane. The resulting stresses due to bending, normal and shear
forces applied cause deformation. For thin plate the deformation due to
shear force along the thickness is ignored, whereas for thick plate it is,
usually, taken into account. A plate is considered thin when its thickness
over a typical horizontal dimension of the plate is smaller than or equal to
0.1. Thick plate theory is that of Mindlins and Reissner’s (see Reference
4.2). Governing equations are the equilibrium equations, which are avail-
able in the COMSOL manual. We will refer to these equations in the
solution steps.

As an example we consider a thin plate (12 in. by 8 in.), as shown in
the Figure 4.1. We would like to calculate the displacement and stress field
in the plate resulting from the applied loads. Plate thickness is 0.4 in, and
applied tension stress load is 500 psi at the right-middle edge. Modulus
of elasticity of the plate material is 3E7 psi, and Poisson’s ratio is 0.3. The
boundaries on the left side of the plate are constrained while the other plate
sides are let free.
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FIGURE 4.1 Geometry, dimensions, and boundary conditions.

Solution

1. Open COMSOL and open a new file (either by clicking on the new
button icon, [], clicking on File in the toolbar and choosing New, or

right-clicking on the (root) node in the Model Builder and choosing
Add Model).

2. Save the new file as Example 4.1 by clicking on File>Save as in the
toolbar.

3. Choose the geometry dimension by clicking on 2D in the Model Wiz-
ard, and then click the arrow icon (&) to go to the next step, as shown
in Figure 4.2.

4. Choose the Physics by moving the pointer to the Structural Mechanics
node (located in the Model Wizard window). Open the list by click-
ing on the pointer triangle located on its left, choose Plate by click-
ing on it, and then click on the plus icon + to add selected physics).
Alternatively, you can right-click on Plate in the list to add the selected
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physics. Plate should be listed in the selected physics, as shown in Fig-
ure 4.3. Also notice that the dependent variables are listed, as displace-
ments (u, v, w), at the bottom of the Model Wizard window. Next, click
on the arrow icon to move to the next step.

5. Select the type of analysis or study by clicking on Stationary (in the
Study list) and clicking on the flag icon # to finish the problem setup.
You should see that the Geometry window opens.

6. Inthe Geometry window, open the Length unit section and choose
(in) for inches, the dimensions of this problem. (Notice that the default
Unit System used in COMSOL is SI. In this example, we keep it “as is”
knowing that the software automatically does the unit conversion.)

“» Model Wizard

Select Space
Dimension >

2D

2D axisymmetric
@ 2D

1D axisymmetric

iD

0D

FIGURE 4.2 Model Wizard for selecting space dimension.
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FIGURE 4.3 Model Wizard for selecting and
adding physics.
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7. Inthe Model Builder window, click on the Geometry 1 node, shown
in Figure 4.4 to open a list of drawing tools in the toolbar. Draw the
geometry of the plate as follows:

File £t View Options Help

BE00 ¢

|7 Model Builder

s
4 Mol § fme])
Definiticns

# Geometry 1

£ Foem Union (fin}

2 Materials
Plate fpiate}
Mkl
4 o Syl
Saep L Statsonary
(i Resultc

Geometry %8 Matenial Browser
7| Buid
= Linits
Scale vaburt when changng urts
Lersgth unit:
in
Angular unit
Degrees
= Advaried
Default relative repas folerance:
lets
Automatic rebuild:

Cn

ch Graphics Preview

s

06

0.2

0.2]

0.4

0.8

| J
G 08 06 04 02 0 02 04 ©0E 0.8

Messiges Pregress Leg Resuits

COMSOL4 30 184
Saved e Example 4.1.mph

403 MB 494 ME

FIGURE 4.4 Graphics window for Geometry entries.

7.1 Click on the rectangle icon (Draw Rectangle (Center)) on the
toolbar and draw a rectangle in the Graphics window. The
Rectangle 1 will be created in the Model Builder under the
Geometry 1 node. Click on the rectangle, and then in the Rect-
angle window that opens enter Width = 12 in., Height = 8 in., and
Position for Center is (0, 0). Then click on the Build Selected icon
¢+ located at the top of the Rectangle window. Click on the Zoom
Extents icon ¥ to scale the Graphics window to display the entire
rectangle, as shown in Figure 4.5.
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FIGURE 4.5 Graphics window with a rectangle.

7.2

7.3

7.4

Draw four circles using the circle drawing tool, each with radius
of 0.5 in. and their centers (Circle 1: x=—6, y=1.5 in.), (Circle 2:
x=-6,y=-1.5in.), (Circle 3: x=6,y=1.5in.), (Circle 4: x=6, y
—1.5 in.). Occasionally you may have to click on the Geometry 1
node in the Model Builder tree to see the drawing tools. Results
are shown in Figure 4.6.

Click at any empty location in the Graphics window, and then
press the CTRL key and A to choose all objects in the geometry
window. The color of all objects will change to red, indicating that
they are selected. Then click on the Geometry node in the Model
Builder window and click on the Difference icon located in the
toolbar. By pressing the Difference icon (1, a Boolean operation
is performed that subtracts the circles from the rectangle. Results
are shown in Figure 4.7.

Similarly, draw a rectangle (Width = 4 in., Height = 2 in., Center
atx =0, y =0) and subtract it from the resulting plate geometry.
Again, draw two more circles with radii 1 in. (Circle 5: x=-2,y
=01in.), (Circle 6: x=2, y =0 in.) and subtract them to create the
resulting plate geometry shown in Figure 4.1.
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7.5 Click on the Plate node in the Model Builder window, and then
open the Thickness section and enter 0.4[in] to assign the thick-
ness of the plate. Notice the default is the ST unit (i.e., meters). It
is optional but recommended to open the list under the Equation
section to see the governing equations for the plate to be solved

NEERS

using finite element method.

8. The next step is assigning the material properties. Move the pointer
to the Plate node in the Model Builder window and open the list by
clicking the triangle icon. Click on the Linear Elastic Material 1 node
to open the Linear Elastic window. Scroll down to see the Linear
Elastic Material section. Under Young’s modulus select User defined
and enter 3e7[lb/in”*2], and under Poisson’s ratio select User defined and
enter 0.3, as shown in Figure 4.8. Notice that the default SI unit (Pa)
is set for Young’s modulus. COMSOL automatically converts the data

from psi to Pa.

-
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0.3

Density:

£ | From material

= Geometric Nonlinearity

Force linear strains

FIGURE 4.8 Data entry window for Linear Elastic Material.
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Assign the boundary conditions by right-clicking the Plate node in the
Model Builder window and choosing Fixed Constraint. Click on the
Fixed Constraint 1 node to open the corresponding window. In the
Graphics window, click on the left edges of the plate and add them to
the Boundary Selection list by clicking on the plus icon in the Fixed
Constraint window. (Alternatively, you can click on the edges of the
plate and then right-click to add them to the Boundary Selection list).
Results are shown in Figure 4.9.

Set the applied load by right-clicking on the Plate node in the Model
Builder window and choosing Edge Load. The Edge Load 1 will be
created under the Plate node. Click on the Edge Load 1 and choose
the middle-right side edge of the plate in the Graphics window, and
add it to the Boundary selection list by clicking on the plus sign icon.
Then choose the Load defined as force per unit area in the Force sec-
tion (shown in the Edge Load window) and enter 1500[1b/in”2] in the
x-component of the Edge load, since the load is applied as a tension on
the edge of the plate. Results are shown in Figure 4.10.

FIGURE 4.9 Fixed boundary conditions data entry window.
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FIGURE 4.10 Load boundary conditions data entry window.

11. Create a mesh by clicking on the Mesh node in the Model Builder

12.

13.

window, and in the Mesh settings section choose Physics-controlled
mesh for Sequence type and Normal for Element size. Then click
Build All to create the mesh. Statistics for the mesh are shown in
the Messages window (usually located under/close to the Graphics
window). A mesh with 1464 elements for this example was created).
Results are shown in Figure 4.11.

To run the model, right-click on the Study 1 node in the Model Builder
window and select Compute = . The COMSOL default result for von
Mises stresses is shown in the Graphics window. For this model, it took
11 seconds to run the finite element model with total 18,516 d.o.f. (as
registered in the Messages window) on a typical laptop computer.

To manipulate the results, click on Surface 1 node under the Stress
Top (plate) node in the Model Builder window. This will open the
Surface window. In this window, open the list under Unit in the
Expression section and choose psi, then open the Title section,
choose Manual from the Title type, and enter von Mises stress for
Example 4.1 (psi). Click on the (x-y) icon [%; located on the Graphics
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FIGURE 4.11 Mesh data entry window and resulting mesh.

14.

window toolbar once to set the view. Then click on the plot icon ..#.
Occasionally, you may need to zoom-unzoom the view to fit the results
in the Graphics window. To show the displacement results, click on the
Replace Expression icon % - (located on the right side of the Expres-
sion section) and choose Plate>Displacement>Total displacement
(plate.disp). Change the Title type to Automatic, and then click on the
Plot icon, # . Results are shown in Figure 4.12.

To create a report for this model, right-click on the Reports node in
the Model Builder window and choose the level of the report (e.g.,
Brief Report). This will create Report 1 under the Reports. Rename
Report 1 to Brief and click on it. The Report window will open, as
shown in Figure 4.13. In this window, choose the desired report format
(e.g., Microsoft Word) under Output format, choose where to save

the report under Report directory, and size and type (e.g., small and
JPEG) under Images. A Preview of the final report can be viewed
before writing it by clicking the Write icon button.
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Example 4.2: Dynamic Analysis for a Thin Plate: Eigenvalues and
Modal Shapes

For the plate given in Example 4.1, we would like to calculate the
eigenvalues (i.e., natural frequencies). Natural frequencies for a structure/
machine are important characteristics in terms of its vibration analysis. For
a given structure, in this example a plate, there exists a set of frequencies at
which it can vibrate. The smallest value of this set is called the fundamental
natural frequency of the structure. Natural frequencies are the solution of
the homogeneous governing equations, and applied loads usually do not
have an effect (or a very small effect on the global stiffness matrix) on the
solution. However, boundary and initial conditions do affect the value of
natural frequencies (see Reference 4.3).

In this example, we would like to calculate the natural frequencies of the
plate given in Example 4.1 when initially at rest. Also we would like to cal-
culate the corresponding modal shapes associated with natural frequencies.

Solution

We use the same model that we developed for Example 4.1, and add a
Study scenario to it.

1. Open the model file Example 4.1. Save it as a new file with the name
Example 4.2.

2. Inthe Model Builder window, open the list under Study 1 by clicking
on the triangle icon on its left side. Right-click on the Study 1 node
and choose Study Steps>Eigenfrequency. Step 2: Eigenfrequency will
appear under Study 1 in the Model Builder window.

3. To run the model only for dynamic analysis, click on the Step 1:
Stationary node under Study 1 in the Model Builder window.
The Stationary window will open. Under the Physics and Variables
Selection section, click on the check mark in the Solve for column in
the table. An X will appear, as shown in Figure 4.14.

4. For dynamic analysis, the density of the material is required. Open
the list in Model 1 (by clicking on the triangle icon on its left) and
click on Linear Elastic Material node under Plate node. In the Linear
Elastic Material section, under Density open the list, choose User
defined, and enter 7850. The unit used for density is kg/m?, as shown
in Figure 4.15.
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FIGURE 4.14 Results from Example 4.1 showing von Mises stress.
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COMSOL MODELS FOR PHysicaL SysTems ¢ 51

5. Click on the Study 1 node and run the model by clicking on the equal

sign icon (

) located in the toolbar. Wait until the run is finished.

Right-click on Stress Top (plate) node in the Model Builder, choose

Rename, and rename it to 2D Plot Group. Click on the 2D Plot Group
node to open the corresponding window. In this window, open the
Eigenfrequency list in the Data section to see the calculated plate
fundamental natural frequency (28.623534) and five higher natural
frequencies, as shown in Figure 4.16.

Since we have added a new study to the model, we should modify the

Graphics. Click on the Surface 1 node in the Model Builder to open
the Surface window. In the Expression section under Unit, open the
list and chose mm. Check the box for Description. Under the Title
section, open the Title type list and choose Automatic. Click on Height
Expression and in the corresponding window, under Unit choose mm.
Click on the Plot icon =# to draw the graphics. By default COMSOL
shows the fundamental natural frequency (the lower value of the
frequencies of the plate) which is 28.624 Hz. The modal shape can be
scaled relatively and arbitrarily. The result is shown in Figure 4.17.
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=" Plat
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Show hidden objects
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Faterial (= v, 2}

F Window Settings

FIGURE 4.16 2D Plot data entry for Eigenfrequency.
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FIGURE 4.17 2D plot for eigenfrequency and displacement.

8. To see an animation of modal shapes, we can create a movie. Right-
click on the Export node in the Model Builder window. A Player 1
node will be created and the Player window opens. In the Player 1
window, under Eigenfrequency list make sure all frequencies are high-
lighted/selected. In the same window, open the list in front of Frame
selection and choose All. In the Playing section, check the Repeat box
for the Display each frame option. Click the Generate Frame icon §
to create the Player 1. Result is shown in Figure 4.18.

9. To see the movie, click on the play icon [= located in the toolbar of
the Graphics window. To stop the movie, click on the stop icon [=]. Tt is
recommended to stop the movie occasionally to see the mode shapes
at different modes. Alternatively, a specific frame can be shown by
moving the slider bar in the Frames section.

10. Use the Reports feature to generate a report for Example 4.2,
following the procedure described in Example 4.1.
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FIGURE 4.18 Data entry window for animation/Player for eigenfrequencies.

Example 4.3: Parametric Study for a Bracket Assembly: 3D Stress
Analysis

In this example, we introduce Model Library, a useful resource in
COMSOL. An example from this library (Structural_Mechanics_Module/
Tutorial_Models/bracket_parametric)! will be rebuilt using COMSOL ver-
sion 4.3. Parametric analysis, importing existing CAD files into a model,
setting up global parameters also will be explained. The model also demon-
strates 3D stress analysis available through COMSOL tools applications. This
model has been treated extensively for different loading and analysis types in
Model Library.

For analyzing stresses within a 3D solid body, we use the equilibrium
equation (in tensor notation):

Ooi]. 0
— oty =
Ox. %

i

! Model made using COMSOL Multiphysics® and is provided courtesy of COM-
SOL. COMSOL materials are provided “as is” without any representations or
warranties of any kind including, but not limited to, any implied warranties of mer-
chantability, fitness for a particular purpose, or noninfringement.
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Where, o, is the stress tensor that has nine elements in 3D space (i and
j take values of 1, 2, 3). For most cases in practice, we end up with a sym-
metric stress tensor and hence we would have six independent elements.
The stress tensor can be related to the strain tensor and consequently to
displacements using constitutive equations (like Hooke’s law) and kine-
matic compatibility of strains constraint. The body loads per unit volume
X, together with the divergence of stresses, should balance external loads
and boundary conditions to have an equilibrium state for a given structure/
machine. Applied loads may include static loads or dynamic ones. In the
latter case, the vibrations of the structure can be analyzed, assuming a lin-
ear analysis, using modal shapes superposition. Each structure has a funda-
mental natural frequency under which it starts to vibrate. The fundamental
natural frequency is a very important characteristic of a structure; if applied
loads have the same frequency, then resonance will occur, displacements
will become very large, and failure may occur as a result. For failure cri-
teria, we use von Mises stress, the failure criterion for or limit for stresses
based on maximum distortional energy. It assumes that yielding will occur
when the distortional strain energy reaches that value which causes yielding
in a simple tension test (see Reference 4.4).

For this example, we consider a bracket assembly made out of steel and
held with bolts and which carries external loads applied through two pins,
as shown in Figure 4.19.

Bolts (4 up,4 down)

Steel bracket

«.:‘\\-\.: i
ri{"‘%
., b
)
.

FIGURE 4.19 Geometry of bracket and applied-load pin holes.
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External loads applied on the inner surface of the two holes in the
bracket arms have a sinusoidal distribution p = p, sin(a —6,). We will find
the resulting von Mises stress distribution.

Solution

1. Launch COMSOL and open a new file, and save it as Example 4.3.

2. In the Model Wizard window, choose 3D and then click on the arrow
= to go to the next step. In the Add Physics window, open the list
under Structural Mechanics, right-click on Solid Mechanics, and click
on Add Selected to add it to the Selected physics list. Click on the
Stationary node and click on the flag icon #§ to Finish.

3. To set up global parameters, right-click on Global Definition in the
Model Builder window and choose Parameters. The Parameters win-
dow will open and display a table. Enter the table values as shown in
Figure 4.20. Information listed under Description column is optional.

4. Toimport the geometry file, right-click on the Geometry 1 node in the
Model Builder window and select Import. The Import settings window
will open. In this window, click Browse and browse to the folder

O P Parameters B Matenal Browser [ Model Library

Name Expression Value
thetsd 180]deg] 31416 rad
P 1e7[Pa] 10000E7 P
¥ -200{mm] 020000m ¥ centre of hle
= S0jmm] 0050000 m 2 centre of hele

P Initial Values 1
Mesh 1
151 Results

616 M8 | 667 M8 |

FIGURE 4.20 Parameters data entry.
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C:\Program Files\COMSOL\COMSOL43 models\Structural_Mechanics_Module\Tutorial_Medels'\bracket.mphbin

. Browse.. || Im port

« Selections of Resulting Entities

| Create selections

FIGURE 4.21 Importing a CAD file.

Structural_Mechanics_Module\Tutorial_Models. In the Tutorial Mod-
els folder, double-click on the file bracket.mphbin, then click Import.
(See Figure 4.21 for the complete file directory sequence.) You should

have the bracket geometry as shown in the Graphics window.

5. Because this geometry is an assembly of the bracket and its bolts, we
combine them to bond the bolts to the assembly. Otherwise the con-

tact surfaces between the bracket and the bolts should be modeled by

contact elements. In this example, we bond them together.

Right-click on the Form Union (fin) node in the Model Builder window

and select Build Selected.

6. This model has complex loading on the bracket holes, specifically sinu-
soidal loads on half of the inner surface of the holes. To set up the loads
we need to set variables and a local coordinate system. Right-click on
the Definitions under Model 1 and select Variables. In the Variables

settings window, enter the variables as shown as shown in Figure 4.22.

(Note: Variables used should be exactly the same as those defined in

the Parameters table.)

7. To set up the rotating coordinate systems for applied load on the

holes, right-click on the Definitions node under Model 1 in the Model

Builder window and select Coordinate Systems>Rotated System. The

Rotated System window will open. In this window, enter (-theth0) for

B, under Euler angles, as shown in Figure 4.23.
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FIGURE 4.22 Data entry for Variables.
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FIGURE 4.23 Data entry for coordinates.
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8. To assign materials to the bracket geometry, right-click on the Mate-
rials node in the Model Builder window. The Materials window will
open, as shown in Figure 4.24. In this window, open the list under
Built-In, right-click on Structural Steel, and select Add Material to
Model. Note that check marks will appear in the Material Contents
section list for Density, Young’s modulus, and Poisson’s ratio (you may
have to open this section by clicking on the pointer arrow). Although

25 Maternal
=

Geometric Entity Selection

Geometric entity level: | Domain -I
Selection: | All domains rll

1 - %, 4

2 Tl aad

13 |

4 = " I

|5 R

6 :

7

3 -
¥ Owverride ’

» Material Properties

= Material Contents I

Property Mame Value Unit Property group - |
Density rho 7850[kg/m~3] kgim~3 Basic

Young's medulus E 200ea[Pa) Pa Young's modulus ane _
Poissen's ratic nu 0.33 1 Young's medulus an 1
Relative permeability ur 1 1 Basic

Heat capacity at cons... Cp 4750 (kg”K)] kg K) Basic

Thermal conductnaty k 44.5[W/ Im"K)] WM K) Basic

Electrical conductivity  sigma 4.032e6[5/m] 5'm Basic

Relative permittivity epsilonr 1 1 Basic

Coefficient of therma...  alpha 12.3e-6[1/K] 1/K Basic i

: . s een s e —t ;
» Appearance

FIGURE 4.24 Material data entry window.
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other material properties are listed, only these three are required for
the type of physics involved in this model.

9. To assign the boundary conditions, right-click on the Solid Mechanics
(solid) node in the Model Builder and select More>Fixed Constraint.
The Fixed Constraint window will open. In the Graphics window, click
on the bolts and add them to the list under the Selection by clicking
on the plusicon 4 , as shown in Figure 4.25. (You may have to rotate/
zoom or click twice to choose the bolts only.).

10. To assign the applied load, right-click on the Solid Mechanics (solid) and
select Boundary Load. The Boundary Load window will open. Click on
the inner surfaces of the holes of the bracket in the Graphics window
and add them to the Selection list. Under Coordinate System Selection,
open the list to see the options and choose Rotated System 2. In the
Force section, type pressure (should be exactly as defined in Variables
1) for the x, component. The symbols for applied forces will appear in
the Graphics window. (To turn the physics symbols on, from the main

Fued Constramt b Graghics b Comvergence Plot 1

[

¥ Ouerride and Contribution

¥ Equation

Fied Constraint 1
3 Mesh 2
15 Results

525 M8 | 564 ME s

FIGURE 4.25 Data entry for fixed boundary conditions data.
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menu select Options>Preferences and click the Graphics section. Click
to select the Show physics symbols check box. Click Apply and OK. Click
anywhere in the Model Builder, then click the node again. The symbols
will be displayed in the geometry.) Results are shown in Figure 4.26.

11. Click on the Mesh node in the Model Builder. The Mesh window will
open, as shown in Figure 4.27. In this window, select Normal for the
Element size and click on the Build All icon [ Build Al | Wait until the
mesh is created and appears in the Graphics window.

12. To run the model, right-click on the Study 1 node in the Model Builder
window and select Compute ( = ). The Default result, von Mises
stress distribution mapped on the deformed bracket, will appear in the
Graphics window after the model run is finished, as shown in Figure
4.28. Maximum value is 39.5Mpa, which is less than yield stress value
for structural steel (260 Mpa). This validates the choice of a linear
elastic material and model to analyze this structure.

13. To show the direction of applied forces, right-click on the Stress
(solid) node located under Results and select Arrow Surface. The

Boundary Selection o] | [l ®

Selection: Manusl X

» Override and Contribution

» Equation
= Coardinate System Selection
ar Elastsc Mateniall
1 Ceardinate system:
| Values 1 Fuotated System 2 (sysd)
Fued Censtramt |
s Boundary Load 1 ~ force

J Meshl
15 Results Lead type:

Load defined as force per und area b
Lok

Fa  Use defined -

z
‘!L',

474045 | 511 M8

FIGURE 4.26 Data entry for load boundary conditions data.
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FIGURE 4.27 Mesh data entry window and a mesh.
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FIGURE 4.28 von Mises stress distribution window.
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Arrow Surface window will open. In this window, click on the Replace

Expression icon (
tial)(solid. FperAreax, ...,

E - ) and select Solid Mechanics>Load>Load (Spa-
solid.

FperAreaz) from the list. Under the

Coloring and Style section, enter 3000 in the Number of arrows field.
Click the Plot icon (= Plet ) to graph the results. Note that pressure
arrows are shown on an undeformed Bracket. See Figure 4.29.

14.

von Mises (o) and principle stresses (o) (are related as

(0,-0, )2 +(o, —013 )2 +(o, -0, )

. To show the principle stresses,

O

v

right-click on Results and select 3D Plot Group. Right-click on the newly
created 3D Plot Group 2 node in the Model Builder and select More
Plots>Principal Stress Volume. The Principle stress volume window will
open. In this Window, under Positioning section enter following data as
shown in Figure 4.30 and then click the Plot icon (=# Plet ).

'L Model Builder

% Example 4.3.mph {root!
Global Definitions
i Parameters
W' Model 1 (mod]

Geometry 1

¥ Impart1 (ima )
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.
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%) Arrow Suface |
5 Export
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-y 71 et ¥ W
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K component
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3

FIGURE 4.29 von Mises stress, applied loads, and deformed bracket geometry.
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FIGURE 4.30 Principle Stress Volume data entry window.

15. In the Graphics window, click on the Zoom Box icon ( 3% ) and zoom
in on the left arm of the bracket. Principle stresses are shown with
arrows (red the largest, green the medium, and blue the smallest—
consistent with the coordinate axes).

16. It is useful to show the values of the reaction forces exerted by bolts.
Right-click on the Derived Values node under Results in the Model
Builder window and select Integration>Volume Integration. The
Volume Integration window will open. In the Graphics window, click
all bolts to select and add them to the list in the Selection section in the
Volume Integration window. Under Expression, click on the Replace
Expression icon ( % -) and select Solid Mechanics>Reactions>Reaction
force (Spatial)>Reaction force, x component (solid. RFx). Click the
Evaluate icon ( = ). In the Expression section, type solid. RFy and
click Evaluate. Again, type solid. RFz in the Expression section and
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click Evaluate. The Values of the components of reaction force vector
appear in a table in the Results window (or select View>Results on the
toolbar), as shown in Figure 4.31.

17. To study the effect of the orientation of the applied load, we perform
a parametric study. The parameter is angle 0. Click Step 1: Stationary
node (under Study 1 in the Model Builder window). The Stationary win-
dow will open. In this window, click on the Study Extension section to
expand it. Check the Continuation box. Under Continuation parameter,
click the 4 icon to add the parameters to the table. Open the list (which
shows up under Continuation parameter) and select thetahO (Direction
ofload). Under Parameter value list, type range(0,45[deg],180[deg]).
This will change the value of parameter theta0 from 0 to 180 degrees
with increments of 45 degrees. See Figure 4.32.
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T Stress (solid)
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V5 Arow Surface 1 = Expression
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'#) Principal Stress Vo Expression:
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=
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W AXDLERHEE -
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669 ME | 711 MB I

FIGURE 4.31 Volume Integration data entry window.
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FIGURE 4.32 Study Extension data entry window.

18.

19.

Right-click the Study 1 node (in the Model Builder window) and select
Compute = . Wait for the model run to finish the calculations. The
results will appear in the Graphics window. Click Stress (solid) node in
the Model Builder and, from the corresponding window, under Data
section, select 0 from the list of Parameter values (theta0) and click
the Plot icon »# to plot it. Note that the direction of applied forces
(shown by red arrows) changes. Similarly, choose another value for

the list (e.g., 1.570796) for theta0 and plot it. The result is shown in
Figure 4.33.

To calculate the reaction for different orientations of the applied load,
right-click the Derived Values node (under Results in the Model
Builder window) and select Integration>Volume Integration. Repeat
the operations similar to those explained in Step 16 above. Results for
reaction forces will appear in a table, as shown in Figure 4.34.
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FIGURE 4.33 von Mises stress, applied loads, and deformed bracket geometry.
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24797e-9 -7999.32877
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-249337e-9 7999.33476
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6.06417e-9
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5646.24785
-4.88234e9

FIGURE 4.34 Results for derived reaction forces.
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FIGURE 4.35 Reaction forces for different theta0, orientation angle.

20. It would be useful to make a graph of reaction forces. Right-click
the Results node (in the Model Builder window) and select 1D Plot
Group. In the 1D Plot Group new window that opens, expand the
Legend section and choose Lower right from the list. Right-click on
the 1D Plot Group 3 and select Table Graph. A new window will open.
In this window under Data, locate Table, open the list, and select
Table 2. Under the Legends section, check the Show legends box (you
may need to expand this section to view the options). Click Plot -#.
A graph showing the values of reaction forces (in N) versus theta0
(in rad) will appear in the Graphics window. Results are shown in
Figure 4.35.

Example 4.4: Buckling of a Column with Triangular Cross-section:
Linearized Buckling Analysis
A column is a structural member that supports applied load, mainly in
compression. For certain values of an applied load and boundary conditions,
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the column may fail and exhibits very large deformations. The failure situa-
tions are examples of instability from neutral equilibrium condition for the
given column geometry, material, and boundary conditions.

Buckling is categorized as a bifurcation problem from a mathemati-
cal point of view since it has more than one equilibrium situation when
and after the column becomes unstable. One important point to emphasize
here is that buckling is not a material failure type; it is the result of the
column becoming unstable under a given load. A column could buckle for
discrete values of applied loads. The smallest value—clearly of interest to
engineers—is called the critical load (Euler formula: for a simply supported
column with length L. and moment of inertia I, P_ =r> EI/ L?). Buckling
could also be considered an eigenvalue/eigenvector problem, and is one of
the approaches available in COMSOL. Readers interested in more in-depth
discussions on buckling are referred to Reference 4.4 and the COMSOL
help manual.

In this example, we use a linearized buckling analysis that provides an
estimate of the critical load that causes sudden collapse of the column. We
calculate the critical load for a column with an equilateral triangular cross-
section (side length is 30 cm) and a circular hole with radius 4 cm with its
center located at x = 15 ¢cm, and y = 12cm. For material properties, we
use the existing material library in COMSOL, Aluminum 6063-T83 with
Density 2700 kg/m?®, Young’s modulus 69E9 Pa, and Poisson’s ratio 0.33.

Solution

1. Launch COMSOL and open a new file.

2. Select 3D and click =* Next. In the Add Physics window, open the list
for Structural Mechanics, right-click on Solid Mechanics (solid), and
click Add Selected to add it to the Selected physics list. Then click = .
In the Select Study Type window (under Preset Studies list) select
Linear Buckling and click on the flag icon ¥ to Finish.

3. Right-click on Global Definitions in the Model Builder window and
select Parameters. Enter col_height under Name in the Parameters
window/table and 200[cm] under Expression.

4. Geometry of the column can be built in COMSOL or alternatively
imported as a file. In this example we build it using 3D CAD tools
available in COMSOL.
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4.1 Right-click on the Geometry 1 node in the Model Builder window
and select Work Plane from the list. The Work Plane window will
open. Click on the Plane Geometry node (under Work Plane 1).
Click on the Draw Line ( .-") icon in the toolbar and draw a hori-
zontal line in the Graphics window. (Click at a point in the drawing
area, move the mouse pointer to a second point, and click. Right-
click to finish). Under Plane Geometry, click on Bezier Polygon 1
node (you may have to open the list). The Bezier Polygon window
will open. In this window, click on Segment 1(linear) in the Poly-
gon Segments section. Change the coordinates of the line to (0,0)
and (30[cm],0) , as shown in Figure 4.36, and click Build Selected
(1), as shown in Figure 4.37.

4.2 In the same window, click on Add Linear and enter the coor-
dinates (30[cm],0) and (15[cm], 0.15*370.5). Click the Build
Selected icon g . Periodically click on the Zoom Extents ( <)
icon to see all the geometry in the Graphics window.

Control points

XWe )’\N:
10 0 m
2 30[cm] 0 m

FIGURE 4.36 Line point coordinates data entry.

ey

mmmmm

FIGURE 4.37 Control points data entry and resulting polygon geometry.
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4.3

4.4

4.5

To add fillets, in the Model Builder window right-click on the Plane
Geometry node and select Fillet. In the Fillet window, add the
three vertices of triangle to the Vertices to fillet list by clicking on
each one and then right-clicking (or clicking on = ). Enter 1[cm]
for the Radius and click gz Build Selected. The filleted triangle
will appear in the Graphics window, as shown in Figure 4.38.

To create the circle, draw a circle inside the triangle by right-click-
ing on the Plane Geometry node and selecting Circle. In the Circle
window, enter 4[cm] for the Radius, 15[em] for xw, and 12[cm]
for yw. Click Build Selected g7 . To create the hole inside the tri-
angle, click on the Select Object icon E](located on the Graphics
window toolbar) and Alt+Click at any point in the Graphics area.
The entire geometry is selected and the color turns red. Click on
the Plane Geometry node again and click on the Difference icon
= located in the main toolbar. The triangle with a circular hole
appears in the Graphics window, as shown in Figure 4.39.

To extrude the cross-section, right-click on Work Plane 1 and
select Extrude. The Extrude window opens. In this window under
Distance, enter col_length and click on Build Selected icon.
Click on Zoom Extents () in the Graphics window to see the
entire Column geometry. See Figure 4.40.
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FIGURE 4.38 Column cross-section geometry.
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FIGURE 4.39 Column cross-section geometry with subtracted circular hole.
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FIGURE 4.41 Material data entry for column.

5. To assign materials to the geometry, right-click on the Materials
node in the Model Builder and select Open Material Browser. In
the Material Browser window, open the list for Built-In, right-click
Aluminum 6063-T83, and select Add Material to Model. The Material
window will open. To assign the selected material to the column, click
on the geometry (any point) and then right-click (or click 5 in the
Material window). The domain number should be listed under the
Selection in the Material window. See Figure 4.41.

6. Define a global parameter for the applied load on the column. Click on
the Parameters node in the Model Builder window. In the Parameters
window table, type col_load under Name and 100[Pa] under Expres-
sion, as shown in Figure 4.42.

7. To define the boundary conditions , right-click on the Solid Mechanics
(solid) node in the Model Builder window and select Fixed Constraint
from the list. Assign this constraint to the base of column by clicking
on the base surface (located in the x-y plane) of the column, and add
it to the Selection list by right-clicking again (or clicking on the ==
icon). Users may need to rotate the column geometry to see the base.
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Pi Parameters
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« Parameters =
Name Expression Value Description E
col_height 200[cm] 2.0000 m Column height
col_load 100[Pa) 100.00 Pa Applied pressue/load

FIGURE 4.42 Parameters data entry window.

To define the applied load on the top surface of the column, right-click
on the Solid Mechanics (solid) node and select Boundary Load from
the list. Assign this load to the top of the column by clicking on the top
surface (located in the z = col_height plane) of the column, and add it
to the Selection list by right-clicking (or clicking on the <F icon). In
the Boundary Load window, locate Force section and enter —col_load
(the minus sign is needed since load is applied in the negative z-direc-
tion) for the z component, as shown in Figure 4.43.

To run the model, right-click on the Study 1 node and select Compute
(= ). COMSOL will build a mesh automatically using default element
sizes. The solver will first solve the equilibrium equations and then
find the first eigenvalue or the critical load factor. The result for first
mode shape of buckling and value of critical load factor (1.685879E6)
is shown in the Graphics window.

To calculate the critical load of buckling for this column with assigned
load factor and boundary condition, use P, = A xcol _load , where A is
the critical load factor.
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FIGURE 4.43 Boundary Load data entry.

10. To perform a parametric analysis for the applied loads, right-click on

11.

the Study 1 node in the Model Builder and select Parametric Sweep.
The Parametric Sweep window opens. In this window under Param-
eter names, click on the <k icon to display a list and select col_load
(Applied pressure/load). In the space under Parameter value list,
enter 100, 200, 300, as shown in Figure 4.44. These are the values
for applied load on the column. To run the model, right-click on the
Studyl node and select Compute.

The Results appear in the Graphics window. Click on the Mode Shape
(solid) 1 node in the Model Builder (under Results). In the corre-
sponding window, select Solution 3 from the list in front of Data set.
Open the Parameter value (col_load) list (the three values of applied
load are listed here). Choose, for example, 200. The corresponding
critical load factor will appear in the Critical load factor (space under
the Parameter value). To plot this result in the Graphics window, click
on the Plot =#, as shown in Figure 4.45. Similarly, the results for other
loads can be obtained and plotted.
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FIGURE 4.45 Results for buckled column displacement and critical load factor.
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Example 4.5: Static and Dynamic Analysis for a 2D Bridge-support
Truss
A truss is a structure that carries loads applied to it and results in com-
pression or tension in its members. In this example, we use tools available
in COMSOL to analyze a typical bridge structure under static and dynamic
loads, including calculating its fundamental natural frequency. Truss dimen-
sions (in feet) are given in the Figure 4.46.

Solution

1. Launch COMSOL and open a new file. Save it as Example 4.5.
2. In the Model Wizard window, select 2D button and click on Next = .

3. From the Add Physics list, expand Structural Mechanics node and
from the list select Truss (truss) and add it to the Selected physics list
by clicking on k. Then click Next =, as shown in Figure 4.47.

4. From the Select Study Type, select Stationary and click Finish i At
this stage the physics, type of study, and level of dimension (2D) of the
model are set for the truss.
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FIGURE 4.46 Geometry of the truss.
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FIGURE 4.47 Model Wizard window for Add Physics.

Now we draw the geometry of the truss in the Graphics window using
CAD tools available in COMSOL.

5. Since the dimensions are given in feet, change the Length unit to ft,
from the list in Units section in Geometry window. Note that all units
will be automatically converted to the ST units. Click on the Draw Line

" icon located in the main toolbar and draw a horizontal line in the
Graphics window. To draw a line, click on a point then drag the mouse
to another point and then click again (to release the draw line tool,
right-click). In the Model Builder window, expand the Geometry node



78 ¢ COMSOLFOR ENGINEERS

and click on the Bezier Polygon 1(b1). In the corresponding window,
click on Segment 1 (linear) and enter coordinates for x: 0 and y: 1.5,

x: 9 andy: 1.5. Click Build All

6. Using the same tool, draw the rest of truss members, as shown in
Figure 4.48, using the following data:

Node A/'B|C|D|E|F G| H I|]J]|K|L
x: (ft) 0 |15|3]45| 6 |75| 9 |15|3 /45| 6 |75
y: (ft) 151151515 15[15(15] 0 (O] O | O] O

7. To assign material to the model, right-click on the Materials node in
the Model Builder and select Open Material Browser. In the corre-
sponding window, as shown in Figure 4.49, expand Built-In and select
Structural steel from the list. Click on #p to add material to the model.
Numerical values of material properties will be listed in the Material
Contents section. These values can be modified, if needed. In this
example, we accept the default values.

We have built the truss geometry and assigned material properties.
We now define boundary conditions, applied loads, and truss members
shape properties. We refer to the truss sketch for nodes.

8. Right-click on the Truss (¢truss) node in the Model Builder window and
select Cross Section Data from the list. In the corresponding window,
locate Basic Section Properties and enter 3e-3 for Area: A. This is
equal to the area of two 4 x 4 x 5/8” in. angle shape steel members.
Create another Cross Section Data node and enter 2*3e-3 for its Area
value.

A

x H | J K L

FIGURE 4.48 Geometry of the truss and its joints coordinates.
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FIGURE 4.49 Material properties for truss members.

9. To add point loads, right-click on the Truss (truss) node and select
Point Load from the list. In the corresponding window, as shown in
Figure 4.50, select and add the top middle node (node D) to the Selec-
tion list. Locate section Force and enter 0 for x and —8e3 for y. Simi-
larly, create another Point Load and select nodes B and C to it. For the
load values, enter 2e3%0.1 for x and —2e3 for y.

10. For boundary conditions, right-click on the Truss (truss) node again
and select Pinned from the list. In the corresponding window, as
shown in Figure 4.51, add node A to the Selection list. This will assign
a pinned support condition for this node which has x =y = 0 for its dis-
placements. For the other support node G, we constrain displacement
in y-direction to be zero, y = 0. Right-click on the Truss (truss) node
and select Prescribed Displacement from the list. From the Graphics
window, select the corresponding node for node G and add it to the
Selection list in the Prescribed Displacement window under Point
Selection section. In the same window, locate the Prescribed Displace-
ment section and check the box for Prescribed in y direction, only.
Make sure the value for V is set to 0.
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FIGURE 4.50 Point load data entries. FIGURE 4.51 Boundary condition prescribed

displacement data entries.

At this stage, we have the model ready for meshing. For truss structures
a low-resolution mesh would be sufficient since each member can actually
be considered as an element.

11. Click on the Mesh 1 node in the Model Builder window and in the cor-
responding window select Extra coarse from the list for Element size.
Click Build All |

12. To run the mode, right-click on the Study 1 node in the Model Build
window and select Compute =. Wait for the computations to finish.

13. Default results for normal forces for members will appear in the
Graphics window, as shown in Figure 4.52, corresponding to
Force (truss) node under the Results. Also, normal stresses for
truss members can be shown by clicking on corresponding node
Stress (truss).
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FIGURE 4.52 Results for truss members axial loads and stresses.

14. To show the displacement results, right-click on Results and select
2D Plot Group. A new 2D Plot Group node will appear under the
Results tree. Rename to the new node to Displacements. Right-click
on Displacements and select Line. In the corresponding window, click
on Replace Expression icon & - and select Truss>Displacement>Total
displacement (truss.disp). For the Unit select mm from the list. Click
Plot =.#. To show the deformed shape, right-click on Linel and select
Deformation. Results are shown in Figure 4.53.

At this point static analysis is complete. For design purposes, a user
can modify the loads or materials and design the truss to meet a design

Code criterion.

Now we perform dynamic analysis by adding studies to the existing
model. To start, we calculate the natural frequencies of the truss. Usually
the natural frequencies are calculated without any applied load, hence
the results are solution to homogeneous form of the governing equations.
For some structures, compression or tension forces may affect the natu-
ral frequencies. For comparison, we calculate the natural frequencies with

applied loads as well.

15. First rename the Static study case and its corresponding Solver 1 to
Studyl-Static and Solver 1-Static, respectively.



82 « COMSOLFOR ENGINEERS

=)
el Graphics
@ Q G| e~ |

Line; Total displacement {mm}

1 ' ' t t T & 0.07B4
6 = -
5

0.07

4+
] { 0.06
2 l 0.05
1-\\\—1/ N
o A i L | F40.04
LT 1 . 0.03
2
3t } 0.02
o 0.01
5 +

1 1 : i 0

4] 2 4 [ B vo

FIGURE 4.53 Results for truss joints displacements.

16. Right-click on the Example 4.truss2D.mph (root) node in the Model
Builder window and select Add Study. In the Model Wizard window,
select |1, Eigenfrequency and click Finish #. A new Study node will
appear in the Model Builder window. Rename it Study 2-Eigenfre-
quency w/o load. Also rename its corresponding solver to Solver
2-Eigenfrequency w/o load. Right-click on the Study 2-Eigenfre-
quency w/o load node and select Compute = .

17. Default results show the first eigenfrequency (133.35 Hz) and the cor-
responding displacements for modal shapes, as shown in Figure 4.54.
Change the units for displacements to mm. To show the results for any
one of the other five eigenfrequencies, simply select one from the list
in the Data section and click Plot ... Results for first and last eigen-
frequencies are shown below.

18. To calculate the eigenfrequencies with loads, right-click on Example
4.truss2D.mph(root) node in the Model Builder window and select
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FIGURE 4.54 Results for truss displacement for two of its eigenfrequencies.

Add Study. In the Model Wizard window, select =l Prestressed Analy-
sis, Eigenfrequency and click Finish 4. A new Study node will appear
in the Model Builder window. Rename it Study 3-Eigenfrequency
with load. Rename its corresponding solver to Solver 3-Eigenfre-
quency with load. Right-click on Study 3-Eigenfrequency with load
node and select Compute = . Notice that this study also adds a Sta-
tionary calculation.

19. The default results for first eigenfrequency (133.35 Hz) with corre-
sponding displacements show up in the Graphics window. Since the
difference between eigenfrequencies with and without loads is very
small, we can ignore the effect of loading for calculating natural fre-
quency of the truss.

The first dynamic excitation of this truss (fundamental modal shape)
happens at the frequency of 133.35 Hz. In other words, if a dynamic load
with the same frequency is applied to this truss then resonance will happen
and the truss will exhibit displacements with very large values. It would
be useful to study the behavior of this truss for a range of harmonics, or
applied loads with a range of frequencies including the fundamental natural
one. We will do this in the following steps.

20. Right-click on the Example 4.truss2D.mph(root) node in the Model
Builder window and select Add Study. In the Model Wizard window,
select [ Frequency Domain and click Finish #. A new Study
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21.

node will appear in the Model Builder window. Rename it Study
4-frequency domain and expand it. Click on the Stepl: Frequency
Domain node. In the corresponding window, enter 20, 60, 99,
range(100,3,140), 150, 200, 300, 320 for the Frequencies in the
Study Settings section. These are harmonics for a series of applied
dynamic loads. We have a higher resolution around 133.35 Hz to
capture the resonance. Also rename its corresponding solver to Solver
4-frequency domain. Right-click on the Study 4-frequency domain
node and select Compute = .

The default results for member normal forces and stresses will appear
in the Graphics window, as shown in Figure 4.55, for the last frequency
at 320 Hz. Reults for harmonics can be shown by selecting the desired
value from the list of Parameter values (freq) in the Plot window.
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FIGURE 4.55 Results for truss members axial forces at 320 Hz.
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22. It would be useful to draw the displacement of a point, say at the middle
of the truss (node D) for a range of harmonics. Right-click on the Results
node in the Model Builder window and select 1D Plot Group. A new 1D
Plot Group 1 will appear in the model tree. Rename it disp. For harmon-
ics. Right-click on this node and select Point Graph. In the correspond-
ing window, select nodes representing D, H, and F from the Graphics
window and add them to the Selection list. Change the unit to mm
under Unit. Click Plot «.#. The results for displacements for the range of
harmonics will appear in the Graphics window, as shown in Figure 4.56.

These results show the resonance close to 133 Hz. So far for this model
we have not introduced damping to the vibration. In practice damping
is the capacity of the structure to absorb and dissipate part of the energy
applied to the structure. We add the damping either by adding extra damp-
ers or it is provided by the material used as a result of intrinsic friction. In
COMSOL, damping can be added to the model using Rayleigh Damping
or Loss Factor Damping. By using an isotropic structural loss factor of 0.01,
we introduce damping to the model.
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FIGURE 4.56 Total displacement at joints D, H, and F for different values of harmonics. The resonance is
clearly shown.
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23.

24.

25.

26.

27.

Expand the Truss (truss) node in the Model Builder window, right-
click on Linear Elastic Material 1, and select Damping. From the
Damping window, locate Damping settings and select Isotropic loss
factor from the list for Damping type. Select From material for Isotro-
pic loss factor. Now we need to add the loss factor to the list of material
properties. Expand Materials node and click on Structural steel (mat1).
In the corresponding window, from the list under Material Contents,
enter 0.01 for the value of eta_s, Isotropic structural loss factor, as
shown in Figure 4.57.

To run the model, right-click on the Study 4-frequency domain node
in the Model Builder and select Compute =. Wait for computations to

finish.

Click on disp. For harmonics to see the results for damped values for
displacements, as shown in Figure 4.58.

When damping is added to the model, COMSOL automatically con-
siders it for eigenfrequency calculations, as well. In order to eliminate
this, expand Study 2- Eigenfrequency w/o load node and click on
Stepl: Eigenfrequency. In the corresponding window, expand the
Physics and Variables Selection and check the box for Modify physics
tree and variables for study step. From the list, locate Damping 1 and
click on it. Then click the Disable icon @) , as shown in Figure 4.59.

Repeat Step 25 for Study 3- Eigenfrequency with load.

+ Material Contents

Property Mame Value Unit
Density rho 7850[k... kg/...
Isotropic structural loss factor  eta_s 0.01 1
Young's modulus E 200e9[... Pa
Poisson's ratio nu 0.33 1

FIGURE 4.57 Window for adding damping as Isotropic loss factor.
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FIGURE 4.58 Total displacement at joint D with damping for different values of harmonic loads.

+ Physics and Variables Selection

/| Medify physics tree and variables for study step

= Global Definitions

Medel 1 {(modl)

= Definitions
a= Variables 1la

. Truss (truss)
" Linear Elastic Material 1

* Damping 1

" Cross Section Data 1

FIGURE 4.59 Window for modifying physics for damping.
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Example 4.6: Static and Dynamic Analysis for a 3D Truss Tower
In this example, we use tools available in COMSOL to analyze a 3D
structure under static load. We also calculate its natural frequencies. Shape
and dimensions are given in Figure 4.60 and Table 4.1.

=]
b Graphies
Bk @ o @@
) &
3
&
i1
z 0
Ly
FIGURE 4.60 Geometry for the 3D truss.
Node X(m) Y(m) Z(m)
A 0 0 0
B 1 0 0
C 0.5 V2 0
D 0 0 3
E 1 0 3
F 0.5 V2 3
G 0.5 0 3++/3/2

TABLE 4.1 Joint coordinates for the 3D truss.
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Solution

4.

Launch COMSOL and open a new file. Save it as Example 4.6.
In the Model Wizard window, select 3D button and click on Next = .

From the Add Physics list, expand the Structural Mechanics node and
from the list select Truss (truss), then add it to the Selected physics list
by clicking on =k . Then Click Next = .

From the Select Study Type, select Stationary and click Finish #

Now we draw the geometry of the truss in the Graphics window using

CAD tools available in COMSOL.

S.

5 Exampie 4.drus:
File Edt View Options Help
1288 5 BE A+ @@ g th
I Model Builder a Geometry B b Graphics b Plotl
H's B E | Build All Blexexe@~-aa
4 13 Example 4.truss30.mph (oot} T TR —
Global Definitions ; = ¢ r
2 1 Model1 [mod1) Scale values when changing unts | |[%] =
Definitions Length unit: h—
4\ Geometry1 = =
" Bézier Polygon ad (b1}
* Bézier Polygan ae (62 Angusar ik
[ Bézier Polygan be (b3} Degrees >
' Bézier Polygon bf (b4) .
[/ Bézier Polygon cf (5] = Advanced

Right-click on Geometry 1 and select More Primitives>Bezier Polygon.
In the corresponding window, locate Polygon Segments and click Add
Linear. Enter the coordinates for nodes A&D for member AD. Click
Build Selected ¢ . Rename Bezier Polygon 1 to Bezier Polygon ad
(b1). Right-click on Bezier Polygon ad (b1) and select Duplicate. In the
corresponding window, enter the coordinates for nodes A&E. Similarly,
draw the remaining truss members. Results are shown in Figure 4.61.

" Bézier Pelygen cd (b8!
['.* Bézier Polygon de (67

Geometry representation

1 Bisier Pelygon ¢f 88 CAD Import Module kemel -

S Bézier Polygon df |
/" Bégier Polygan dg
/. Bésier Bolygan 11 {
/" Bézier Polygon ge (b12)

Default relative repair tolerance:
Leh
Auternatic rebuild:

|| Bézier Polygon gf (bI4) On
3% Form Union fin)
HE Matenals
& Truss firuss)
Mesh1
= Study 1
= Study 2
i Results

T44 ME| 759 MB ]

FIGURE 4.61 Geometry of truss in Graphics window.
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6.

Add materials to the model. Right-click on the Materials node in the
Model Builder window and select Open Material Browser. In the
Material window, as shown in Figure 4.62, expand Built-In and select
Aluminum. Add this material to the model by clicking on .

Right-click on Truss (truss) and select Cross Section Data. A new node
will be added to the tree; rename it L2x2x3/8 in. In the corresponding
window, enter 8.8E-4 in the space provided for A, under Area.

To define the boundary conditions (support types) and point loads,
right-click on Truss (truss) and select Pinned. In the corresponding
window, select nodes representing A, B, and C from the Graphics win-
dow and add them to the Selection list. Right-click again at the Truss
(truss) node and select point Load. In the corresponding window,
select the node that represents D and add it to the Selection list. In the
same window, enter 150 for the value of y in the Force section.

=)
= Matenal
’_l'.
Geometric Entity Selection &
Geometric entity level: | Edge -
Selection: All edges -
1 -] ™ A
2 (™
3 A e
4 B
3 !
&
7
8 -
b Owerride

¢ Material Properties

= Material Contents

Property Mame Value Unit Proper *
Density rho 2700[kg/m*3] kg/... Basic
Young's modulus E 70e9]Pa] Pa Young
Poisson’s ratio nu 033 1 Young i
Relative permeability mur 1 1 Basic
Heat capacity at cons.. Cp 900 (kg K)] J/(kg... Basic
Thermal conductivity k 1E0[W/ (m*K)] Wi Basic

Electrical conductivity sigma  3.774e7[5/m] S'm Basic

FIGURE 4.62 Material properties for truss members.
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Similarly, add three more point loads as follows: for point G, force com-

ponents are (0, 350, —150); for point E, force components are (0, 200, 0);
and for point F, force components are (=300, 0, 0).

9. To build a mesh, click on Mesh 1 node in the Model Builder window,

and in the Mesh window select Coarse from the list for Element size.
Click Build All # . A total of 40 elements are built.

10. Right-click on Study 1 and select Compute =. Wait for computations

11.

to finish.

The default result will appear in the Graphics window showing truss
members forces and stresses, as shown in Figure 4.63.

Although from these results we can read normal forces of the truss

members using the legend, it would be useful to have the exact numerical
values. We will define some variables for normal forces and extract their
values from the results database.

12.

Right-click on the Definitions node under Model 1 in the Model
Builder window, and select Model Couplings>Average. From the
Graphics window, select the member that represents AD and add it
to the Selection list in Average window. Rename the node Average 1
(aveopl) to Average 1 (aveop_ad), as shown in Figure 4.64.

= =
cl Graphics el Graphics
Q& ¢ Lew o b Lo |[F) | 1 Qam | dvle bzl |[Flo | m@
Line: Local awial force (kh) - Line; Axial stress at center line (N/m?) .
A 1,8957 A 21541 x10°
/\ x10°
\ 2
| s - 1.5 =
= E ] 3 1.5
f 1 |
il 1
Tk t |D.5 .' {2 L {os
. -| 0 AN AR Lo
1 b s v
a =
2 2z
1.5
L N :
" X o e
¥ .1.9098 ¥ -2.1703x10°

FIGURE 4.63 Results showing axial forces and stresses for truss members.
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= Global Definitions
4 4 Medell (modl)
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F_gf aveop_gfitruss.MN=l) ™~

S = 3

FIGURE 4.64 Variables and their definitions.

13.
14.

1S5.

16.

17.

Repeat Step 12 for all remaining members of the truss.

Right-click on the Definitions node and select Variables. In the corre-
sponding window, add the following list, as shown in Figure 4.64.

To see the numerical results for members, such as member BF, right-
click on Derived Values located under Results node and select Global
Evaluation. In the corresponding window, as shown in Figure 4.65,
enter the following data and click Evaluate =. The internal force for
member BF would appear in the Results window, F_bf =0.65223 kN.
Similarly, other members’ forces can be extracted.

Now we would like to calculate the natural frequencies of the space
truss. Right-click on Example 4.6.mph (root) node in the Model
Builder and select Add Study. In the corresponding window, select
Eigenfrequency from the list and click Finish #.

A new node Study 2 will appear in the model tree. Click on Step

1: Eigenfrequency (located under Study 2 node) and in the corre-
sponding window enter 6 for Desired number of eigenfrequencies

(if needed, this number can be modified). This will set the model to
calculate the first six eigenfrequenies. Another useful tool is Search for
eigenfrequencies around:, which can calculate eigenfrequencies close
to any desired value, if required.
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Lx]
£ Global Evalustion
= Evaluste = a
= Data
Data set: Solution 1 >
= Expression
Expression;
F_bf
Unit:
kM -
Descnption:
Parameters
Mame Value Descnption
trussrefpntc 0 Reference point for moment ..
trussrefpnty 0 Reference point for moment ...
trussrefpntz 0 Reference point for moment ..
= Diata Series Operation
Operation: Mone -

FIGURE 4.65 Global Evaluation of member BF axial force.

18.

19.

20.

To run the model, right-click on Study 2 and select Compute =. Wait
for the computations to finish.

The default result for natural frequency (first eigenvalue 32.88 HZ)
will appear in the Graphics window. Click on the Mode Shape (truss)
node and expand Window Settings section located in the correspond-
ing window. From the list for Plot window, select Plot 1. This will cre-
ate a new Graphics window for showing the results. Results for other
values of eigenfrequencies can be plotted by choosing the desired
value from the list. The results for first and last eigenfrequencies are
shown in Figure 4.66.

To animate the modes of vibration for different eigenvalues, right-click
on the Export node in the Model Builder window and select Player. In
the Player window, modify the data as shown in Figure 4.67 and click
Generate Frames [§ . Right-click on Player 1 and select Play [&]. To
stop the animation, click on the Stop (=] button located on the toolbar
in the Graphics window.
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FIGURE 4.66 Results showing total displacements for two eigenfrequencies.
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FIGURE 4.67 Results showing Player data entry for animation.
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SECTION 4.2: DYNAMIC ANALYSIS AND MODELS OF
INTERNAL FLOWS: LAMINAR AND TURBULENT

In this section, we use COMSOL modules to model some examples
in fluid mechanics. Models include dynamic, parametric study, swirling,
and moving boundary conditions of two- and three-dimensional flows, but
mainly internal flows. Modeling and analysis of fluids flow is more complex
than that for linear solid mechanics. This is mainly because of nonlinearity
of governing equations (i.e., Navier-Stokes), as given below for an incom-
pressible fluid. Fluid flow (u,v,w) are velocity vector components, p pres-
sure, and (F, Fy, F ) component of body force. p and 1 are density and
dynamic viscosity of the fluid, respectively.

2 2 2
p(u%+v@+w%)+@: [0_?+6_Z+81;]+Ft
ox Oy 0z Ox " oyt Oz '
. 2 2 2
p(u—+u—+w@)+@:u[a—g+af+af]+F,
o= oy ot ot !
R 2 2 2
p(u%+u—+w@)+%:y[a?+ag’ aLf]+F~_
Ox 0z 0Oz o oy Oz :
ou Ov Ow
—+—+—=0
ox Oy Oz

In engineering and industry we encounter many problems that require
analysis and modeling of flow of a fluid and, in most cases, around or inside
complex geometries. A fluid flow is categorized as laminar or turbulent when
the Reynolds number is small or large, respectively, as compared to unity.
The Reynolds number is a dimensionless number that measures inertia
forces against viscous forces (in general) applied to a fluid point or particle.
When the Reynolds number is large, flow becomes unstable and additional
equations are needed to analyze the resulting turbulent flow. This adds to
the complexity of flow analysis. Whereas for low-Reynolds flows, the inertia
force can be neglected and the governing equation is a linear version of the
Navier-Stokes equation or so-called Stokes equation.

Our main objective is to provide, for users and readers, some solved exam-
ples that can be used directly or lead to further solutions of similar or more
complex flows using COMSOL. It is assumed that readers are familiar with
relevant engineering principles and governing equations of fluid mechanics.
In each example, we provide brief explanations of physics involved along with
governing equations and phenomena, as applicable. It is recommended that
readers cover Chapters 1 through 3 before attempting examples in this section.
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Example 4.7: Axisymmetric Flow in a Nozzle: Simplified Water-jet

Axisymmetric flows may exist in many industrial and engineering prob-
lems. By definition an axisymmetric flow (or geometry) exists when the flow
variables do not vary about the axis of symmetry involved. For example, in
a tube for a fully developed flow the velocity along the axis of the cylinder
at a given radius does not change with respect to the angular dimension. In
other words, if an observer at a given radius moves around the axis of the
tube then s/he will not observe any changes in the value of fluid velocity.
The realization of axisymmetric flow, if it exists, is very important since it
could reduce a 3D flow analysis to a 2D one.

In this example, we model flow in a nozzle that has an axis of symmetry.
The cross-section and dimensions of the nozzle in the r-z plane are shown

in Figure 4.68.
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FIGURE 4.68 Geometry and dimensions of the Nozzle cross-section in (r-z) plane.
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Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.7.

2. Select 2D axisymmetric from the list (in the Select Space Dimension
section) in the Model Wizard window and click =: Next.

3. Inthe Add Physics window, open the list under Fluid Flow and select
Single-Phase Flow>Laminar Flow. Add this selection to the Selected
physics list by right-clicking (or click on the = ). Then clickon = to
go to the next step. See Figure 4.69.

4. Inthe Select Study Type node, click on Stationary and then click on
#i Finish.

5. Draw the geometry (or import a CAD file) of the nozzle cross-section
as shown in Figure 4.71. Right-click on the Geometry node in the

T =
'3 Untitied.mph - COMSOL Multiphysics 0 Lo | (E
File Edd Wiew Options Help
e s B Oe
I, Model Builder O '\ Model Wizard =0 b Graghics
S5 bam v=a ME . - . 3 | B B e ot 1. =
D e -ﬂdd Phys:cs ﬁ X & . w lem L 4 -
% Untitled.mph {roof) : a F-_“'._- T ®
Global Defintiens e Recently Used *
151 Resulis ¥ AC/DC
Acoushics
21 Chemacal Species Transpart
& Fhuid Flow

Sangle-Phase Flow
Larminar Flow (spf)
Tuskulent Flaw
Creeping Flow (spf)

1] Thin-Film Flow

oo Multiphase Flow

T3 Parous Media and Subsud,
—_ Hen-lsotherrnal Flow

£~ High Mach Number Flow

£ Flud-Structure Intetaction
Heat Transfer |

£ Serirtionel Mechares
m "

p

Selected physics

34 MEB | 350 MB

FIGURE 4.69 Model Wizard for adding Laminar Flow physics.
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10.

Model Builder and select Bezier Polygon from the list. In the Bezier
Polygon window, click on the Add Linear button and enter the follow-

ing data:

0
0

P e

2

ton and enter the following data:

r

102
2 02

z

1

-0.25

[
1 02
2 01
3 0l

£
-0.25
065
-105

m

z
-105
1

. Similarly, add another line segment by clicking on the Add Linear but-

. Add a quadratic line by clicking on the Add Quadratic button and
enter the following data:

. Add two more lines with following data, and then click the Build
Selected icon g -

1 01
20

-1.05
-1.05

See Figure 4.70.

. Right-click on the Geometry node in the Model Builder window and

select Bezier Polygon. In the Bezier Polygon window, click on Add
Linear to create three line segments with following data:

]
10
2 01

z

06
06

101
20

06

0.2

E z
10 02
20 06

Click on the Build Selected icon ¢ to create the triangle. To remove
the triangular shape, click anywhere in the Graphics window and press
the CTRL+A keys. The geometry will change to a red color. Click on
the Difference icon (&1 located in the toolbar. See Figure 4.71.
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FIGURE 4.70 Geometry and line segments coordinates for the nozzle.
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FIGURE 4.71 Geometry cross-section with the cut.
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11. Add a fillet to the sharp corner of the triangular cut. Right-click on
the Geometry node in the Model Builder and select Fillet. The Fillet
window will open. In this window, add the vertex of the sharp corner of
the triangle (click on the vertex and then right-click) to the list under
vertices to fillet. For Radius enter 0.03 (unit should read m) and click
Build Selected icon g . At this point the geometry of the nozzle cross-
section is complete, as shown in F igure 4.72.

12. To add material, right-click on the Materials node in the Model
Builder and select Open Material Browser. In the Material Browser
window, expand Liquid and Gases>Liquids and select Water from the
list by right-clicking on it and selecting Add Material to Model. The
properties of water are given as functions of its temperature as shown
under Material Contents section (expand this section if needed), as
shown in Figure 4.73.

13. This model is for an isothermal flow in the nozzle, but for calculating
the properties of water the value of temperature is required. Right-
click on the Global Definitions in the Model Builder window and
select Parameters. In the Parameters window, add the data as shown
in Figure 4.74 (alternatively, the value of temperature can be added in
the Model Inputs section). Click on the Fluid Properties node to open
the Fluid Properties window. We also add water speed at the inlet as
a parameter.
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FIGURE 4.72 Geometry cross-section with the cut and fillets.
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FIGURE 4.73 Material properties for nozzle.
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FIGURE 4.74 Parameters data entry.
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14. To define the boundary conditions, right-click on the Laminar Flow
(spf) node in the Model Builder window and select Inlet. In the Inlet
window, add the edge at the top of geometry (z= 1) and right-click. In
the Velocity section, enter Vin for U, (make sure that Normal inflow
velocity is checked). This will assign the water velocity to the value set
in the Parameters (Vin) entering into the nozzle from the top. Simi-
larly, add Outlet boundary condition at the exit (the bottom edge) and
set the Pressure value P equal to 0. Double-check the Axial Symmetry
1 (automatically created) to have the vertical edges at r = 0 as axis of
symmetry. See Figure 4.75.

15. To create a mesh, click on the Mesh 1 node in the Model Builder win-
dow. In the Mesh window under Sequence type, select User-controlled
mesh. Click on the Size node under Mesh 1 in the Model Builder
window, and in the Size window select Extremely coarse from the Pre-
defined list. Expand the list under Element Size Parameters to see the
specifications of created mesh. See Figure 4.76.

16. To set up a parametric study based on inlet velocity, right-click on the
Study 1 node and select Parametric Sweep. In the Parametric Sweep
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FIGURE 4.75 Inlet boundary condition data.
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FIGURE 4.76 Mesh data and the final mesh.

window under the Sweep type table, click on the plus sign 4= and open
the list under Parameter names that appears in the table. From the

list select Vin (inlet velocity) and type 0.5, 1, 3, 5 for Parameter value
list, as shown in Figure 4.77. This sets the value of inlet velocity for a
sequence of runs for the model.

17. To run the model, right-click on Study 1 node in the Model Builder
window and select Compute =.

18. To show the results in 3D (recall that this model is axisymmetric),
right-click on Velocity 3D (spf) node and select Surface. Repeat this
operation and select Contour. Click on Contour 1 node and in the
Contour window type p for the Expression. Click on the Plot icon i
The velocity mapped by pressure contours will appear in the Graphics
window. To see these values for different input velocity values, sim-
ply click on Velocity 3D (spf) node, and in the corresponding window
select the desired value for Parameter value (Vin), under the Data
section. Results for Vin=5 m/s are shown in Figure 4.78.
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Sweep type: .Specified combinations "

Parameter names Parameter value list
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» Output While Solving

» Study Extensions

FIGURE 4.77 Parametric Sweep values for values of inlet velocity.
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FIGURE 4.78 Results for surface velocity in the nozzle for inlet velocity of 5 m/s.
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Example 4.8: Swirl Flow Around a Rotating Disk: Laminar Flow

In this example, we rebuild in COMSOL version 4.3 a model from the
COMSOL Model Library (CFD_Module/Single-Phase_Tutorials/rotating_disk.)?
This model is a 3D flow in an axisymmetric geometry. We use this model as
another example to demonstrate how to model a turbulence flow.

Flow around a rotating disk happens in many industrial processes and
mechanical machines, such as high-speed fly wheels for energy storage and
mixers. Calculation of stress field in the fluid and consequently on the rotat-
ing disk itself is required for design of the system for both low-speed and
high-angular velocities cases.

The 3D geometry of the container and rotating disk is shown schemati-
cally in Figure 4.79. When the disk rotates, the flow in the tank will eventu-
ally reach a steady-state. Since the geometry is axisymmetric, we use a 2D
axisymmetric model. However, the flow is three-dimensional and the fluid
velocity vector has components in radial, rotational, and axial directions.
The 2D axisymmetric geometry is also shown in Figure 4.79.

FIGURE 4.79 3D and 2D axisymmetric geometries for flow around a rotating disk.

> Model made using COMSOL Multiphysics® and is provided courtesy of COMSOL.
COMSOL materials are provided “as is” without any representations or warranties
of any kind including, but not limited to, any implied warranties of merchantability,
fitness for a particular purpose, or noninfringement.
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The governing equations are Navier-Stokes equations. The momentum
transfer equations for a stationary, axisymmetric flow are written as:

(u%_ﬁﬂu%ﬂﬁ_ [lﬁ(r%)_i+52“
p@rr &ar'urar or r* o

ov uv ov l@ ov. v &%

1+F

r

plu - w@z> u [7’ or r6r> 2 azz] ¢
ow ow, Op 10, ow, 0w
—tw—)+—=u[——=—(r—)+—|+FE

plug )t =ul g g oz It E

where u is the radial velocity, v the rotational velocity, and w the axial
velocity, p viscosity, and p pressure. The body volumetric forces (F , F - F)
are all equal to zero in this model.

Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.8.

2. Select 2D axisymmetric from the list (in the Select Space Dimension
section) in the Model Wizard window and click =+ Next.

3. Inthe Add Physics window, open the list under Fluid Flow and select
Single-Phase Flow>Laminar Flow. Add this selection to the Selected
physics list by right-clicking (or click on the = ). Then clickon = to
go to the next step.

4. Inthe Select Study Type, click on Stationary and then click on ¥ Finish.

To define the disk angular velocity as a parameter, right-click on the
Global Definitions in the Model Builder window and select Param-
eters. In the Parameters window, add the data Name: omega and
Expression: 0.25*pi[rad/s], as shown in Figure 4.80.

=

Pi Parameters

m | » f

« Parameters

MName Expression Value Description

omega 0.25*pi[rad/s] 0.78540 rad/s  Disk angular velocity

FIGURE 4.80 Defined parameters.
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A F

Edge AB BH HG GC CDh DE EF FA
Length (m) | 0.014 | 0.008 | 0.003 | 0.007 | 0.023 | 0.019 | 0.04 | 0.02

FIGURE 4.81 Axisymmetric geometry and dimensions for flow around a rotating disk.

6. Draw the 2D cross-section geometry with the dimensions as shown in
Figure 4.81.

Right-click on the Geometry 1 node in the Model Builder window and
select Rectangle. In the Rectangle window (under the Size section), enter
0.02 for Width and 0.04 for Height. Under Position, select Corner for Base
and enter 0 for r and 0 for z. Right-click on the Geometry 1 node in the
Model Builder window and select Rectangle. In the Rectangle window
(under the Size section), enter 0.008 for Width and 0.003 for Height. Under
Position, select Corner for Base and enter 0 for r and 0.014 for z. Finally,
right-click on the Geometry 1 node in the Model Builder window and select
Rectangle. In the Rectangle window (under the Size section), enter 0.001
for Width and 0.023 for Height. Under Position, select Corner for Base and
enter 0 for r and 0.017 for z. Click at any point in the Graphics window,
press CTRLA+A to highlight the geometry, then click on the Difference icon
iz, in the toolbar. Results are shown in Figure 4.82.

7. To add materials to the model, right-click Materials (under Model 1 in
the Model Builder window) and select Material. The Material window
will open. In this window under the Material Contents section, enter
the data for density and dynamic viscosity, as shown in Figure 4.83.
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FIGURE 4.82 Axisymmetric geometry and dimensions.
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FIGURE 4.83 Material window showing fluid properties.
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8. To define the details of the model physics and boundary conditions,
click on the Laminar Flow in the Model Builder window. Expand the
Physical Model section and select Incompressible flow from the list
under Compressibility. Also check the box for Swirl flow, as shown in
Figure 4.84.

9. Next we define the order of polynomial functions used for finite ele-
ments for velocity and pressure. The default is linear functions (P1 +
P1); in this model we use a second order polynomial for velocity and a
linear one for pressure (P2 + P1). This combination is recommended
for Stokes and swirl flows (See Chapter 2 and the COMSOL Manual
for The Laminar Flow Interface-Discretization). Click on the Show
icon 's located in the toolbar of Model Builder window and select
Discretization. Then click on the Laminar Flow 1(spf), and in the
Laminar Flow window select P2 + P1 from the list under Discretiza-
tion of fluids, as shown in Figure 4.85.

Laminar Flow

= Interface Identificr
I[dentifier:  spf
Domain Selection

Selection: | All domains |

1 %, o4

» Equation
~ Physical Model
Cempressibility:
Incompressible flow -
Turbulence medel type:
Hene -
o | Sawirl flow

Meglect inertial terrm (Stokes flow)

b Discretization

b Dependent Variables e

FIGURE 4.84 Laminar flow window showing fluid physics set up for swirling flow.
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#\ Geometry1 f .
4 HE Materials o
45 Material 1 imatl) r
Laminar Flow (spf)
£ Meshl
'-.:" Shudyl ¢ Equation
2 153 Results
i Data Sets * Physical Model
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W Pressure (spf) =
I8 Velocity, 3D (spf) Value types when using splitting of complex variables [
& Export o
BE] Reports ependent variable Value type
Velocity field Real -
Pressure Real -
Turbulent kinetic energy Real -
Turbulent dissipation rate Real -
Specific dissipation rate Real -
Reciprocal wall distance Real -
Corrected velocity field Real -
Corrected pressure Real -
Undamped turbulent kinematic viscosity  Real -

FIGURE 4.85 Laminar flow window showing discretization scheme setup.

Right-click on the Laminar Flow node and select Wall. The Wall win-
dow will open. In this window, select and add the boundaries (3, 4, 5, 7)
related to the shaft and disk by clicking on these boundaries (one-by-one)
and clicking on the plus icon . In the same window under Boundary
Condition, select Sliding wall from the list and type omega®r for V . This
will set the rotational velocity of the disk as the boundary value for the fluid.
See Figure 4.86.

For the boundary at the top surface of the fluid, we use symmetry
boundary condition to allow for radial and rotational velocities and elimi-
nate the velocity in the z-direction. Right-click on Laminar Flow (spf) node
and select Symmetry from the list. In the Symmetry window, add the edge
on the top (which reps the free-surface, edge #6) to the Selection by click-
ing on it in the Graphics window, and then right-click. To see the equations
for this boundary condition, expand the Equation section.
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FIGURE 4.86 Wall window showing sliding wall boundary conditions set up.

Finally, we should set a reference point for the pressure since there
is no output or exit point for the fluid. Right-click on the Laminar-Flow
(spf) node and select Point>Pressure Point Constraint. In the correspond-
ing window, add vertex at the top right corner of the geometry (#8) to the
list by clicking on the vertex, and then right-click.

The boundary conditions applied to this model are listed in Figure 4.87.

Edge AB BH HG GC CD DE EF FA

Boundary Axial | Sliding | Sliding | Sliding | Sliding | Symmetry | No- | No-
conditions | symmetry | wall wall wall wall slip slip
wall | wall

FIGURE 4.87 Boundary conditions applied to the walls of the rotating disc.



112 « COMSOLFOR ENGINEERS

10. To run the model for a series of values of disk angular velocities
omega, expand the Study 1 node in the Model Builder window
and click on Step 1: Stationary. In the Stationary window, locate the
Study Extensions section and expand it. Check the Continuation box
and click on the plus icon =F. From the list, which appears under
Continuation parameter, select omega (Disk angular velocity) and type
0.25%pi, 0.5"pi, 2*pi, 4*pi under the Parameter value list, as shown

in Figure 4.88.
11.

Run the model by right-clicking on the Study 1 node and selecting

Compute = . After calculations are finished, the default result will

appear in the Graphics window.

12

To manipulate the results, click on Velocity (spf) and in the 2D Plot

Group select 0.785398 from the list for Parameter value (omega), then
click the Plot icon »#. Add the streamlines to the 2D plot for velocity.
Right-click on Velocity (spf) and select Streamline. In the Streamline

window, set the expressions as shown in Figure 4.89, then click Plot.

The model results for four values of omega are shown in Figure 4.90.

7~ Stationary

* Study Settings

» Results While Solving
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Modify physics tree and variables for study step
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Physics Solve...
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‘ fii ’
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Sweep type: |Specwfied combinations -

Continuation parameter  Parameter value list
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FIGURE 4.88 Stationary window showing parameter

values set up for disk.

FIGURE 4.89 Stationary window showing param-

eter values set up for disk.
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13. To see the 3D axisymmetric results, right-click on the Results node
and select 3D Plot Group. The new Velocity, 3D (spf) will be created.
Right-click on it and select Surface. In the Surface window, change the
Unit to mm/s and click Plot =#. Click on Contour 1 and deselect the
Color legend box, located under Coloring and Style. Zoom on the disk
location to see the details. Results are shown in Figure 4.91.
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FIGURE 4.90 Results for 2D surface velocity for different values of omega.
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FIGURE 4.91 Results for 3D surface fluid velocity for a value of omega = 4m.

Example 4.9: Swirl Flow Around a Rotating Disk: Turbulent Flow
This example is an extension of Example 4.8 with turbulent flow model-
ing. For high values of the angular velocity of the rotating disk, we may have
to consider turbulence flow. The value of the Reynolds number will be cal-
culated to determine the state of the flow regime. We define the Reynolds

2

number as R, = > where Q is disk angular velocity, r is disk radius, and v

is fluid kinematicvviscosity. COMSOL provides us with several turbulence
models. For this example we use k-& model, which is a RANS (Reynolds
Averaged Navier Stokes equations) type model. The general approach in
RANS is to assume decomposition of fluid velocity into a statistical average,
such as the mean velocity, and a deviation from the mean. When govern-
ing N-S equations are averaged, the resulting equations contain additional
stresses that are due to turbulence strains on the flow. These additional
turbulence tresses are called Reynolds stresses and require extra equa-
tions for their solutions. One approach is to calculate the turbulence kinetic
energy k and its dissipation rate & (hence k- model) as additional equa-
tions. Turbulence modeling is still an R&D subject and advanced modeling
techniques are still being investigated and validated. Interested readers are
referred to text books (see Reference 4.5) and scientific journals for further
study on this subject.
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Solution

1. Launch COMSOL and open the Example 4.8 file. Save it as Example 4.9.

2. Click on the Show icon in the Model Builder toolbar and select
Advanced Physics Options, as shown in Figure 4.92.

3. Click on the Laminar Flow (spf) node. In the Laminar Flow window,
in the Physical Model section locate Turbulence model type and select
RANS. From the list under Turbulence model select k — ¢ (it is rec-
ommended to expand the Equation section and study the equations
listed). Expand the Advanced Settings section and select the box for
Use pseudo time stepping for stationary equation form, as shown in
Figure 4.93. This is a common method in modeling; setting a pseudo
time stepping for stationary flow models helps stability and conver-
gence of the solution, especially for complex flows such as this one.

4. To build a mesh for the geometry, click on the Mesh 1 node in the
Model Builder window. The Mesh window will open. In this window,
select Fine from the list under Element size and click Build All §.

A total of 11,466 elements will be built, as displayed in the Messages
window. Use Zoom Box to see the boundary elements adjacent to solid
walls, as shown in Figure 4.94.

]

r Model Builder
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= Globa hitions
4 L Medel 1 fmodl)
= Definitions
#\ Geometry1
&8 Materials
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.1 Results

‘ i b

FIGURE 4.92 Model Builder window showing Advanced physics options setup.
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FIGURE 4.93 Laminar flow window showing k-¢ turbulence model setup.
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FIGURE 4.94 Graphics window showing details of finite elements mesh.
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5. To set the values for omega, click on Stepl: Stationary under the Study
1 node in the Model Builder. The Stationary window will open. In this
window, expand the Study Extensions section and in the table enter
the following data for omega:

Continuation parameter Pararmeter value list

omega (Disk angular velocity) range(100%pi, 200%p1,500%pi)
Omega values are then set to start from 100m to 500n with the step of 200.

6. To run the model, right-click on the Study 1 node and select Compute
= . Wait until the calculations are done. The default results should
appear in the Graphics window, usually as 2D plots.

7. Reynolds stresses or turbulence viscous effects on the fluid are quanti-
ties of interest in a turbulent flow. To show this, right-click on Velocity
(spf) and select Duplicate. The 2D Plot Group window will open. In
this window, select 1570.796327 (the value for 5007) from the list for
Parameter value (omega). Then expand the Velocity (spf) 1 node in the
Model Builder window and click on Surface 1. In the Surface window,
click the Replace Expression icon % - and select Turbulent Flow, k — & >
Turbulent dynamic viscosity (spf.muT) from the list. Also in this window;,
expand the Coloring and Style section and check the Color legend box.
Finally, click on Plot =#. The results, as shown in Figure 4.95, display

b Graphics
: Pl da~| W

omegal3)=1570.796327
Surface: Turbulent dynamic viscosity (Pats)
Streamline: Velocity field

=
| 403674

' L
0 0,005 0.0l 0015 0.02 ¥ 45346x107°

FIGURE 4.95 Results for turbulent dynamic viscosity and surface velocity for omega = 500m.
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Q (Rad/s) u (Pa.s) uo, (Pas) Re Ho /u
1007 0.001 0.0765 2.0106E4 76.5
3007 0.001 0.223 6.0319E4 223
5007 0.001 0.3674 1.005E5 367.4

TABLE 4.2 Turbulent dynamic viscosity and flow Reynolds number.

turbulent dynamic viscosity mapped with streamlines for disk angular
velocity of 500m. The value of turbulence dynamic viscosity ranges from

0.0765 to 0.3674 Pa.s. Comparing this to the fluid dynamic viscosity le-3

shows the importance of turbulence viscous effects when flow becomes

turbulent (see Table 4.2).

8. Itis useful to calculate the Reynolds number for different values of
disk angular velocity as well as the Cell Reynolds number. We defined

the Reynolds number is calculated for fluid kinematic viscosity (91E-6)

and ris 0.008 m. Table 4.2 summarizes these results.

Example 4.10: Flow in a U-shape Pipe with Square Cross-sectional
Area: Laminar Flow

In this example, we model the flow in a pipe or duct with square cross-
sectional area. Calculations for flow, mainly velocity and pressure, in pipes
are needed in many engineering applications like ventilation and air con-
ditioning ducts. Semi-empirical formulae are available and commonly used
for these types of calculations. For noncircular pipes, usually engineers cal-
culate the equivalent hydraulic diameter and use the circular pipe formula-

. . . . 4A .
tions. For reference, hydraulic diameter is defined as D, = - where A is

the area of pipe cross-section and P is the (wetted) perimeter. COMSOL
4.3 has a new module for pipe network calculations and modeling that
assumes 1D flow in the pipes and is a useful tool for modeling pipe net-
works. However, sometimes detailed 3D flow modeling is needed for engi-

neering and industrial applications.

Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.10.

2. Select 3D from the list in the Model Wizard window and click Next
= . In the same window from the Add Physics list, expand the list for
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Fluid Flow and select Laminar Flow (spf), Fluid Flow>Single-Phase
Flow>Laminar Flow (spf). Click on the plus sign 4 to add it to the
Selected physics list. Click on Next =* and select Stationary from the
list under Select Study Type. Click on the flag icon to Finish # .

Now we draw the geometry of the pipe in COMSOL. You can also
draw it using a CAD package and import it into this model. In the
Geometry window, change the Length unit to mm by selecting it from
the list. Right-click on the Geometry node in the Model Builder win-
dow and select Work Plane from the list. Click on the Plane Geometry
node, which is created under Work Plane 1 (wpl) node in the Model
Builder window. See Figure 4.96.

"fT Model Builder
& o E'T EtE
4 V3 Untitled.mph (root)
£ Global Definitions
4 \) Modell (mod1)
» = Definitions
4 Y\ Geometryl
4 [ Work Plane 1 (wp1)
A\ Plane Geometry
b View 2
¥4 Form Union (fin)
i Materials
i == Laminar Flow (spf)
€28 Mesh1
4 28 Studyl
|7 Step 1: Stationary
p {51 Results

FIGURE 4.96 Model Builder window showing work plane setup.



120 ¢« COMSOLFOR ENGINEERS

4. In the Graphics window, clicking on the square icon [7] in the main
toolbar and draw a square. In the Model Builder, expand the list
under Plane Geometry and click on the Square 1 (sq1) node. The
Square window will open. In this window, change the data as shown
in Figure 4.97, and then click the Build Selected icon ¢ . The square
with the given size and corner coordinates will appear in the Graphics
window. In this window, click the Zoom Extents icon k) to adjust.

5. Now we extrude this square to build the pipe geometry. Right-click on
the Work Plane 1 (wpl) node in the Model Builder Window and select
Extrude from the list. The Extrude window will open. Locate Distance
from the Plane and type 200 in the space under Distance. This will
set the length of the pipe. Click the Build Selected icon ¢ . Click the
Zoom Extents icon 3 to adjust. See Figure 4.98.

6. Create another work plane on the top surface of the pipe. Right-click on
the Geometry node in the Model Builder window and select Work Plane
from the list. Click on the Work Plane 2(wp2) node in the Model Builder
window. In the Work Plane window, change the Plane type and Origin as
shown in Figure 4.99, and then click the Build Selected icon ¢ .

Square

o Build Selected || Build Al 2 g
= Dhaject Typae
Type: | Solid -
= Lire
Side length: S0 i
= Positicsn
Base: | Corner -
W o rmrm
Y o e
= Rotaticn MAregle
Rotatiamn: O deg

* Layers

FIGURE 4.97 Square geometry set up.
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FIGURE 4.98 Windows showing Extrude set up and resulting geometry.
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FIGURE 4.99 Work Plane setup.
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7. Click on the Plane Geometry node, which is created under Work
Plane 1 (wpl) node in the Model Builder window. Draw a square in
the Graphics window by following steps similar to those described in
Step 4 above.

8. To build the bend, right-click on Work Plane 2 (wp2) and select
Revolve from the list. The Revolve window will open. In this window,
locate the Revolution Angles and Revolution Axis sections, input the
data as shown in Figure 4.100, and then click the Build Selected
icon g .

9. To build the last part of the pipe, right-click on the Geometry 1 node
in the Model Builder window and select Transforms>Copy. The Copy
window will open. In this window, add the straight section of the pipe
(which was built previously) to the Input objects list by clicking on it in
the Graphics window and then right-click. In the Displacement, enter
70 for x and click on the Build Selected icon ¢ . See Figure 4.101.

|i-'..i
% .! Revolve
7] Build Selected .| Build All |:

~ General a

Revolve from: ‘;'\l'olk pllam: - b Graphics

Werk plane: WPZI = | Sl Al SR D‘ -

Input objects: F‘ L

| Build Preceding State

+| Unite with input objects

= Revolution Angles

Type of specification: i.ﬂmgles =

Start angle: 0 deg

End angle: 180 deg

= Revolution Axis

Axis type: | 2D *

Paint on the revolution axis
Wz 60 mm I
ywi 0 mm |
Direction of revalution axis {
AT 0 z !
_ v L’“ 0 100
yos 1 40 ‘-\ /SD
20
b Polygon Resolution of Edges - o0

FIGURE 4.100 Windows showing work plane setup for the pipe bend.
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FIGURE 4.101 Windows showing Copy geometry setup for the pipe.

10. We now add materials to the pipe domain. Right-click on the
Materials node in the Model Builder window and select Open Material
Browser from the list. In the corresponding window, locate Liquids
and Gases>Gases>Air. Right-click on Air and select Add Material

to Model.

11. For the air flow we define a parameter as Vmax to be the maximum
velocity at the entrance to the pipe. Right-click on the Global Defini-
tions node in the Model Builder and select Parameters. In the corre-
sponding window, type the data Name: Vmax, Expression: 1[m/s], and
Description: Inlet max. velocity.
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12. We now define the boundary conditions at the pipe inlet and outlet.

13.

14.

The no-slip boundary condition is set by default for other pipe walls.

12.1 For defining the boundary condition at the inlet, right-click on
the Laminar Flow (spf) node in the Model Builder and select
Inlet from the list. In the Inlet window, add one of the end sur-
faces (3) of the pipe to the Selection, click on the surface in the
Graphics window, and right-click again. It is optional but useful to
expand the Equation section, which shows the governing equa-
tions for the type of boundary conditions selected. Here we select
Laminar inflow from the list in the Boundary Condition. Select
Average velocity and enter 0.5*Vmax. For the Entrance Length,
enter 20 for L . Also, check the box for Constrain outer edges
to zero. This will force the laminar velocity profile to go to zero at
the edges of the pipe inlet. A technical point should be mentioned
here. COMSOL uses the value of L, to calculate a fully devel-
oped velocity outside the domain of the model, as if you have
added an extension to the entrance. This is a very useful feature
in COMSOL. The value of L, should be larger than 0.06ReD
(see COMSOL Manual), where Re is the Reynolds number and
D is the pipe hydraulic diameter. For our model, we have (0.06)
(10%3)(0.05) = 10 m, when Vmax = 1 m/s, air kinematic viscosity
is 1.5x 107, and D = 0.05 m. For fully developed flow it can be
shown that maximum velocity is 1.5 times the average velocity.
See Figure 4.102.

12.2 For defining outlet condition, right-click on the Laminar Flow
(spf) node and select Outlet. In the corresponding window, add
the outlet surface (17) of the pipe to the Selection list.

Build a mesh by clicking on the Mesh node in the Model Builder win-
dow, and then select Coarser for the Element size in the Mesh win-
dow. Make sure that Sequence type is set to Physics-controlled mesh.
Click the Build All icon. A total of 32,557 finite elements will be built.
Results are shown in Figure 4.103.

Notice the hybrid mesh types, which include boundary-layer hexagonal
and tetragonal elements for the internal flow region.

Next, we add a parametric study based on Vmax. Right-click on the
Studyl node in the Model Builder window and select Parameter

Sweep. In the corresponding window;, locate the Study settings and
click on the plus sign &k to add the existing parameter Vmax to the



COMSOL MODELS FOR PHysicaL SysTems 125

= Inlet

+ Override and Contribution
= Equation
Show equation assuming:

| Study 1, Stationary -

* Boundary Condition
Boundary condition:

Laminar inflow |

* Laminar Inflow
@ Average velocity
Flow rate
Entrance pressure

Average velocity: !

Vs 05 Vmax mis

Entrance length:

Lener 20 m

| Constrain outer edges to zero

Fl (i

FIGURE 4.102 Inlet boundary condition setup.
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FIGURE 4.103 Windows showing finite elements mesh.
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list in the table. Enter 0.5, 1, 1.5 for the Parameter value list, as shown
in Figure 4.104. Notice that these values should satisfy the criteria
L >0.06ReD.

entr

15. Run the model, right-click on the Study 1 node in the Model Builder
window, and select Compute = . Alternatively, the equal icon = in
the main toolbar can be clicked. Wait until computations are finished.

16. To manipulate the default results, expand the Velocity (spf) node and
click on Slice 1. In the corresponding window, locate Plane Data and
select xy-planes from the list. Click the Ploticon .4. See Figure 4.105.
The results will show the air velocity magnitudes for the Vmax = 1.5
m/s. Notice the effect of the bend on the flow, especially through the
downstream section of the pipe, as shown in Figure 4.106.

To study the results, it would be useful to use 1 plane in the Interactive
mode. Enter 1 for Planes and check the box for Interactive. By sliding the
slider nub, the plane will move through the pipe domain while showing the
modeling results for velocity magnitude.

o
i Parametric Sweep
L
= Study Settings :
Sweep type: | Specified combinations -
Parameter names Parameter value list

Wrmax (Inlet max. velocty) 051,15

FIGURE 4.104 Parametric values for inlet velocity.
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FIGURE 4.105 Plot setting for flow velocity magnitude inside the pipe.
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FIGURE 4.106 Flow velocity along the pipe cross-sections.
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Next Page

17. To show the results through the bend we create a Selection out of

the domain and the Results, which is limited to the volume inside the
pipe bend. Expand the Data Sets node in the Model Builder window,
right-click on the Solution 1, and select Add Selection. Click on the
newly created Selection node and in the corresponding window select
Domain from the list for Geometric entity level. Click on the domain
that represents the bend (i.e., domain 2) in the Graphics window and
then right-click to add it to the Selection list. See Figure 4.107.

Now click on the Slice 1 under Velocity (spf) node and in the corre-
sponding window under Plane Data change the Plane to yz-planes. The
velocity magnitude will be displayed in the bend domain only, as shown in

Figure 4.108.

18. To show the results for other values of Vmax, click on Velocity (spf)
node in the Model Builder. In the corresponding window;, locate the
Data section and select the desired Parameter value (Vmax). These
values are the same as those set for these parameters.

[}

bllﬂ Selection

Geometric Entity Selection
Geometric entity level:  Demain

Selection: Manual

2

+ Propagate to lower dimensions

! Graphics

X ®
dhew Iy 1

C iz

@

[ | G& ¢
&

c) 5
=

B [

FIGURE 4.107 Windows showing Domain selection as the pipe bend.
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FIGURE 4.108 Flow velocity along the pipe bend cross-sections.

Example 4.11: Double-driven Cavity Flow: Moving Boundary
Conditions
Driven cavity is a classic example of flow in a square shape geometry

(2D) in which one of the square’s side is a moving wall with a constant
speed. Double-driven cavity is a version of this problem with two partially
merged domains or squares and two walls moving in opposite directions
(see Reference 4.6). In this example, we use COMSOL to find the solution
for double-driven cavity. Cavity flow situations can happen in nature, such
as in estuaries, and in industrial flows, such as mixing tanks.
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Solution

-—
.

Launch COMSOL and open a New file. Save the file as Example 4.11.
2. Select 2D in the Model Wizard window and click Next == .

3. Inthe Add Physics section, select Fluid Flow>Single-Phase
Flow>Laminar Flow (spf) and click on 4k to add it to the Selected
Physics list. Click =* to move to the next step.

4. Select Stationary from the list under Study and click the flag icon # to
Finish.

5. We will draw the geometry of the double-lid driven cavity. In the
Geometry window, change the Length unit to em. Next, we define
parameters for size of the length of the cavity and speed of its lids.
Right-click on the Global Definitions and select Parameters. In the
Parameters window, enter the data as shown in Figure 4.109.

is the lid

(v
absolute speed, [ is the cavity size, and v is the kinematic viscosity of

the fluid inside the cavity.

The Reynolds number is defined as Re = M, where V.

6. Right-click on the Geometry node in the Model Builder window and
Select Square from the list. In the Square window, enter L for the Side
length under Size section, and then click the Build Selected icon . A
square with size L will appear in the Graphics window. Draw another
square by right-clicking again on the Geometry node in the Model
Builder and selecting Square. In the corresponding window, enter L
for the Side length and 0.4*L for both x and y under Position. Click ¢ .
To adjust the window, click on 1£¥ located in the toolbar of the Graphics
window. Results are shown in Figure 4.110.

¥i Parameters

~ Parameters

MName Expression Value Description
L 40[em] 0.40000 m cavity size
Re 50 50.000 Reynolds number

FIGURE 4.109 Parameters setting.
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FIGURE 4.110 Double-cavity geometry set up.

7.

8.

To define a material for the fluid, right-click on Materials and select
Open Material Browser from the list. In the corresponding window,
click and select Liquid and Gases>Liquids>Water. Click on the =F and
Add Material to Model. Water will be assigned to the whole domain of
cavity space automatically. Notice the check marks that appear in the
Material window under Material contents for Dynamic Viscosity and
Density properties. Also notice that these quantities will be calculated
for a given temperature from the database. See Figure 4.111.

We define the boundary conditions now. Right-click on the Laminar
Flow (spf) node in the Model Builder window and select Wall from

the list. A Wall 2 node will appear in the model tree. Right-click Wall
2, select Rename from the list, and change the name to Upper_Lid.
Repeat this last operation to create another wall and rename it to
Lower_Lid. Click on the Upper_Lid node in the Model Builder, and
then click on the upper edge of the cavity in the Graphics window. Add
this edge to the Selection by clicking on the 4F. Boundary number 8
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FIGURE 4.111 Adding water properties to the model.

should appear in the Selection list in the Wall window. In the same
window, select Moving wall from the list under Boundary condition
and enter (Rexspf.mu)/(Lx spf.rho) for x. This expression defines the
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speed of the upper lid, as shown in Figure 4.112.

Similarly, for Lower_Lid (i.e., boundary number 2) define the speed
as (Rexspf.mu)/(Lxspf.rho). The reaming walls are defined as no-slip by
default; no operations are needed to define them. We should define a point
for pressure reference since the flow inside the cavity is a closed one. Right-
click on Laminar Flow (spf) and select Points>Pressure Point Constraint.
In the corresponding window, click on point 7 in the cavity geometry and

20

30

40

50

add it to the list of Selections by right-clicking. See Figure 4.113.

9. For complex flow models like this example, it is recommended to
define a few other features to enhance the convergence of the solu-
tion. To show the advanced physics options, click on the Show icon

*% in the toolbar of the Model Builder window and select Advanced

€

Physics Options. Then click on the Laminar Flow (spf) node and in the
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FIGURE 4.112 Wall velocity boundary condition setup.
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FIGURE 4.113 Pressure reference point boundary condition setup.
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corresponding window locate Advanced Settings section and expand

it. Check the box for Use pseudo time stepping for stationary equation
form. Also in this window, select Incompressible flow from the list
under Compressibility in the Physical Model section. See Figure 4.114.

10. To build a mesh, click on the Mesh in the Model Builder window. In
the Mesh window, accept all default values and click on the Build All
icon 1. A mesh consisting of 1252 elements will be built inside the
flow domain. To obtain the mesh statistics and quality, right-click on
Mesh 1 and select Statistics. See Figure 4.115.

E

Laminar Flow

= Interface Identifier
Identifier: spf
Domain Selection

Selection: | All domains

1 %, o

2 - |

3 o
8|

» Equation -

= Physical Model

Compressibility:

| Incompressible flow
Turbulence medel type:

f
Mone

Meglect inertial term (Stokes flow)
Use shallow channel spproximation
* Advanced Settings

¥ Use pseude time stepping for staticnary equation forr

CFL number expressicn:

Fl [} ¥

FIGURE 4.114 Laminar flow physics and pseudo time stepping setup.
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FIGURE 4.115 Finite elements mesh and statistics.

11. To run the model, right-click on the Study 1 node in the Model Builder
window and select Compute = . Wait for the computations to finish.

The default results will appear in the Graphics window, as shown in
Figure 4.116.

12. To distinguish the solution, we rename it. Expand Data Sets, located
under Results node, and rename Solution 1 to SolutionRe50, to
indicate that these are the solutions for Re equal to 50. Also, by default
the inner boundaries are shown in the surface plots. To eliminate these
inner boundaries, right-click on the SolutionRe50 node and select
Add Selection. The Selection window will open. In this window, select
Boundary from the list for Geometric entity level. From the Selection
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FIGURE 4.116 Default results for flow velocity in double cavity.

13.

list, choose All boundaries. Click on the four inner boundaries, one by
one, and then click on the minus icon to eliminate them from the list.
Click on the Velocity (spf) to see the results, which now do not show
the inner boundaries. See Figure 4.117.

To analyze the effect of mesh resolution on the results, we create
another mesh with higher resolution. Rename the Mesh 1 to Mesh-
Normal. Right-click on the MeshNormal node in the Model Builder
window and select Duplicate from the list. A new Mesh node will be
created in the model tree; rename it to MeshFiner. In the correspond-
ing Mesh window, select Finer for the Element size and click the Build
Allicon f{ . A total of 5810 finite elements will be created. Now we
have two mesh sets, which can be shown in the Graphics window when
clicking on MeshNormal or MeshFiner nodes. See Figure 4.118.
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FIGURE 4.118 Model Builder window showing mesh options setup.

14. Expand Results and right-click Data Sets>Solution to add a new Solu-

1S.

tion 2 as data subset. Rename Solution 1 as SolutionMeshNormal
and Solution 2 to SolutionMeshFiner. To run the model using the
finer mesh, click on the Step 1: Stationary node, located in Study 1
in the model Builder Window. In the corresponding window, expand
the Mesh Selection section and select MeshFiner from the list under
Mesh. Right-click on the Study 1 node and select Compute. Wait for
computations to finish. See Figure 4.119.

Now we have solutions with normal mesh stored in SolutionMesh-
Normal and those for finer mesh in SolutionMeshFiner. We create
another Data set that stores the difference between these two solu-
tions. Right-click on Data Sets and select Join from the list. Click on
the newly created node Join 1. In the corresponding window, select
SolutionMeshNormal from the list for Data 1, select SolutionMesh-
Finer for Data 2, and then select Difference for Combination Method.
See Figure 4.120.

16. We create a new plot group to graph the results stored in Join 1.

Right-click on the Results node and select 2D Plot Group. A new
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FIGURE 4.119 Finite elements mesh for MeshFiner option.

2 Join
~# Plot @
« Datal

Data: lSnIutionMeshNnrmaI VI D

Solutions: IAIL TJ
w Data 2

Data: [SolutionMﬁhFiner VI M|

Sclutions: I All = i

w Combination

Method: lDiffe:ence v%

FIGURE 4.120 Combination option Difference set up for two solutions.



140 « COMSOLFOR ENGINEERS

plot group will appear as 2D Plot Group 3; right-click on it and select
Surface. The Surface window will appear; in this window under Data,
select Join 1 for Data set. Also expand Coloring and Style and change
the options as shown in Figure 4.121. Click on Plot to plot the results.
The difference between the two solutions is very small and negligible.

17. Next, we run the model for several values of Reynolds number. We
use MeshNormal for these calculations. Disable SolutionMeshFiner
and Join 1 by right-clicking on them and selecting Disable from the
list. Click on the Step 1: Stationary node in the Model Builder window.
Locate Mesh Selection and select MeshNormal under Mesh list.
Expand Study Extensions and check the box for Continuation. Click on
the plusicon 4 and from the list of parameters under Continuation
parameter, select Re (Reynolds number). For its values enter 50, 100,
400, 1000 in the space under the Parameter value list, as shown in
Figure 4.122.

18. Right-click on the Velocity node in the Model Builder and select
Contour. In the Contour window, type u in the space available under
Expression. To draw the contours for a different Re, click on Velocity

(spf) and select a value for the Parameter value (Re). The results for
Re =50, 100, 400, 1000 are shown in Figure 4.123.

FIGURE 4.121 Join1 setup for resulting flow velocity.
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Example 4.12: Water Hammer Model: Transient Flow Analysis

Water hammer is a phenomenon that occurs as a result of a sudden pres-
sure change or pressure pulse, usually in pipelines that conduct water, but
it can also occur in steam or multiphase fluids conduits. For this example,
we consider water as the fluid moving in pipes. The pressure pulse could
be the result of sudden closure of a valve or some other changes in the
fluids that result in a pressure wave propagation. The pressure pulse cre-
ates a pressure wave that propagates through water and the pipe material.
For many applications, water can be considered an incompressible fluid;
for water hammer, water compressibility should be considered for a more
exact solution to the problem. Deformation of the pipe material affects the
pressure wave propagation and should be considered as well. Water ham-
mer governing equations can be derived from Navier-Stokes equations for
compressible fluids (see Reference 4.7). The speed of pressure wave propa-
gation is much larger than average water velocity and a 1D mathematical
model is usually used for modeling:

g6H+a_V_
¢ ot oOx

0

ov oH rt,nD
—+g—+—"+—=0
o “ox  pA

where H is piezometric head, ¢ pressure wave speed, V average fluid
velocity, 7, wall shear stress, g gravitational acceleration, A pipe cross-
sectional area, and D diameter. In early cycles of water hammer and
for many cases in practice the wall shear stress can be neglected, which
simplifies the above equations, and pressure wave speed ¢ is given by the
following equation:

-0.5
oo (d_mﬁd_f\j
dP A dP

The first term in the bracket is the square of the inverse of speed of
sound in water c,_/dP /dp . This term represents the compressibility of the
liquid water. The second term in the bracket represents the effect of pipe
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material flexibility. Juokowsky’s relation (see Reference 4.7) for water ham-
mer could be derived from the 1D mathematical model equations as:

AP = +pcV

where AP is the change in pressure. COMSOL 4.3 has a water hammer
module that employs these equations. In this example, we use this module
to model and analyze the results of a water hammer in a pipe network as
shown in Figure 4.124, which has two measurement points designated as
B-gauge and E-gauge.

Solution

1. Launch COMSOL and open a New file. Save the file as Example 4.12.

2. Check the 3D button and click Next = . From the Add Physics list,
select Fluid Flow>Single-Phase Flow>Water Hammer (whtd) and
click the plus sign 4k to add this to the Selected physics list. Click Next

.
3. From the Selected Type list, select Time Dependent and click the Fin-
ish icon %4 .

4. To define the parameters, right-click on the Global Definitions and
select Parameters. In the Parameter window, enter the following data,
as shown in Figure 4.125.

B-gauge

F-valve

N7

b JAN

E-gauge

FIGURE 4.124 Geometry and components for a water network and storage.
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Pi Parameters =
@
« Parameters
Name Expression Value Description
Lac 10[m] 10.000 m Pipe length
Led 3[m] 3.0000 m Pipe length
Ldf 10[m] 10.000 m Pipe length
GaugeB 5[m] 5.0000 m Measurement point
Gaugek 12[m] 12.000 m Measurement point
R 8[in] 0.20320 m Pipe inner radius
w E[mm] 0.0080000 m Pipe wall thickness
E 210[GPa] 21000E11 P2 Pipe Youngs modulus
Qo 0.5[m*3/s] 0.50000 m*/s Initial flow rate
ul QO/(R"2"pi) 3.8545 m/s Initial velocity
g0 1[atm] 1.0133E5 Pa Initial pressure
L 10[m] 10.000 m max (Lac,Lcd, Ldf)
M 400 400.00 Mumber of elements/m...
dt 0.2*°L/MNA200[m/s]  4.1667E-6 s Time step
dx L/N 0.025000 m

FIGURE 4.125 Parameters for water hammer quantities and their values.

The Expression for parameter time step dt should be explained here.
Since the pressure surge is a sudden jump in pressure at a point, the mesh
size and the time step should be carefully selected to have a stable and
converged solution for the model. The pressure wave travels with velocity
c and it takes dt = dx/c seconds to travel through a distance dx, which is the
mesh size. For a given typical pipe length L with number of elements N, we
have dx = L/N. Then dt is equal to L/cN. However, we would like to have a
much smaller time step so the wave can be captured within a mesh size, say:

_0.2L
cN

dt

Speed of wave should be estimated, which is equal to 1200 m/s, here.

5. To draw the pipe network laying in the x-y plane, right-click on the
Geometry 1 node in the Model Builder window and select More
Primitives>Polygon. In the Polygon window, enter the following
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FIGURE 4.126 Values for building the pipeline geometry and results.

data in the Coordinates section and click Build All {]. The pipeline
geometry will appear in the Graphics window. Nodes at x =5 and 12
are measurement/gauge points. Results are shown in Figure 4.126.

6. To add material to the model, right-click on the Materials node in the
Model Builder and select Open Material Browser. In the Material
Browser window, select Liquid and Gases>Liquids>Water and add it
to the model by right-clicking on Water and selecting Add Material to
Model.

Now we set up the boundary conditions and pipe shape and dimensions.

7. Click on the Pipe Properties 1 node in the Model Builder, located
under Water Hammer (whtd). In the corresponding window, locate
Pipe Shape section and select Round from the list. Enter 2*R for
Inner diameter. In the Pipe Model section, select User defined for
Young’s modulus and enter E. Similarly, enter w for Wall thickness. In
the Flow Resistance section, select User defined for Friction model.
Leave Darcy friction factor as zero. We accept this since the pipe’s wall
friction has minimal effects on the water hammer phenomenon, at
least for most practical cases and during early cycles of oscillations.

See Figure 4.127.
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=]

Aw [User defined

FIGURE 4.127 Pipe properties and shape.

8.

Right-click on the Water Hammer (whtd) node in the Model Builder
window and select Pressure from the list. In the Pressure window,
add point 1 to the Selection list by clicking on the point at the start of
the pipe network and then right-click. Enter p0 for Pressure. Right-
click on Water Hammer (whtd) node in the Model Builder window
and select Local Friction Loss. In the corresponding window, add the
points 3 and 4 representing the pipe elbow bends. Enter 0.9 for Loss
coefficient (K for 90° bend). In the same window, expand the Con-
straint Settings section and check the box for Use weak constraints.
This will help convergence of the solution for friction locations, like
the bends in this example. (If Constraint Settings is not listed, click on
the Showicon '= located in the toolbar of the Model Builder window
and select Advanced Physics Options.)

Click on the Initial Values 1 node in the Model Builder window and in
the corresponding window, under Initial Values section, enter 87958
Pa for Pressure and 3.85 m/s for Tangential velocity. The numerical
values can be calculated for the pipe flow with set pressure pO0 at the
entrance (point A) and velocity u0 at the exit (point F). Alternatively,
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we could add a pipe flow to this model to calculate the pressure and
velocity.

10. To build the mesh, click on the Mesh 1 node in the Model Builder
window. In the Mesh window, select User-controlled mesh from the
list under Sequence type. Click on the Size node under Mesh 1 and in
the corresponding window select Custom, then expand the Element
Size Parameters section to enter L/N for Maximum element size and
1 [mm] for Minimum element size. Right-click on the Mesh 1 node
and select More Operations>Edge. From the Graphics window, add
pipe line sections (1, 2, 3, 4, 5) to the Selection list. Click the Build All
icon [ to build the mesh. Refer to Figure 4.128 for mesh parameters.

11. To set up the study, click on the Step 1: Time Dependent node in
the Model Builder window. In the corresponding window, enter
range(0,1e-3,0.25) for the Times. This will set a range starting from
0 seconds up to 0.25 seconds, with a time step of 0.001 seconds for
capturing and storing the solutions into the solution data base. The
maximum run time can easily be estimated by multiples of the time
required for the pressure wave to travel once over the length of the
pipe line (about 25/1200 sec.).

|neu]

] Size
(7 Build Selected .| Build an =L
Element Size
Calibrate for:

[ General physics ~|

Predefined | FMorm

@ Custom

= Element Sire Parameters
Maximum element size:

L/M m
Minimum element size:

1[mm]) L
Maximum element growth rate:

1.5
Resolution of curvature:

0.6
Resclution of narrow regions:

0.5

FIGURE 4.128 Custom mesh size and parameters.
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12.

13.

14.

For the solver time step, we use dt. Right-click on the Study 1 node in
the Model Builder and select Show Default Solver from the list. A new
Solver 1 node will appear in the model tree. Expand the Solver 1 node
and click on Time-Dependent Solver 1. In the corresponding window,
locate the Time Stepping section and check Maximum step to enter dt.
For initial step, enter 0.5*dt. See Figure 4.129.

Right-click on the Study 1 node and select Compute = . Wait for com-
putations to finish.

For visualization of results, we use line graphs. Right-click on the
Results node and select 1D Plot Group. Rename the newly generated
line group to Pressure Line Plot. Right-click on the Pressure Line Plot
node and select Line Graph. In the corresponding window, choose
from the list option for Time selection, then click to highlight 0.244
from the values listed under Times. Expand the y-Axis Data section

=0

. Time-Dependent Sclver 4% Material Browser

+ -
Compute to Selected = Compute @

* General

Defined by study step: | Step 1: Time Dependent - 4|

ge(0,1le 5
0.0

b Absolute Tolerance

* Time Stepping F
Method: tﬁenelalized alpha v‘
Steps taken by solven ‘Free v‘
Initial step: < 0.5%dt 5
Maximum step: Vot 5
Time step increase delay: 15

Amplification fer high frequency: 075

Predictorn: 'I.inear -
¥ Results While Solving

¥ Output

¥ Advanced

* log

FIGURE 4.129 Transient solver parameters.



COMSOL MODELS FOR PHysicaL SysTems 149

¢l Graphics - ¢l Convergence Plot1 | ¢! Convergence Plot 2 =0
QaalllE| @
Line Graph: Pressure (Pa)
Klﬂs T T T T T
5.5 b
sk 4
4.5 4
sl 4
1 3.5pF T
o
@
5 ik 4
w
(o]
<
o 25F T
2F 4
1.5+ b
1| p
0.5+ 1
0 5 10 15 20
Arc length

FIGURE 4.130 Pressure pulse for water hammer phenomenon at t = 0.244 s.

1S.

and enter p for Expression. Click Plot. The results for the water wave
pressure at time 0.244 seconds appears in the Graphics window. See
Figure 4.130.

Another useful graph is to draw the pressures at the gauges (measure-
ment points 2 and 5). Right-click on the Results node and select 1D
Plot Group. Rename the newly generated line group to Pressure point
Plot. Right-click on the Pressure point Plot node and select Point
Graph. In the corresponding window, select and add points 2 and

5 to the Selection list. In the y-Axis Data, type in p. Click Plot. The
results appear in the Graphics window. Pressure variations for points 2
and 5 versus time clearly show the water wave moving back and forth
through the pipe and measured at these points. Results are shown in
Figure 4.131.
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FIGURE 4.131 Variations of pressure due to water hammer phenomenon at gauge points 2 and 5.

Example 4.13: Static Fluid Mixer Model
In this example, we use flow analysis tools (Computational Fluid Dynamics,
or CFD) in COMSOL 4.3 for analyzing the flow in a static mixer. The mixer
is a 2D box mixer with dimensions 60 cm by 40 cm and has two inlets and one
outlet. Three internal plates separate the internal space of the mixer to guide
the flow for mixing. We build a model for this mixer using COMSOL.

Solution
1. Launch COMSOL, and open a new file. Save it as Example 4.13.

2. Select 2D from the Model Wizard window and click =: Next. In the
Add Physics window, expand the list for Fluid Flow and select Single-
Phase Flow>Laminar Flow (spf). Click on the Laminar Flow node and
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add it to the Selected physics list by clicking on the e (or right-click
on it and click Add selected). Then click on => to go to the next win-
dow: Selected Study Type. In this window, click on the Stationary node
and click on the flag icon #toF inish.

3. To build the geometry of the mixer:

3.1 Click on the Geometry 1 node in the Model Builder window (if
not already highlighted). In the Geometry window under Units,
change the Length unit to em from the list (open the list to see unit
options). Draw a box by right-clicking on the Geometry 1 node and
select Rectangle. The Rectangle window will open. In this window;,
enter 40 for Width and 60 for Height in the Size section, and 0 for
x and 0 for y under Position. Make sure that Corner is selected for
Base. Click on the Build Selected icon ¢ . The mixer box geometry
will appear in the Graphics window, as shown in Figure 4.132.

' Untitied.mph - COMSOL Multiphysics . — =)
File Edit View Options Help — - — |
ODeas e O : &~
‘1. Model Builder = 0|/ £ Rectangle =0 b Graphics
s EE £ Build Selectsd || Build Al Qlxscm-|agq
13 Untitled.mgh reat) :
- Object T )
= Global Definitions i =) L
Medel1 (modl) Type: Solid = -
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%, Geemetry 1 ~ Size &5
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#% Form Unien (fin) ' 60
8 Materials Height: 60 am E
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FIGURE 4.132 Building a rectangular geometry.
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3.2 Similarly, draw three more boxes for inlets and out manifolds.
Right-click on the Geometry 1 node in the Model Builder window
and select Rectangle. In the Rectangle window, enter 6 for Width
and 4 for Height in the Size section, and =6 for x and 52 for y
under Position. Make sure that Corner is selected for Base. Click
on the Build Selected icon 1. Again, right-click on the Geometry
1 node in the Model Builder window and select Rectangle. In the
Rectangle window, enter 6 for Width and 4 for Height in the Size
section, enter —6 for x and 4 for y under Position, and make sure
that Corner is selected for Base. Click on 1. Finally, right-click
on the Geometry 1 node in the Model Builder window and select
Rectangle. In the Rectangle window, enter 12 for Width and 6 for
Height in the Size section, enter 40 for x and 26 for y under Posi-
tion, and select Corner for Base. Click on . Results are shown in
Figure 4.133.
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FIGURE 4.133 Mixer geometry.
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3.3 Next, draw the baffles. Click on the Geometry 1 node in the
Model Builder. Click on the Draw Line icon .- in the toolbar and
draw a vertical line inside the mixer box (click on a point inside the
box, then move the mouse and click again; to release, right-click).
In the Bezier Polygon window, click on Segment 1 (linear) located
in the area under the Added segments. In the Control points
section, enter the coordinates of the line points as (12, 60) and
(12, 40) and then click the Build Selected icon . The line will
be located in the right position in the Graphics window. Similarly,
draw two more lines with coordinates as {(12, 0), (12, 20)} and
{(26, 50), (26, 10)}. The final Geometry should be as shown in
Figure 4.134.

4. To assign the fluid properties, right-click on the Materials node in the
Model Builder and select Open Material Browser. In the Material
Browser window, expand the Liquid and Gases>Liquids node, right-
click on Engine Oil, and select Add Material to Model. The Material
window will open and four domains (mixer, two inlets, and one outlet)
will be listed in the Selection area. Note that the Dynamic viscosity
and density of the fluid is checked with + . In the Value column under
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FIGURE 4.134 Mixer geometry with internal baffles.
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Material Contents section, these properties are given as a function of
T, temperature. Therefore, we should define the value of temperature
for which we would like to calculate these properties. To do this, right-
click on the Global Definitions node in the Model Builder window
and select Parameters. The Parameters window will open. In this

window, type T under Name and 40[degC] under Expression. See
Figure 4.135.

5. To assign the boundary conditions:

5.1. For inlets, right-click on the Laminar Flow (spf) node in the Model
Builder window and select Inlet. The Inlet window will open. In
this window, add the entrance edges of the inlets to the Boundary
Selection list by clicking on the corresponding edges of the mixer
inlets in the Graphics window and click on the plus icon =¢. In the
Velocity section, choose Normal inflow velocity and enter a value of

1for U,
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FIGURE 4.135 Windows showing parameter T and material properties for fluid setup.
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5.2. Similarly, assign the boundary conditions for the outlet. Right-click
on the Laminar Flow (spf) node in the Model Builder window and
select Outlet. The Outlet window will open. In this window, add
the edge of the outlet to the Boundary Selection list by clicking on
the corresponding edge of the mixer outlet in the Graphics window
and click on the plus icon 5. In the Boundary Condition section,
choose Pressure, no viscous stress option from the list (if not already
selected by default) and enter O for value of p,. Assuming zero pres-
sure for the atmospheric pressure gives the pressure field inside the
mixer as gauge pressure.

5.3. We should define the baffles as no-slip internal boundaries. Right-
click on the Laminar Flow (spf) and select Interior Wall. The
Interior Wall window will open. In this window, add the three lines/
baffles by clicking on them in the Graphics window and click on the
= . Make sure No slip option is selected in the Boundary condition
section. See Figure 4.136.
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FIGURE 4.136 Boundary conditions setup for inlets and outlet.
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6. For creating a mesh, click on the Mesh 1 node in the Model Builder,
and in the Mesh window select Coarse for Element size under Mesh
Settings. Make sure the default sequence type Physics-controlled mesh
is selected. Click the Build All icon 1 to create the mesh. The mesh
will appear in the Graphics window. Note that the mesh is a hybrid one
that is a combination of quadrilateral boundary layer and triangular
elements, as shown in Fig 4.137.

7. To run the model, right-click on the Study 1 node and select Compute
= . The default velocity field will appear in the Graphics window.
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FIGURE 4.137 Finite elements mesh.
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FIGURE 4.138 Results for flow velocity and pressure contours.

8. To manipulate the results, click on the Contour 1 under Pressure (spf)
to show the pressure contours in the Graphics window. Then right-
click on the Pressure (spf) and select Surface. A Surface 1 node will
appear under Contour 1. In the Graphics window, the velocity field
will appear mapped on the pressure contour, as shown in Figure 4.138.

9. It would be useful to calculate the Reynolds number for fluid flow,
which helps to confirm the assumption of laminar flow made for this
analysis. In COMSOL, the cell Reynolds number is defined as Rec =
plulh/(2u), where |u] is the velocity magnitude, h is the finite element
length, p fluid density, and 1 fluid dynamic viscosity. Click on the Sur-
face 1 under Velocity (spf) node, in the Surface window click Replace
Expression, and click on Laminar Flow>Cell Reynolds number (spf.
cellRe). The values of the Reynolds number will appear in the Graphics
window. The maximum value is 12.996. Note that this is a cell Reyn-
olds number and its value depends on the resolution of the mesh used.
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Therefore, if we build a mesh with smaller element size the Reynolds
number will be smaller, as well. This is typical for Reynolds number
calculation and for any specific problem we need to identify the char-
acteristic length scale based on which the Reynolds number is defined.
For this example, a coarse mesh has a maximum element size of about
5 cm, which is close to the outlet width (about 6 cm) where the maxi-
mum velocity is. Therefore, we can accept a Reynolds number of about
13. See Figure 4.139.

¢l Graphics
5 QG| e | I
Surface: Cell Reynolds number (1)

- ' t T ] & 12,996
65

60 1z
35 -

i i 1 10
45 = 1

40

35 | ©
30

25 ¢ ]
20 &

15 - T 4
10 - 1

5

Q0 2
]
oY . ; - 0

0 10 20 30 49 50 Yo
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SECTION 4.3: MODELING OF STEADY AND UNSTEADY
HEAT TRANSFER IN MEDIA

In this section, we use COMSOL modules to model some examples in
heat transfer. Models include steady, transient conduction, and convection
in two- and three-dimensional media. The main objective is to provide, for
users and readers, some solved examples that can be used directly or lead
to further solutions of similar or more complex structures using COMSOL.
It is assumed that readers are familiar with relevant engineering principles
and governing equations related to heat transfer (see Reference 4.8). In
each example, we provide brief explanations of physics involved along with
governing equations and phenomena, as applicable. It is recommended that
readers cover previous Chapters 1 through 3 before attempting examples
in this section.

Example 4.14: Heat Transfer in a Multilayer Sphere

In this example, we model a steady state heat transfer in a hollow mul-
tilayer sphere. The governing equation for heat transfer in solids is:

V-(kVT)+Q =0

where k is material thermal conductivity, T temperature, and Q heat
source/sink per unit volume. The quantity |kVT| is the heat flux or ther-
mal energy per unit area per unit time, according to Fourier’s law. For the
domain geometry, we assume a composite multilayer hollow sphere. We
use the axisymmetric feature of the sphere for creating the geometry of the
model and therefore solve a 3D problem as a 2D axisymmetric one. This
approach saves on computation time and computer memory and resources.

Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.14.

2. Inthe Model Wizard window, select 2D axisymmetric and click
Next =,

3. From the Add Physics list, expand Heat Transfer and select Heat
Transfer in Solids (ht) and add it to the Selected physics list by right-
clicking on it and choosing Add Selected. Then click Next =».

4. From the Select Study Type, click on Stationary and then click on Finish # .
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To build the geometry, we create several half-circles using the
parametric curves tool available in COMSOL.

5. Click on the Geometry node in the Model Builder window and select
cm from the list for Length unit for Units. Then right-click on the
Geometry node again and select Parametric Curve. In the correspond-
ing window, enter the following data and click Build All 1 to create a
half-circle of radius 2 cm. See Figure 4.140.

6. Right-click on Parametric Curve 1 (pcl) and select Duplicate. A new
node will appear. In the corresponding window, change the data under
Expressions for r: to 3*cos(s) and z: to 3*sin(s), only. Periodically click
Zoom Extents in the Graphics window to see the entire geometry.
Click Build All #1.

" parametric Curve

o) Build Selected || Build All

B

- Parameter
Mame: 5
Blimimum:  -pif2
Fasimum:  pifd
= Expressions
2 cosis) cim
z 2*sinis) o
= Position
r 0 cm
z 0 cm
= Rotation Angle
Rotation: 0 deg
= Advanced Settings
Relative tolerance: le-6
Flaimum number of knots: 1000

Rebuild with Updated Functions
= Selections of Resulting Entities

Create selections

FIGURE 4.140 Parametric curve data for half-circle.
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FIGURE 4.141 Resulting 2D axisymmetric geometry for spheres.

7. Repeat actions descibed in Step 6 to create two more half circles with
radii 5 cm and 8 em. See Figure 4.141.

8. To finish building the model geometry, we should create solids or
domains by drawing several lines that connect the end points of the cir-
cles located on the r = 0 axis. Click on the Geometry node and select
Draw Line .~ from the list in the main toolbar. Click on an end point
and then the next node to draw a line; to release, right-click. Make
sure that the two ends of the central half-circle are not connected,
since we would like to have a hollow space at the center of the sphere.
Finally, select all entities in the Graphics window (click at any point in
the Graphics window and then press CTRL+A). While all entities are
highlighted, click on the Convert to Solid Fgs icon located in the main
toolbar, as shown in Figure 4.142.
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FIGURE 4.142 Resulting 2D axisymmetric domains.

9.

10.

11.

To add materials to the model, right-click on the Materials node and
select Open Material Browser. In the corresponding window, expand
Built-in, select Cast iron from the list by right-clicking on it, and
choose Add Material to Model. In the corresponding window, add the
outer layer (layer 1, only) to the Selection list by clicking on this layer
in the Graphics window and then right-click. Enter 23 for k and 506
for Cp in the Material Contents section (you may need to expand this
section to see the list).

Repeat actions described for Step 9 to add material Aluminum 6063-
T83 to the middle layer (layer 2) and silicon to the inner layer (layer 3).

To define the boundary conditions, we set a temperature at the inner
surface and a convective cooling one at the outer surface. Right-click
on the Heat Transfer in Solids (ht) node in the Model Builder window
and select Temperature from the list. In the corresponding window,
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FIGURE 4.143 Materials and properties assigned to spherical layers.

add the inner boundary (number 10) to the Selection list in the Bound-
ary Selection section. Enter 450[degC] for Temperature. Similarly,
select Convective Cooling 1 and assign it to the outer boundary (num-
ber 7) in the Convective Cooling window. In this window in the Heat
Flux section, enter 5 for heat transfer coefficient and 15[degC] for
External temperature. See Figure 4.143.

12. To build a mesh, click on the Mesh 1 node. In the Mesh window, select
Fine from the list for Element size and click Build All 1. A total of
464 finite elements will be created, as shown in Figure 4.144.

13. To run the model, right-click on the Study 1 node and select Compute
=. Wait for the computations to finish. The default results will appear
in the Graphics window for the temperature values. Expand the
Temperature, 3D (ht) node and click on Surface 1. In the correspond-
ing window, change Unit to degC in the Expression section and Color
table to Rainbow in the Coloring and Style section. See Figure 4.145.
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FIGURE 4.145 Results for temperature distribution.
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FIGURE 4.146 Windows showing results for temperature distribution across layers.

14. To draw the temperature on a graph, right-click on the Results node
in the Model Builder and select 1D Plot Group. A new 1D plot will
appear; right-click on it and select Line Graph. In the corresponding
window for Line Graph, we can draw a line to plot the value of a quan-
tity from the model. In this example, any radial line can be selected
for this purpose. For example, select all boundaries along the upper
part of the axis of symmetry (boundaries 4, 5, 6) from the Graphics
window and add them to the Selection list (click on each boundary
and then right-click). In the y-axis, select degC from the list for Unit.
For the variable, select temperature T. Click the Plot icon -.#. See
Figure 4.146.

Example 4.15: Heat Transfer in a Hexagonal Fin

Temperature variation and heat transfer calculations in fins are needed
for design of many heat transfer systems, such as heat exchangers. In this
example, steady state heat transfer equations are solved for a hexagonal
shape fin, as shown in Figure 4.147, including convective cooling boundary
conditions.



166 » COMSOLFOR ENGINEERS

/ -_ N
/ { ) B
& Ul %

.-'I. jff \ \\‘\
y _ NN
/ 7N 7 N 5
& i .'< ‘\k | )
\\ \._‘_ _,/- \‘ ".-‘f \\._/ _,-""

\ _ /- y

by :1/ ‘\.I \.L ¥ I‘.'/ \ /
\ \x---- & / F Y \\-__/j /
/
\ !\ a4 g"‘.
\\ - 7

FIGURE 4.147 Geometry of the hexagonal fin.

Solution

1.
2.
3.

Launch COMSOL and open a new file. Save the file as Example 4.15.
In the Model Wizard window, select 2D and click Next =3 .

From the Add Physics list, expand Heat Transfer, select Heat Transfer
in Solids (ht), and add it to the Selected physics list by right-clicking on
it and choosing Add Selected. Then click Next =>.

From the Select Study Type, click on Stationary and then click on
Finish 3.

In the Geometry window, select em from the list for Length unit.

To draw a hexagonal, right-click on Geometry 1 in the Model Builder
window and select Polygon from the list. In the Polygon window, enter
the data as shown in Figure 4.148 for Coordinates of polygon vertices.

Similarly, create another polygon and enter the data as shown in Figure
4.149 for its Coordinates.

To subtract the second polygon from the first one, right-click on the
Geometry 1 node and select Boolean Operations>Ditference. In the
Difference window, specify the first polygon as the Object to add, and
the second polygon as the Object to subtract. Then click Build All ¢.
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FIGURE 4.149 Polygon parameters for building inner hexagonal fin geometry.

9. To draw a circle, right-click on the Geometry 1 window and select
Circle. In the corresponding window, enter the data as shown
in Figure 4.150 for Radius and Center coordinates of the circle.

Click Build All .

10. To create the other seven circles, right-click on the Geometry 1
node and select Transforms>Rotate. In the Rotate window, enter
range(0,45,315) for Rotation Angle and enter x:2 and y:2*sqrt(3) for
Center of Rotation coordinates. Click Build All ¢:1. See Figure 4.151.
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FIGURE 4.151 Parameters for building Rotate circular holes geometry.

11. Similar to Step 8 above, subtract the circles from the fin geometry.
This time we use a different method. Click anywhere in the Graphics
window and then press CTRL+A. All the geometry entities will change
color to indicate they are selected. Then click the Difference [z
icon located in the main toolbar. The final fin shape will appear in the
Graphics window, as shown in Figure 4.152.
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FIGURE 4.152 Resulting fin geometry and tree.

12

13.

14.

15.

. To add materials to the model, right-click on the Materials node in the
Model Builder and select Open Material Browser. In the correspond-
ing window, expand Built-In and select Aluminum. Add it to the model
by clicking on the plus icon €k and selecting Add Material to Model.

Next, we add the boundary conditions to the model. Right-click on
the Heat Transfer in Solids (ht) node in the model builder and select
Convective Cooling. In the corresponding window, add all the outer
edges (1, 2, 3, 6, 11, 12) of the fin to the Selection list. To do this, click
on each edge in the Graphics window and then right-click. Expand the
Heat Flux section and enter the Heat transfer coefficient 5 and Exter-
nal temperature 18[degC], as shown in Figure 4.153.

Similarly, create another Convective Cooling node and assign the
inner edges of the fin to the Selection list. Enter the data as shown in
Figure 4.154.

We assume four pipes passing through the fin circular holes with
surface temperature of 250° and another four pipes with surface
temperature of 80°. To assign these boundary conditions, right-click
on the Heat Transfer in Solids (ht) node in the Model Builder and
select Temperature. In the corresponding window, add the boundary
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FIGURE 4.153 Convective boundary condition FIGURE 4.154 Convective boundary condition setup
setup for outer edges. for inner edges.

of the circular holes to the Selection list, as shown in the left window
in Figure 4.155. For Temperature, enter 250[degC]. Similarly, create
another Temperature node, assign the remaining circular holes bound-
aries to it, and enter 80[degC] for Temperature, as shown in the right
window in Figure 4.155

16. To build a mesh, click on the Mesh 1 node and select Fine for
Element size in the Mesh window. Click Build All #1. Results are
shown in Figure 4.156.

17. To run the model, right-click on Study 1 and select Compute = . The
default results will appear in the Graphics window after computations
finish, as shown in Figure 4.157.

18. To show the direction of heat flux vector, right-click on the Isothermal
Contours (ht) node and select Arrow Surface. In the corresponding
window, replace x component data with ht.tfluxx, which represents
the x-component of conductive heat flux, and replace y component:
data with ht.tfluxy. Other parameters can be changed as desired. Click
Plot »#. See Figure 4.158.
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Example 4.16: Transient Heat Transfer Through a Nonprismatic Fin
with Convective Cooling

In this example, we model transient heat transfer and variation of tem-
perature through the body of a nonprismatic fin. For heat transfer modes,
we consider heat conduction inside the fin material and heat convection
from its surface to the ambient. The governing PDE for transient heat
transfer is given as:

pC%T:V.(kVT)Hg

where p is material density, C heat capacity, k thermal conductivity, T
temperature, and Q heat source/sink per unit volume. Twwo dimensionless
numbers—Biot number (Bi = hL/k) and Fourier number (F = at/L?*)—are
used for scaling the unsteady heat transfer and nondimensionalizing the
governing equation. In these equations o is thermal diffusivity (k/pC, ratio
of how much heat a material conducts versus how much it stores), h is heat
transfer coefficient, and L is a length scale (usually, the ratio of volume of
the heat transfer domain over the surface where heat convection occurs).
For example, for a sphere L is equal to one-third of its radius.

The physical meanings of Bi and F_ are useful when dealing with mod-
eling transient heat transfer problems.

. convection at the surface of the body
1=

conduction inside the body

conduction resistance inside the body

~ convection resistance at the surface of body

Therefore, when Bi < 1, conductive heat transfer is faster than con-
vection and the spatial variation of temperature inside a solid body can be
neglected, as if whole body temperature changes only with respect to time.
When Bi > 1, conduction resistance inside the body is larger than that of
convection at its surface. For the latter case, spatial variation of tempera-
ture is considerable as compared to its temporal variation inside the body,
and both should be included in the model. The Fourier number is basically
a dimensionless time scale defined as:

rate of conduction

* rate of heat storage
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For modeling an unsteady heat transfer, it is crucial to have the right
time step/scale for numerical computation. If time scale is too large (versus
characteristic time scale of the problem), then transient variation cannot
be modeled/captured. Whereas if time step is too small, then unrealistic
temperature fluctuation may show up in modeling results. When Bi is small
(usually, smaller than 0.1), then we can neglect the spatial variation of tem-
perature inside the body. In other words, for small Bi the body temperature
changes mainly with respect to time. The product B, x F can be used to
estimate characteristic time.

Bix Fo = (h—Lj(a—Ajj =[LJAt =bAt
k r pCL

The inverse of b (or pCL/h) is the characteristic time. In other words,
a large value of b indicates that temperature reaches the ambient tempera-
ture in a short amount of time (see Reference 4.8).

For this example, we consider a fin attached to a section of a wall, as
shown in Figure 4.159.

Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.16.
2. In the Model Wizard window, select 3D and click Next = .

FIGURE 4.159 Fin geometry attached to a section of wall.
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3. From the Add Physics list, expand Heat Transfer, select Heat Transfer
in Solids (ht), and add it to the Selected physics list by right-clicking on
it and choosing Add Selected. Then click Next =>.

4. Under Select Study Type, click on Time Dependent and then click on

Finish #. In the Geometry window, select mm from the Length unit
list.

5. To build the geometry, right-click the Geometry 1 node and select
Block from the list. Enter the data shown in Figure 4.160 for Width,
Depth, and Height.

6. Again, right-click the Geometry 1 node and select Cone. Enter the
data shown in Figure 4.161, and then click Build All ¢.

= Size and Shape

Width: 5 mm

Depth: 20 mm

Height: 20 mm

= Position

Base: ;‘Comel -

% 1 mm

v 0 mm
1] mm

FIGURE 4.160 dimensions for wall block geometry.
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FIGURE 4.161 Fin cone parameters setup and final geometry of fin and wall.
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7.
8.

10.

Rename Block 1 to Wall and Cone 1 to Fin.

To add material to the model, right-click on Materials node in the
Model Builder window and select Open Material Browser. In the Cor-
responding window, expand Built-In and select and add Aluminum to
the model by clicking on == . Notice that Aluminum material is added
to both the wall and fin (Domains 1 & 2). If needed, different materials
can be assigned to each element. See Figure 4.162.

. To define the boundary conditions, right-click on Heat Transfer in

Solids (ht) and select Temperature from the list. In the Temperature
window, select the face of the wall located at y-z plane (Boundary 1)

from the Graphics window and add it to the Selection list. For Tem-

perature, enter 450[degC].

Right-click on Heat Transfer in Solids (ht) and select Convective Cool-
ing. In the corresponding window, select all surfaces of the fin and only
the front face of the wall (Boundaries 6, 8, 9, 10, 11, 12). In the Heat
Flux section, select User defined and enter 50 for Heat transfer coef-
ficient and 30[degC] for External temperature. See Figure 4.163.

'.‘_1.

£ Material
[zl

=
-

Geometric Entity Selection

Geometric entity level: | Domain -
Selection: All damains v.
: W, &
2 (2
Lg] =
- -
.l F
» Owverride

¥ Material Properties
~ Material Contents

-

Property Mame  Value Unit
Heat capacity at con... Cp 0001/ kg™K)] ¥(kg“K)
Thermal conductivity  k 160[W/AmM™K)]  W/mTK) |

Density rhe 2000[kg/m=3] kg/m*3

FIGURE 4.162 Material properties for fin.
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FIGURE 4.164 Finite elements mesh for fin and wall section.

11. To build a mesh, click on the Mesh 1 node. In the corresponding
window, select Coarse for Element size. Click Build All #1. Mesh
consists of total 1878 elements, as shown in Figure 4.164.
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The value of b for this problem is 1.83E-2, which corresponds to a
time constant 54.675 seconds. Therefore, it takes about 55 seconds for
temperature to reach its equilibrium (i.e., temperature would not vary ver-
sus time at a given point). We use a small time step of 0.5 second for the
first 5 seconds and a 2-second time step for the remaining times, up to
60 seconds.

12. To run the model, expand the Study 1 node and click on Step 1: Time
Dependent node. In the corresponding window, enter range(0, 0.5,
5), range(6, 2, 60) for Times. Then right-click on Study 1 and select
Compute = . Default results for temperature will appear in the
Graphics window, after calculations are complete. See Figure 4.165 for
results at t = 30 sec., as an example.

b Graphies
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FIGURE 4.165 Temperature distribution for fin and wall section at time step 30.
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13. To plot the temperature along the center-line, right-click on the
Results node in the Model Builder and select 1D Plot Group. A new
node, 1D Plot Group 1 will appear in the model tree. Right-click on
this node and select Line Graph. In the Line Graph window, change
Unit to degC. Click on the Define Cut Line icon 4 and select two
points along the fin axis. Notice the [, ] = tool for selecting first and
second point. Click Plot ».# . The variation of temperature at different
time steps (according to time step selection 0 to 60 seconds) for points
along the selected line will appear. As expected, at early times temper-
ature variations are much larger than those at later times. Results are

shown in Figure 4.166.

14. Another useful plot is the variation of temperature versus time at a fixed
point. Right-click on the Results node in the Model Builder and select
1D Plot Group. A new node, 1D Plot Group 2 will appear in the model
tree. Right-click on this node and select Point Graph. In the Point Graph
window, change Unit to degC. Select two points from the Graphics win-
dow;, one at the fin base (e.g., point 9) and another one at the fin tip (e.g.,

ol Temperature along center-line =2
QamE|llE| &)=
Line Graph: Temperature (degC)

450
400 H
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200

150|'

100
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Q =] 10 15 20 25 30 35 40 45 S50 55
Length along the fin axis (mm)

FIGURE 4.166 Temperature variation along the fins axis for different time steps.
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FIGURE 4.167 Temperature variations at the fin base (x) and its tip (o) versus time.

point 15) and add them to the Selection list using = . Expand Legends
and check the box for Show legends. Click Plot 4 . Results are shown in
Figure 4.167.

Example 4.17: Heat Conduction Through a Multilayer Wall with
Contact Resistance

In this example, we model heat conduction through a multilayer wall
while considering thermal resistance between two of its layers. Contact
resistance exists between dissimilar layers at their interface. The physics of
contact resistance involves dimensions at micro scale (or even nano scale)
level in order to capture the surface roughness of the two adjacent cor-
responding layers. For thermal engineering calculations, we consider an
average (or statistically averaged) thermal resistance to represent the ther-
mal contact resistance effects. However, the question is, “What is the thick-
ness of this equivalent layer?” As mentioned above, this layer is very thin
as compared to other actual corresponding layers” thicknesses. Therefore,
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if we create a very thin layer to represent the contact resistance it requires
very small mesh size to build finite elements inside this layer, and therefore
increases the number of elements and also creates unnecessary difficulties
for the computations and numerical convergence of a model. One possible
solution to this problem is to use conservation of energy (first law of ther-
modynamics) to conserve the heat flux going through the contact boundary.
Therefore, the temperature will behave like a step function or will at least
vary with very steep slope across the fictitious layer or the boundary. In
COMSOL this tool is available as a type of boundary condition called Thin
Thermally Resistive Layer (see COMSOL manual for details). The data
required is an estimate of the layer thickness and optional thermal conduc-
tivities. If data is available, then users can enter it, otherwise the material
properties of the adjacent layers will be used for calculations. Having this
tool makes the calculations and inclusion of thermal resistance very simple
as well as effective. However, users should note that realistic results require
good data or estimates for the contact resistance interface layer and corre-
sponding layers material properties.

In this example, we build a multilayer flat wall that includes a thin layer
to represent contact resistance between two adjacent layers and calculate
heat conduction and temperature profile through the wall section.

Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.17.
2. In the Model Wizard window, select 2D and click Next = .

3. From the Add Physics list, expand Heat Transfer and select Heat
Transfer in Solids (ht). Add it to the Selected physics list by right-click-
ing and choosing Add Selected. Then click Next =>.

4. From the Select Study Type list, click on Stationary and then click on
Finish #4.

5. Inthe Geometry window, select mm from the list for Length unit.

6. Draw a rectangle with dimensions Width 100 and Height 400, and set
the Corner at x =y = 0. Rename the rectangle Brick. Similarly, draw
four more rectangles with Widths 70, 30, 100, and 13, attached to each
other with equal Heights of 400. Rename these layers Rain Screen, Air,
Concrete, and Gypsum, respectively, as shown in Figure 4.168.
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FIGURE 4.168 Window showing multilayer wall geometry.

7. Add materials to the wall model. Right-click on the Materials node
in the Model Builder window. In the corresponding window, expand
Built-In, select Brick, and add it to the model by clicking == . Similary,
for subsequent layers add Acrylic plastic, Air, and Concrete from the
list. For the Gypsum layer, right-click on Materials node and select
Material. In the corresponding window, enter the following data in
the Material Contents section under Value: k=0.276, Cp=1017,
rho=T711. If needed, material property values can be changed for each
layer by entering the desired value under the relevant Value column.

8. Define boundary conditions. Right-click on Heat Transfer in Solids
(ht) and select Temperature from the list. In the Temperature window,
add the left edge of the wall (boundary 1) to the Selection list. For
Temperature, enter -30[degC]. Similarly, create another Tempera-
ture boundary condition and select and add the right edge of the wall
(boundary 16) to its corresponding Selection list. For its Temperature,
enter 20[degC].

9. Next we define the interface between the Brick and Rain screen layers
as a thin layer with contact resistance. Right-click on Heat Transfer
in Solids (ht) and select Thin Thermally Resistive Layer. In the cor-
responding window, add boundary 4 to the Selection. Locate the Thin
Thermally Resistive Layer and enter the data as shown in Figure 4.169.
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FIGURE 4.169 Contact resistance parameter setup.
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FIGURE 4.170 Finite elements mesh for multilayer wall.

10.

11.

12

To build a mesh, click on the Mesh 1 node in the Model Builder
window. In the Mesh window, select Fine from the list for Element
size. Click Build All 1. See Figure 4.170.

To run the model, right-click on Study 1 node in the Model Builder
window and select Compute = . Wait for computations to finish.

. Default results for surface temperature and Isothermal contours

appear in the model tree. Expand the Temperature (ht) node and click
on Surface 1. In the Surface window, change Unit to [degC] and click
Plot ».# . Similarly, expand the Isothermal Contours (ht) node and click
on Contour 1. In the Contour window, change Unit to [degC] and
click Plot ../#. Results are shown in Figure 4.171.
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FIGURE 4.172 Results for temperature variations across multilayer wall.

13. It would be useful to make a graph of temperature variations across the
wall. Right-click on the Results node in the Model Window and select
1D Plot Group. A new node 1D Plot Group 1 will appear in the model
tree; right-click on it and select Line Graph. In the Line Graph win-
dow, change Unit to [degC] and click Plot ».#. In this graph, as shown

in Figure 4.172, the effect of contact resistance at interface located at

100 mm is clearly shown, which resulted in a sharp change
in temperature.
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SECTION 4.4: MODELING OF ELECTRICAL CIRCUITS

In this section, we use COMSOL modules and 0D features to model
some examples of basic electrical circuits. In engineering, we encounter
modeling problems that do not have any space or dimension dependency,
such as chemical reactions, electric circuits, and Optimization. The 0D fea-
ture in COMSOL is used to model such problems.

Models discussed and built in this section include dynamic analysis
and parametric study for typical RC and RLC electrical circuits. The main
objective is to provide, for users and readers, some solved examples that
can be used directly or lead to further solutions of similar or more complex
structures using COMSOL. It is assumed that readers are familiar with
relevant engineering principles and governing equations (see Reference
4.9). In each example, we provide brief explanations of physics involved
along with governing equations and phenomena, as applicable. It is recom-
mended that readers cover Chapters 1 through 3 before attempting exam-
ples in this section.

Example 4.18: Modeling an RC Electrical Circuit
In this example, we use a feature that is available in COMSOL 4.3, 0D
(zero-dimension). We consider a simple resistor-capacitor electrical net-
work, as shown in the Figure 4.173. We would like to calculate the voltage
and current as a function of time.

Resistor
—
+ .
I Capacitor
A — current . P
0
Ground

FIGURE 4.173 Sketch for the RC circuit and reference nodes used in the model.
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Solution

1.
2.
3.

Launch COMSOL and open a new file. Save the file as Example 4.18.
In the Model Wizard window, select 0D and click Next = .

From the Add Physics list, expand AC/DC, select Electrical Circuit
(cir), and add it to the Selected physics list by right-clicking and choos-
ing Add Selected. Then click Next = .

From the Select Study Type list, click on Time Dependent and then
click on Finish .

For voltage calculation in an electrical network, a reference point is

needed (similar to mechanical pressure). This point is referred to as Ground
node. We set the Ground as node 0. For the purpose of identifying the
components of the network as they connect to one another, we use data
provided in Table 4.3, according to the sketch shown in Figure 4.173.

S.

Expand Model 1 (mod1) node in the Model Builder window, then
right-click on Electrical Circuit (cir) and select Voltage Source. In
the corresponding window, enter data for Voltage and Node names as
shown in Figure 4.174.

Again, right-click on Electrical Circuit (cir) and select Resistor. In
the Resistor window, enter Node Names (1 and 2) and 5000[ohm] for
Resistance.

To define the capacitor, right-click on Electrical Circuit (cir) and select
Capacitor. In the Capacitor window, enter Node Names (2 and 0) and

10E-6 for Capacitance. Let Initial capacitor voltage be at the default
value of zero.

The time step for this problem needs to be set. In an RC circuit, the

time scale is the value of R x C (resistance times capacitance). Based on

Component Start node End node
Battery (voltage source) 0 1
Resistor 1 2
Capacitor 2 0

TABLE 4.3 Data for building the RC circuit nodes.
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FIGURE 4.174 Voltage source data and nodes.

data provided, we have 0.05 seconds. Therefore, we run the model with a
time step of 0.001 sec. and up to about five times the time scale, or 0.25 sec.

8. Expand the Study 1 node in the Model Builder window and click
on Step 1: Time Dependent. In the corresponding window, enter
range(0, 0.001, 0.25). Right-click on Study 1 and select Compute = .

9. Right-click the Results node in the Model Builder and select 1D Plot
Group. In the corresponding window, expand the Legend section and
choose Lower right for Position. Right-click on 1D plot Group 1 and
select Global. In the Global window under y-Axis Data section, click on
4 - and select Electrical Circuit>Voltage across device C1. Click Plot ..# .
The results, as shown in Figure 4.175, show the variation of voltage versus
time. Graphs for voltage and currents for other circuit components can be
plotted by choosing the corresponding variables for the list.
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FIGURE 4.175 Results for voltage variation across capacitance device-C1.

Example 4.19: Modeling an RLC Electrical Circuit

An electrical circuit with resistor, capacitor, and inductor will be mod-
eled in this example, using the 0D feature available in COMSOL. An RLC
circuit behaves in oscillation like a mass-spring-damper mechanical sys-
tem. To be exact, mass m is analogous to inductance L, spring stiffness k
to inverse of capacitance C, damping coefficient y to resistance R when we
write the governing differential equation for electric current i(t), which is
analogous to mass displacement x(¢). A similar analogy can be drawn for
voltage v(t), as well. Corresponding ODEs are as follows:

d*x dx
—+kx=f(t
R A
d*i di 1
RE+Zi=g(t
aw tate! glt)
d*v 1dv
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The damping term is defined as « _ R for series and « L for
2L 2RC
parallel RCL circuits.

Natural fundamental frequency for an RCL circuit is defined as
@, =(LC)*. When D =&’ - ,” is positive, the circuit is over damped; when
equal to zero, the circuit is critically damped; and when negative, the circuit
is under damped.

For this example, we consider a simple resistor-capacitor-inductor
electrical network. We would like to calculate the voltage and current as a
function of time.

The circuit sketch for this model is shown in Figure 4.176.
Solution

1. Launch COMSOL and open a new file. Save the file as Example 4.19.
2. Inthe Model Wizard window, select 0D and click Next = .

3. From the Add Physics list, expand AC/DC, select Electrical Circuit
(cir) and add it to the Selected physics list by right-clicking and choos-
ing Add Selected. Then click Next = .

4. From the Select Study Type list, click on Time Dependent and then
click on Finish .

For calculating voltage in an electrical network, a reference point is
needed (similar to mechanical pressure). This point is referred to as Ground

Resistor

[ ) B

Voltage —— _Capacitor
source —T— Inductor o

0

~ Ground

FIGURE 4.176 Sketch for the RCL circuit and reference nodes used in the model.
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node. We set the Ground as node 0. For the purpose of identifying the
components of the network as they connect to one another, we use data
provided in Table 4.4, according to the circuit sketch.

5. Expand the Model 1 (mod1) node in the Model Builder window and
right-click on Electrical Circuit (cir) and select Voltage Source. In the
corresponding window, enter the data for Voltage and Node names as
shown in Figure 4.177.

6. Again, right-click on Electrical Circuit (cir) and select Resistor. In
the Resistor window, enter Node Names (1 and 2) and 3000[ohm] for
Resistance.

7. To define the capacitor, right-click on Electrical Circuit (cir) and select
Capacitor. In the Capacitor window, enter Node Names (2 and 0) and
1E-6 for Capacitance. Set Initial capacitor voltage at the default value
of zero.

8. To define the inductor, right-click on Electrical Circuit (cir) and select
Inductor. In the Inductor window, enter Node Names (2 and 0) and
100[mH] for Inductance. Set Initial inductor current at the default
value of zero.

The time step for this problem needs to be set. In an RLC circuit, there
are two parameters that define its time scale. The resonant frequency of
the circuit is o, ; for this circuit the value is about 3163 rad/s™'. Therefore
time scale is about 2E-3 seconds (inverse of 3163/2n). Another time scale
is set for the damping coefficient . For this circuit the value is about
166.7 s (=1/2RC, since capacitor and inductor are parallel). Therefore the
time scale is about 6E-3 seconds. We choose the smaller value for time step
equal to 0.002 s. Therefore we run the model with a time step of 0.0001
sec. and up to more than eight times the larger time scale or 0.05 sec.

Component Start node End node
Battery (voltage source) 0 1
Resistor 1 2
Inductor 2 0
Capacitor 2 0

TABLE 4.4 Reverence nodes used for the RCL circuit model.
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FIGURE 4.177 Voltage source data and nodes.

9.

10.

Expand the Study 1 node in the Model Builder window and click
on Step 1: Time Dependent. In the corresponding window, enter
range(0, le-4, 0.05). Right-click on Study 1 and select Compute = .

Right-click the Results node in the Model Builder and select 1D Plot
Group. In the corresponding window, expand the Legend section and
choose Upper right for Position. Right-click on 1D plot Group 1 and
select Global. In the Global window under y- Axis Data section, click
on < - and select Electrical Circuit>Voltage across device R1. Click
Plot ».# . The results show the variation of voltage versus time. Graphs
for voltage and currents across other circuit components can be plotted
by choosing the corresponding variables for the list. Results are shown
in Figure 4.178.

We perform a parametric analysis for studying the effect of capacitance

on the voltage output of the circuit.

11.

Right-click on the Global Definitions node in the Model Builder win-
dow and select Parameters. In the Parameters window, enter 10[nF].
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FIGURE 4.178 Voltage variation versus time across resistor device-R1.

12.

13.

14.

Right-click on the Study 1 node and select Parametric Sweep. In the
corresponding window, click on the plus icon and select C from the
list under Parameter names. Enter 10[nF], 100[nF], 1000[nF] for
Parameter value list.

To run the model, right-click on the Study 1 node and select Compute
= . Wait for computations to finish.

To show the results, right-click the Results node in the Model Builder
and select 1D Plot Group. In the corresponding window, expand the
Legend section and choose Lower right for Position. Right-click on the
1D plot Group 2 and select Global. In the Global window under Data,
select Solution 2 from the list for Data set. Under y- Axis Data section,
click on 4 - and select Electrical Circuit>Voltage across device R1.
Click Plot ..# . The results show the variation of voltage versus time.
Graphs for voltage and currents across other circuit components can
be plotted by choosing the corresponding variables for the list. Results
are shown in Figure 4.179.
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FIGURE 4.179 Windows showing voltage variation versus time across resistor device-R1for several values
of capacitances.

SECTION 4.5: MODELING COMPLEX AND MULTIPHYSICS
PROBLEMS

In previous sections, we used COMSOL features to model problem
examples that involved several different physical phenomena but mainly
with one phenomenon dominating. Modern engineering involves problems
that require solutions of multiphysics phenomena (see Reference 4.10). A
multiphysics problem is defined as one that has two or more competing
physics happening simultaneously. For example, when we have a fluid flow-
ing over a relatively hot plate, heat is transferred to it and the temperature
variations in the plate may change its thermal conductivity as well as that
of fluid. This interactive effect should be accounted for in stress analysis
of the plate and flow velocity and pressure calculations. Another example
may be a cantilever beam in a fluid stream. The deflection of the beam, as
a result of its stiffness, will affect the fluid’s velocity and pressure and vice
versa. Analyzing and modeling multiphysics problems can be done using
COMSOL, which has many features and modules enabling users to “sim-

ply” add physics to a problem at hand.

In this section, we also solve complex problems for which users may
have the relevant mathematical models (like ODEs and PDEs) developed
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and would like to have the solutions using finite element method with fea-
tures available in COMSOL, such as a multibody dynamics problem or
multiphysics problem for which COMSOL modules may not yet be avail-
able. We demonstrate the applications of finite element method to solve
such problems through some examples. For examples in this section, pre-
vious knowledge (or review) of differential equations (both ordinary and
partial) and Lagrangian mechanics (see Reference 4.11) would help users
to benefit fully from their obtained solutions.

Example 4.20: Stress Analysis for an Orthotropic Thin Plate

This example extends the model built in Example 4.1. We consider an
orthotropic material (i.e., material properties different along x and y axes).
The plate carries stationary mechanical loads. It is recommended that read-
ers review or build the model described in Example 4.1 before studying
this example.

The plate geometry (12 in. by 8 in.) is given as shown in the Figure
4.180. All other dimensions are as those given in Example 4.1. We would
like to calculate the displacement and stress field under the applied loads.
We consider a plane stress case, which means that the stress component
along the z-axis (normal to the plane of the plate) is zero, but not necessar-
ily the strains. Plate thickness is 0.4 in. and properties of the material (for
example Kevlar-epoxy) are given in Table 4.5. The boundaries on the left
side of the plate are constrained while the other plate sides are let free.
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FIGURE 4.180 Geometry, dimensions, and boundary conditions.
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Modulus of | Poisson’s ratio | Shear modulus | Specific gravity
elasticity

E=80GPa |v_=0.31 G,=2.1GPa 1.44
Eyz 5.5 GPa Vi, =(calculated)

TABLE 4.5 Material properties for orthotropic Kevlar-epxoy.

Before starting the model construction, we explain the material proper-
ties, since we are using an orthotropic material. From Table 4.5 we see that
we have two moduli of elasticity. Obviously, this material is relatively stiffer
in x-direction than in y-direction. We also have two Poisson’s ratios. If we
recall from isotropic materials, we usually have one modulus of elasticity
and one Poisson’s ratio. In order to explain the significance of orthotropic
material properties, we use the stress-strain relationship resulting from
general theory of elasticity. For our 2D plane stress problem at hand, the
strains (¢s and y) are related to stresses (6’s and 1) as:

£, 1/E, V. /Ey 0 o,
e r=|Vv,/E VE, 0 o,
ya’;/ 0 0 1/G~".’/ xy

Due to symmetry we should have -v, /E =-v_ /E_, which is used in
COMSOL for calculation of v, (=0.31x5.5/80) in this example. For fur-
ther readings see Reference 4.12.

Solution

1. Open COMSOL and open the file Example 4.1.mph. If you have not
built the model for Example 4.1, you can obtain it from the attached
CD. Save the new file as Example 4.20 by clicking on File>Save As in
the toolbar.

In the Model Builder window, open the tree under Model 1 (mod1I).
Under Plate (plate), click on the Linear Elastic Material 1 node. In the
Linear Elastic Material window, locate the Linear Elastic Material section
and select Orthotropic from the list under Solid model. Under Young’s
modulus section, select User defined and enter the data for E as given in
Table 4.5. Similarly, enter data for Poisson’s ratio, Shear modulus, and den-
sity (1.44E3).
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To run the model, right-click on the Study 1 node in the Model Builder
window and select Compute = . The default result for von Mises
stresses will appear in the Graphics window.

To manipulate the results, click on the Surface 1 node under the
Stress Top (plate) node in the Model Builder window. This will open
the Surface window. In this window, open the list under Unit in the
Expression section and choose psi, then open the Title section and
choose Manual from the Title type and enter von Mises stress for
Example 4.20 (psi). Click (just once) on the (x-y) icon [ located
on the Graphics window toolbar to set the view, then click on the Plot
icon =# . Periodically, you may need to zoom in/zoom out to fit the
results in the Graphics window. To show the displacement results,
click on the Replace Expression icon & - (located on the right side

of the Expression section) and choose Plate>Displacement>Total
displacement (plate.disp). Change the Title type to Automatic and
then click on the Ploticon . # . These results are shown in Figure 4.181
and Figure 4.182.
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FIGURE 4.181 Results for von Mises stress and deformed plate.
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FIGURE 4.182 Results for total displacement for the orthotropic plate.

Example 4.21: Thermal Stress Analysis and Transient Response of a
Bracket

In this example, we extend the model built in Example 4.3, the bracket.
The first feature we consider is extending the model to calculate thermal
stresses due to temperature variations at the boundaries. The second feature
is modeling transient response of the bracket structure due to a transient
load. For each modeling feature we use the basic file from the COMSOL
model library (Structural_Mechanics_Module/Tutorial_Models/bracket_
basic)® and add the corresponding model feature to it. Users can add these
features directly to the file from Example 4.3, in Section 4.1.

# Model made using COMSOL Multiphysics® and is provided courtesy of COMSOL.
COMSOL materials are provided “as is” without any representations or warranties
of any kind including, but not limited to, any implied warranties of merchantability,
fitness for a particular purpose, or noninfringement.
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Solution

Launch COMSOL and open a new file.

Click on the Model Library tab. (If this window/tab is not visible, click
on View in the main toolbar and select Model Library.) In the Model
Library window, extend the Structural Mechanics Module, select
Tutorial Models>bracket basic, and then click on Open Modelto
upload the model. Save this model as Example 4.21.

Thermal stresses: Right-click on the Model 1 (mod1) node in the
Model Builder window and select Add Physics. The Model Wizard
window will open; from the list select structural Mechanics>Thermal
Stress (ts) and add it to the Selected physics list. Click on Next =>.
From the Studies window, under Preset Studies select [~ Stationary
and click on Finish # . Thermal Stress (ts) node will appear in the
model tree, as shown in Figure 4.183.
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FIGURE 4.183 Model Builder window for adding physics, thermal stress, and materials.
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4. Click on the Thermal Linear Elastic Materials 1 node. It shows the
data entry tools for both elastic material data and thermal material
data. COMSOL provides two methods for modeling thermal stresses.
One approach requires building a model for structural analysis and
calculating the thermal stresses due to thermal expansion, and finally
coupling these two models. However, the Thermal Stress is a ready-to-
use multiphysics interface that allows users to combine these features
simultaneously, as used in this example. Right-click on the Thermal
Stress (ts) node and select Solid Mechanics>Fixed Constraint from
the Domain section (top group in the list). In the Fixed Constraint
window, select Box 1 from the list under Domain Selection. This will
constrain the bolts connectors to the bracket structure.

5. Thermal boundary conditions should be assigned as well. We set
temperature at the bolt connectors at 20°C and those at the bracket
arms where the circular holes are for pin holders at 100°C. The
overall bracket is also cooled by convection or ambient air cool-
ing. We set these three boundary conditions as follows. Right-click
on Thermal Stress (¢s) and select Heat Transfer>Convective Cool-
ing. In the Convective Cooling window under the Heat Flux sec-
tion, enter 10 for i and 15[degC] for T . To set the temperature
boundaries, right-click on the Thermal Stress (ts) node and select
Heat Transfer>Temperature. In the Temperature window, select
boundaries that correspond to the bolts. For temperature T, enter
20[degC]. Similarly assign temperature boundary conditions for the
pin holders on Box2. Right-click on Thermal Stress (¢s) and select Heat
Transfer>Temperature. In the Temperature window, select boundar-
ies Box2 from the list under Selection and for temperature T enter
100[degC]. See Figure 4.184.

6. Click on the Mesh node in the Model Builder. In the Mesh window,
select Coarse for the Element size and click Build All 1.

7. Run the model by right-clicking on the Study node and select Com-
pute = . After the computation is finished, two 3D Plot Groups
appear under the Results. Click on the first one from the top. The
Graphics window shows the results for von Mises thermal stresses.
Click on the second Plot Group to view the results for temperature in
the Graphics window. For locating the Legend and changing the Units,
click on the corresponding 3D Plot Group (or Surface) node to select
the desired options. See Figure 4.185.
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FIGURE 4.185 Results for thermal von Mises stress and temperature variations.

Transient response: Now we would like to model the bracket
response to a set of given dynamic time-varying loads. Dynamic modeling
of a structure requires definition for damping (the way a structure dissipates
absorbed energy). In COMSOL, damping can be added to the model using
Rayleigh damping or Loss Factor damping (see Reference 4.13). We use
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the Rayleigh damping method in this model. The Rayleigh method relates
the damping coefficient ¢ to the mass m (in general, mass matrix) and stiff-
ness k (in general, stiffness matrix) using two parameters a.,, and B, as:

c=0gm+ Bde

8. Right-click on the Model (mod1) node in the Model Builder window
and select Add Physics. In the Add Physics window, select Structural
Mechanics>Solid Mechanics (solid) and click Next =. In the Studies
window, select Time Dependent and click on Finish # .

9. Expand the Solid Mechanics (solid) node, right-click on the Linear
Elastic Material node, and select Damping. In the Damping window,
locate the Damping Settings section and choose Rayleigh damping
from the list under Damping type. Enter 100 for o, and 3E-4 for B,
as shown in Figure 4.186.
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. Foadel] Inparts r-'-\a
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Flazs damping parameter;
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Stiffmess damping parameten

P Te-4 =

FIGURE 4.186 Rayleigh damping parameters setting.
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10. Right-click on the Solid Mechanics (solid) node and select
More>Fixed Constraint. In the Fixed Constraint window, select the
bolt connectors (domains 2 to 9) and add them to the Selection list
under Domain Selection. This will constrain the bolt connectors to the

bracket structure.

11. Right-click on the Solid Mechanics (solid) node and select Rigid Con-
nector. In the Rigid Connector window, select Box2 from the list to
add them. This will represent the pin that connects the two arms of the
structure, as shown in Figure 4.187.

12. The loads are applied on the pin connectors. The applied force in
the x, y, and z directions are F, =10”sin(27-200-¢), F =-10°, and
F. =10"sin(27 -100-¢) , respectively. To enter these forces, right-
click on the Rigid Connector node in the Model Builder and select
Applied Force. In the Applied Force window, locate the Applied
Force section and enter 1e3%sin(2*pi*t*200[1/s]) for x, —1e5 fory, and,
le4*sin(27pi*t*100[1/s)] for z.
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FIGURE 4.187 Rigid Connector boundary conditions setting for the bracket.
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13. To disengage the thermal stress analysis, right-click on the Thermal
Stress (ts) node and select Disable.

14. We set up a range of values for time variable ¢, for saving the results.
Click on Study>Step 1: Time Dependent. In the Time Dependent
window, enter range(0, 0.25[ms], 15[ms]) in the space provided for
Times under Study Settings. This will tell the solver to store the results
for 15 ms at 0.25 ms intervals. Click the box in front of Relative toler-
ance and enter 0.001 in the space provided. This will ensure that the
solver takes small time intervals during the transient solution. Also
expand Results While Solving and check the box for Plot.

15. Click on the Show icon "= in the Model Builder toolbar and select
Advanced Study Options. In the Model Builder window;, right-click
Study 2 and choose Show Default Solver. Expand Study>Solver
Configurations>Solver>Dependent Variables. Click on mod1.u2
and in the Field window locate the Scaling section and enter 1e-4 for
Scale, as shown in Figure 4.188.

7, Field
* Compute to Selected @

Compute All

= General

Field components:

nodl u?, modl v?, modl wZ

| Store in output
+ Scaling
Methed: | Manual =

Scales le-4

FIGURE 4.188 Solver parameters setting.
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16.

17.

18.

Right-click on Study and select Compute = . Wait until computations
are done.

Click on Stress (solid) under Results node in the Model Builder
window. In the corresponding window, locate Data section and select
Solution 2 from the Data set: list and 0.015 from the Time list. Click
Plot. The results show von Mises stress due to applied loads at time
equal to 0.015 seconds, as shown in Figure 4.189. It would be use-

ful to animate the displacements. Click on the Player icon @& in the
toolbar. A movie of the displacements will be displayed in the Graphics
window. Click on the Player 1 node in the Model tree to change the
parameters of the animation.

To graph the displacements, right-click on Results and select 1D Plot
Group. Click on 1D Plot Group 4 node; in the corresponding window
locate Data section and select Solution 2 from the Data set: list. In the
same window, expand Legend and select Upper left from the Position
list. Right-click on the 1D Plot Group and select Global. Click on the
Globall node and in the corresponding window enter solid.u_rig1,
solid.v_rigl, soli.w_rigl in the table under y-Axis Data section. Click
Plot. Results are shown in Figure 4.190.

el Graphics - ¢l Convergence Plot1| ¢l Convergence Plot 2 =0

QW ol [ P 120 | R

Time=0.015 Surface: von Mises stress {N/m?)

A 2.4051x10°
x10®

Yo

FIGURE 4.189 von Mises stress due to applied loads at time = 0.015 seconds.
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FIGURE 4.190 Displacement components due to applied loads vs. time (s).

Example 4.22: Static Fluid Mixer with Flexible Baffles

In many industrial machines and processing facilities, we may have
cases in which a fluid flow interacts with solid structures or parts. We usu-
ally, as an approximation, consider the involved structure as a rigid body
and calculate quantities like drag force on the structure. In many practical
applications, the flexibility of the structure should be taken into account for
such calculations. Therefore the deformed structure, as a result of exerted
fluid forces, will change the fluid velocity and vice versa. This type of mod-
eling is called fluid-structure interaction, abbreviated in COMSOL as fsi.
The calculation of interaction of a solid with a fluid flow is, in principle,
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FIGURE 4.191 Sketch of the geometry for fluid mixed with baffles.

an iterative process and a very lengthy one. In this example, we model a
2D static mixer with two flexible baffles (beams) that are attached to the
walls of the mixer and behave like cantilever beams. The deformations, von
Mises stresses for the solid beams, and fluid velocity and pressure fields
are calculated. The governing equations are equilibrium and Navier-Stokes
equations. Refer to the COMSOL Manual for further readings.

A sketch of the problem geometry is shown in Figure 4.191. We build
this geometry using CAD tools available in COMSOL.

Solution

1. Launch COMSOL and open a new file. Save it as Example 4.22.

2. Select 2D from the Model Wizard window and click =+ . In the Add
Physics window, expand the list for Fluid Flow and select Fluid-Struc-
ture Interaction (fsi). Then click on Next = to go to the next window,
Selected Study Type. In this window, click on Stationary node and click
on the flag icon ## to Finish.

3. To build the geometry of the mixer, use the following steps:

3.1 Click on the Geometry 1 node in the Model Builder window (if
not already highlighted). In the Geometry window under Units,
change the Length unit to em from the list (open the list to see the
selection options). Draw a box in the Graphics window by right-
clicking on the Geometry 1 node and selecting Rectangle. The
Rectangle window will open. In this window, enter 50 for Width
and 15 for Height in the Size section, and 0 for x: and 0 for y:
under Position. Make sure that Corner is selected for Base. Click
on the Build Selected icon 1. The mixer box geometry will appear
in the Graphics window.
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3.2 Similarly, draw two more boxes for the beams/baffles. Right-click
on the Geometry 1 node in the Model Builder window and select
Rectangle. In the Rectangle window, enter 1 for Width and 8 for
Height in the Size section, and 16 for x: and 0 for y: under Position.
Make sure that Corner is selected for Base. Click on the Build
Selected icon 1. Again, right-click on the Geometry 1 node in
the Model Builder window and select Rectangle. In the Rectangle
window, enter 1 for Width and 8 for Height in the Size section,
and 32 for x: and 7 for y: under Position. Make sure that Corner is
selected for Base. Click on the Build Selected icon 1. Finally, to
smooth the tips of the beams just created, right-click on the Geom-
etry 1 node in the Model Builder window and select Fillet. In the
Fillet window, select the points on the tips of the beams/baffles
and add them to the Selection window. Enter 0.5 for Radius, and
then click on the Build Selected icon.

3.3 Rename the nodes under the Geometry 1 node as mixture, baffle
1, and baffle 2, as shown in Figure 4.192.

'3 Example 5.7.mph - COMSOL Multiphysics 0 [T
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0eBsa ¢ T D& ;&-
‘| Model Builder = O g Fitet [ Model Library T eh Graphics
R ' EtE £ Build Selected | | Build AN Blxeoc@-|laqae@ @ »[5)
'3 EBample 3.7.mph froot) Sy .
= Global Definitions
Model 1 (mod) Vertices to fillet: 357
Definit
F G:ﬂ::&’l Build Preceding State 551
1 misture (e} .
£ batfle1 (v A 25
= boffle2 (r3 Radivs: 0.5 m =
il Fillet 1 (fit1) 20
# Form Unien fin) = Selections of Resulting Entities
| 7 5
% Malsrialy ) Create selections 1
| ¢ Fluid-Structure Interaction (fe(l
| 3 Mesh1 10
=7 Studyl =
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FIGURE 4.192 Building the mixer geometry.
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4. To assign materials properties, we start with the baffles/beams. To
define the baffles as solid media beams, expand the Fluid-Structure
Interaction (fsi) node in the Model Builder and click on the Linear
Elastic Material 1 node. From the Graphics window, select and add
the domains (2, 3) for the baffles to the Selection list in Linear Elastic
Material.

To assign the baffles material properties, right-click on the Materials
node and select Material. In the Material window, make sure that only
domains 2 and 3 are listed, as they represent the baffles/beams. Enter
the following data for the beams properties: Young’s modulus of elasticity
(5.6€6), Poisson’s ratio (0.4), and density (1e3). See Figure 4.193.

Similarly, assign fluid domain material properties. Right-click on the
Materials node and select Material. In the Material window, make sure that
only domain 1 is listed, as it represents the fluid flow domain. Enter 1E3 for

fluid density and 1 for dynamic viscosity.

% Material

Geometric Entity Selection

Geametrnic entity level: [Bnmain -
Selectian: |Manual -
2 '~'Fn_,1 gk
3 [ =
T J
» Owerride

¥ Material Properties

= Material Contents

Property MName  Walue Urit Pro
Young's modulus E S/Geh Pa Bas
Poisson's ratio nu 04 1 Bas
Density rha 1e3 kg/m*3 Bas

FIGURE 4.193 Material properties setting for baffles.
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Finally, rename Material 1 to Material-baffle and Material 2 to
Material-fluid.

5. To assign the boundary conditions, we first assign those related to the
beams/baffles. Right-click on the Fluid-Structure Interaction node and
select Solid Mechanics>Fixed Constraint. From the Graphics window,
select the boundaries (5, 9) at the base of the beams where they are
attached to the mixer wall, and add them to the Selection list in the
Fixed Constraint window. This step is very crucial in finding a con-
verged solution for this model, and in general fluid-structure interac-
tion models. See Figure 4.194.

6. Assign the boundary conditions for the flow. Right-click on the Fluid-
Structure Interaction node and select Laminar Flow>Inlet. In the Inlet
window, add the boundary (1) to the Selection list. Select Laminar Flow
from the list under Boundary Condition. Enter Vin for U and 10 for
L_ . Check the box for Constrain endpoints to zero. Similarly for outlet
boundary condition, right-click on the Fluid-Structure Interaction node
and select Laminar Flow>Outlet. In the Outlet window, add the bound-
ary (12) to the Selection list. We leave the pressure as zero, for reference.

1% Example 5.7.mph - COMSOL Multiphysics L ()
Fie Edn View Optioes  Help

o 03 & v

+ quation

16 '1s ‘20 ‘2z '24 26 '28 30 32 '3

Messages | Progeess log| || Results

512 ME| 551 B

FIGURE 4.194 Assigning fixed boundary conditions for the beams/baffles.
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7. To define the parameter Vin, the fluid velocity at the inlet, right-click

on the Global Definitions node in the Model Builder window and
select Parameters. In the Parameters window, enter Vin for Name and
0.2[m/s] for Expressions. You may want to add Fluid Velocity under
Description (optional).

At this stage, we have defined all the physics and boundary conditions

for this model. Note that COMSOL will assign a moving mesh that moves
according to the fluid flow and beams displacements. This feature is very
useful for calculating the interactions and is done automatically. It is recom-
mended that at this point users click on each of the nodes listed under the
Fluid-Structure Interaction node in the Model Builder window and study
their definitions.

8. We change the default discretization or the order of function/ polyno-

10.

11

mials for finite elements for fluid flow. We want to use second order
for velocity and first order for pressure. This is defined as P2 + P1. To
do this, click on the Show button *= , located in the Model Builder
window toolbar, and select Discretization. Now click on the Fluid-
Structure Interaction node and in the corresponding window locate
the Discretization section and expand it. From the list under Discreti-
zation of fluids, select P2 + P1.

. To build the mesh, click on the Mesh 1 node in the Model Builder

window. In the Mesh window, change the Element size to Coarse and
click Build All #:1. 4170 elements are created. Zoom on the mesh to
see the hybrid mesh, which consist of boundary-layer quadrilateral and
main domain triangular elements. Also note that the beam/baffle solid
domain is meshed, as shown in Figure 4.195.

The model is now ready to run. Right-click on the Study 1 node and
select Compute. After the calculations are complete, the default
results appear in the Graphics window, showing the fluid velocity and
the von Mises stress in the beams/baffles for the assigned value of the
inlet velocity 0.2 m/s.

. It is useful to do a parametric analysis for this model based on the

inlet velocity. Right-click on the Study 1 node and select Paramet-
ric Sweep. In the corresponding window, locate the Study settings
section and click on the plus icon == ; the Vin (Fluid velocity) will
appear in the table. This is the same as it was defined in the Global
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FIGURE 4.195 Built hybrid mesh, zoomed around the first baffle.

definitions>Parameters (see Step 7). In the Table under the Parameter
value list, enter 0.2, 0.4, 0.6, 0.8. The model will assign these values
to the inlet velocity, in turn, and calculate the corresponding results.
To see the results while being solved, check the Plot box under Output
While Solving. This will slow down the solution process because it
requires more computer resources.

12. Again, right-click on the Study 1 node and select Compute. The results
will appear in the Graphics window. To see each set, click on the Flow
and Stress node in the Model Builder window and in the correspond-
ing window select the desired value for Parameter value (Vin), under
the Data section.
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| O T T N &

FIGURE 4.196 Windows showing results for fluid-beam interactions for different values of fluid inlet velocity.

13. The results for Vin = 0.2, 0.4, 0.6, and 0.8 m/s are shown in
Figure 4.196. Note the progressive deflections of the beams/baffles
as the fluid flow moves faster.

14. It would be useful to draw the displacements of the tips of the baffles/
beams versus the inlet velocity of the fluid. Right-click on the Results
node and select 1D Plot Group. A new node, 1D plot Group 3, will be
created. Right-click on it and select Point Graph. In the correspond-
ing window, select the points (5, 10) representing the tip points of the
baffles and add them to the Selection list. In the y-axis Data section,
enter fsi.disp. This variable is the total displacements as a result of
beam deflection. Change the unit to mm, by selecting it from the
Unit list. To draw the results, click on Plot »# . See Figure 4.197 and
Figure 4.198.
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FIGURE 4.197 Building a graph for drawing tip displacements of the baffles.
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Example 4.23: Double Pendulum: Multibody Dynamics
In this example, we consider motion of a double pendulum. This is a
classic problem in applied mechanics under multibody dynamics topic. As
shown in Figure 4.199, the double pendulum system consists of two masses
(m, and m,) hanging by two strings with lengths L and L,. We assume that
strings are massless, relatively. Vibration is in the x-y plane. We are mainly
interested in finding the variations of angles 6, and 6,.

The governing equations for motions of masses m, and m, are derived
using Lagrangian mechanics (see Reference 4.11). The Lagrdnglan func-
tion is defined as L = K — V, where K is the kinetic energy and V potential
energy of the system. For the double pendulum, we have

1 5 oy 1 9 .
K :Eml(i’f +1'f)+§m2(5cg +15)
V =-m,gL, cos(6,)—m,g(L, cos, + L, cosb,)
where x, =L, sin0,, x, =x, +L,sin0,, y, =-L,cosb,, y, =y, —L, cosb,
with reference to the coordinates system shown in Figure 4.199. Dot-

symbols are used for time derivatives of variables. By substituting K and V
into L, after simplification we have:

1 o1 .
L= E(m1 +m,) 0] +§mgL§92‘ +m,L,L,0,0, cos(6, —0,)

+(m, +m,)gL, cos6, + m,gL, cos6,

FIGURE 4.199 Geometry sketch and coordinates for a double pendulum.
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The Euler—Lagrange equations are:

oL d oL
— - (=H)=0
00, di 06,
oL _d oL,
00, dt 06,

We now apply Euler-Lagrange equations using the resulting equation

for L. The final result is a system of nonlinear ODEs, as given below:

(m, +my)L,*0, +m,L,L,6, cos(8, —6,)+m,L,L,0,” sin(6, —6,)
+(m, +m,)L,gsin6, =0

m,L,*0, +m,L,L,0, cos(, —6,)—m,L,L,6,* sin(6, —6,)+m,L,gsin6, =0

Solution

L,
1.

2.
3.

To solve the nonlinear system of ODEs, we let m, = 50 g, m,= 100 g,

=20 em, L,= 10 cm. The initial conditions are 6, =6, =6, =0and 8,= 1 /6.

Launch COMSOL and open a new file. Save it as Example 4.23.
Select 0D from the Model Wizard window and click Next = .

From the Add Physics list, expand the Mathematics node and select ODE
and DAE Interfaces>Global ODEs and DAEs (ge). Click Next = .

From the Select Study Type list, select Time Dependent and click
Finish % .
For this example, we don’t have geometry to build (hence the 0D option

selected). We define the equations using the Model 1 (mod1) node in the
Model Builder window.

S.

Expand the Model 1 (mod1) node in the Model Builder window and
click on the Global Equations 1 node. In the corresponding window,
enter the governing equations derived for 6 , 0,, and their initial
conditions. See Figure 4.200. Note that the variable names should be
entered under column Name, and they should be consistent with the

variables used in the equations. We used thetal for 6 and theta2 for
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FIGURE 4.200 Entering system of ODEs, as Global equation.

~* Parameters
Name Expression Value Description
ml 50[g] 0.050000 kg mass 1
m2 100([q] 0.10000 kg mass 2
L1 20[cm) 0.20000 m length of string 1
L2 10[cm)] 0.10000 m length of string 2
g 9.81[m/s"2] 9.8100 m/s’

FIGURE 4.201 Data for the double pendulum, as Parameters.

0,. Note that in COMSOL derivatives are available. For example, the
time derivative of thetal is thetalt, and so on.

6. To enter the data, we enter them as parameters into the model. Right-
click on the Global Definitions node in the Model Builder window
and select Parameters. In the corresponding window, enter the data as
shown in Figure 4.201.

7. Expand the Study 1 node in the Model Builder window and click on

Step 1: Time Dependent. In the corresponding window, enter range
(0, 0.05, 4).
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8. Click on Study 1 and select Compute. Default results show line graphs
for thetal and theta2, as shown in Figure 4.202.

9. Itis useful to calculate the variations of, for example, x-displacements
of mass] and mass2, as well. Click on the Global 1 node and in
the corresponding window find the Data section. In the table,
type L1*sin(mod1.thetal) in the first row and L1*sin(mod1.
thetal)+L2*sin(mod1.theta2) in the second row. These are
expressions for X and X, respectively. Click on the Plot icon »#.
Results are shown in Figure 4.203.

Similarly, variations of y-coordinates of the two masses could be
calculated.
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FIGURE 4.202 Variations of 01 and 02 w.r.t. time for the double pendulum.
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FIGURE 4.203 x-displacements of the double pendulum mass1 and mass2 w.r.t. time.

It is well-known that double pendulums may exhibit periodic, quasi-
periodic, or chaotic behavior depending on the amount of initial energy
input to the system. Double pendulum is a complex system. In order to
analyze its dynamics, several graphs usually are needed (e.g., velocity vs.
position, trajectories, angular velocities, angles). COMSOL allows users to
make graphs of these quantities.

10. Click on the Globall node (under 1D Plot Group). In the correspond-
ing window, find and expand the Data section. Expand y-Axis Data and
enter modl.thetal in the first row under Expression. Expand x-Axis
Data and from the Parameters list choose Expression and enter mod1.
theta2. Expand the Coloring and Style section and select Point for
Marker and In data Points for Positioning. Enter the axes and graph
title, if desired, and click Plot. Results are shown in Figure 4.204. As
shown in this graph, when mass2 is along the y-axis, hence theta2 =
0, massl is at a different known location on the x-y plane. From this
graph users may extract the locations of mass1 and mass2 for different
values of thetal and theta2.
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FIGURE 4.204 Angle 01 vs. 02 for double pendulum mass1 and mass2.

Example 4.24: Multiphysics Model for Thermoelectric Modules

Thermoelectric (TE) materials can be used for power generation and
refrigeration, as shown in Figure 4.205. In this example, we model a ther-
moelectric module system. The TE modules in a system are connected in
series and in parallel to produce useful power and required electrical volt-
age and current.

When two dissimilar materials are connected together (electrically in
series and thermally in parallel) and a differential temperature is applied
at their two ends, an electric voltage is generated. This is known as the
Seebeck effect, which states that generated voltage is proportional to the
temperature difference. When an electrical load is connected to the mod-
ule, then electric current running through generates electric power. There
are also other effects, such as Peltier and Thomson effects, associated with
current going through thermoelectric module (see Reference 4.14).
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FIGURE 4.205 Seebeck effect: electric power generated by providing AT = THot - TCold (left diagram)
and Peltier effect: refrigeration by absorbing heat on the T Cold side providing electric power input (right
diagram).

The Peltier effect appears when an external electric power is applied
instead of the electric load and as a result a temperature difference occurs,
as shown in Fig, 4.205. Thermoelectric refrigeration uses the Peltier effect.

The efficiency of a TE module (e.g., related to power generation mode)

S’c

is referred to as figure-of-merit. The figure-of-merit is given as, Z =

where S is the Seebeck coefficient (V/K), o electrical conductivity (Q'm™),
and k thermal conductivity (W/m.K). The product S o is referred to as the
electrical power factor. The figure-of-merit for a TE device is sometimes
given in its dimensionless form, as ZT, where T is absolute temperature.

The main phenomena associated with a TE are heat flux and electric
current density. Heat flux is proportional to temperature gradient (Fourier’s
law) and generates electric current (Seebeck effect). Electric current by
itself heats up the materials (Joule heating effect). The electric current
absorbs heat reversibly (Peltier effect). A combination of these phenomena
constitutes the governing equation for heat transfer in a TE (in vector/ten-
sor format):

g=T1-]—k-VT
V.g=0Q
where ¢ is heat flux (W/m?), IT Peltier coefficient matrix (V), J current
density (A/m?), and T temperature (K). Q = J-E is the heat source due to

the Joule heating effect and E=-VV is the electric field due to electric
voltage potential V.

The electric current density is due to Seebeck voltage and should satisfy
Ohm’s law. Hence we have the governing equation for current density as:
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J=c-(E-S-VT)
V-]=0
In the last equation (V-] =0 ), which governs convergence of current

density, we neglect electric displacement (or time variation of electric flux
density). This assumption is valid for TE.

By combining and manipulating the above equations (see References
4.15 and 4.16), we have:

V- [~(S26T+kVT]+V-(=SoeTVV)=c[(VV)* +SVT-VV)]
V-(SocVT)+V-(cVV)=0

These equations are the mathematical model for TE. Note that these
are coupled nonlinear partial differential equations in vector notation
format.

We use the Mathematics module in COMSOL for modeling, specifi-
cally the Coefficient Form for solving the above equations.

In COMSOL definition, the Coefficient Form of a PDE reads:

2
eﬂaat—g+dﬂ%+V~(—cVu—au+y)+ﬁ-Vu+au=f

where u is the dependent variable vector and coefficients are defined
independently. Therefore, after comparing our mathematical model with
the Coefficient Form, we have:

(TJ [k-ﬁ-SZGT SGTJ (a[(VV)2 +SVT~VV)]J
u= 5 Cc = s f =
\% So o 0

All other coefficients (e, d, o, B, v, a) are zero. We will discuss the
boundary conditions during model construction.

Solution*

1. Launch COMSOL and open a new file. Save it as Example 4.24.
2. Select 3D from the Model Wizard window and click Next = .

* Version 4.4 has a thermoelectric modeling module built in.



222 « COMSOLFOR ENGINEERS

3. From the Add Physics list, expand the Au Mathematics node and select
Au PDE Interfaces>Au Coefficient Form PDE(c). Click on the Au
Coefficient Form PDE (c¢) and then click Add Selected =k . Locate
the Dependent variables section and enter 2 in the space for Number
of dependent variables and T and V for Dependent variables. Leave
Field name as default. Click Next =: .

4. From the Select Study Type list, select Stationary and click Finish W

To build the TE modules geometry, right-click on the Geometry 1
node in the Model Builder window and select Block. In the corre-
sponding window, enter 1.24[cm] for Width and 1[cm] for both Depth
and Height. For Position enter 0.1[cm] for z. Click the Build Selected
icon on the toolbar of the Block window. Similarly, build more blocks
with the dimensions provided in Table 4.6.

6. Right-click on the Geometry 1 node and select Transforms>Copy. In
the corresponding window, add Blocks 1, 3, and 4 to the selection list.
In the Displacement section, enter 3.24[cm] for x: and click on Build
Selected. The final result for the geometry is shown in Figure 4.206.

7. We use the Parameters feature for entering material properties. As men-
tioned, p-type (Block 1) and n-type (Block 4) silicon-based materials are
common in industry for TE modules. In addition, electrodes (Blocks 2
and 3) are usually made out of copper. Right-click on the Global Defini-
tions node in the Model Builder window and select Parameters. In the
corresponding window, enter the data as shown in Figure 4.207. These
are typical material properties for Bismuth-Telluride and copper.

For this example, we consider constant material properties. However,
the model is capable of using materials with varying properties, such as
functions of temperature.

Width Depth Height | Position (x, y, z)

Block 2 1.24[cm] | 1[cm] 0.1[ecm] [(0,0,0)

Block3 |2.74[cm] |1[cm] 0.1[cm] [(0,0, 1.1[cm])
Block4 |1[cm] 1[cm] 1[cm] (1.74[cm], 0, 0.1[cm])
Block5 |2.74[cm] | 1[cm] 0.1[cm] |(1.74[cm], 0, 0)

Block 6 | 1[cm] 1[cm] 0.1[cm] |(4.98[cm], 0, 0)

TABLE 4.6 Dimensions for building geometry of TE modules.
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¢! Graphics

FIGURE 4.206 Built geometry for two TE modules connected in series.

ET a . =
=

Pi Parameters

@
« Parameters =
Name Expression Value Description
alphaTEp  230e-6[V/K] 2.3000E-4 V/K Seebeck coeff-p type S
' kTEp 1.2[W/m/K] 1.2000 W/ (m-K) therm. cond.-p type
sigmaTEp  (1/(1.75e-5))[S/m] 57143 S/m elec, cond.-p type
alphaTEn  -195e-6[V/K] -1.9500E-4 V/K Seebeck coeff-n type i
kTEn L4[W/m/K] 1.4000 W/(m:K) therm. cond.-n type
sigmaTEn  (1/(1.35e-5))[S/m] 74074 5/m elec. cond.-n type
alphac 6.5e-6[V/K] 6.5000E-6 V/K Seebeck coeff-copper
sigmac 5.9e8[5/m] 5.9000E8 S/m elec. cond. -copper
ke 350[W/m/K] 350,00 W/ (m:K) therm. cond. - copper

FIGURE 4.207 Parameters for material properties for TE modules, p-type, n-type, and copper electrodes.
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To enter the model equations, click on the Coefficient Form PDE 1
node in the Model Builder window. Rename this node to Coefficient
Form for TEp. In the corresponding window, expand the Equa-

tion sectionand locate the PDE and boundary conditions, in terms of
COMSOL coefficient form. We will enter expressions for Coefficients
¢ and f only and leave the rest as default, as discussed previously.
Expand the Diffusion Coefficient section and enter the expressions
for ¢ and f matrices for the p-type TE (Domains 2 and 6), as shown

in Figure 4.208. The variables should be exactly the same as those
defined as Parameters (see Figure 4.207) and they are case sensitive.
Users should note that variables are made dimensionless by apply-
ing the inverse of their corresponding units. The color of expressions
entered in the space holders should turn black when units are consis-
tent. The dimensions of the elements of the coefficient ¢ entered are
m? in order to have the entire equation dimensionless after gradient
operators are applied twice, i.e., the term V.(-cVu).

Similarly, we define coefficients for n-type TE modules. Right-click on
the Coefficient Form PDE (c) node in the Model Builder window, and
select Coefficient Form PDE from the list. Coefficient Form PDE 2
node will appear; rename it to Coefficient Form for TEn. In the cor-
responding window, select and add domains 5 and 9 to the list under
Domain Selection. Expand the Diffusion Coefficient section and enter

+ Diffusion Coefficient

<

((alphaTEp[KAN])* 2 sigmaTEp[m/S)* T+ kTEp[m KW]) [ m*2] m? (sigmaTEp[m/5]"alphaTEp[KAV] T)m 2] m?
|Iscnropir_ '] |Isotropic >

(sigmaTEp[m/S]"alphaTEp[KA1m~2] m? (sigmaTEp[m/S)im~2] m?
|Isahopic v] 'Isutropic -

~ Absorption Coefficient

0 1 0 1

0 1 0 1
~ Source Term

(sigmaTEp[m/S]* (V" 2+ Wiy 2+ Wz " 2+ alphaTEp[KAV]* (T Vs Ty Vy+ T2*V2)))[m ~2] 1

f

0

FIGURE 4.208 Coefficient expressions for p-type TE blocks.
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~ Diffusion Coefficient

((alphaTEn[K/V]) " 2"sigmaTEn[m/S]" T+ kTEn[m K/W])[m 2] m? (sigmaTEn[m/S]"alphaTEn[K/NV]*T)[m 2] m?
[ Isotropic -] lIsotrupic -
c )
(sigmaTEn[m/5]"alphaTEn[KA)[m 2] m? sigmaTEn[m/5][m*2] m?
;Isotwp\c v: llsotrupic V_.

» Absorption Coefficient
¥ Source Term
(sigmaTEn[m/S]* (Vi 2+ Vy" 2 V2" 2+ alphaTEn[K/V] (T Ve Ty"Vyre TzVz)))[m 4 2] 1

f
U 1

FIGURE 4.209 Coefficient expressions for n-type TE blocks.

the expressions for ¢ and f matrices for the n-type TE (Domains 5 and
9), as shown in Figure 4.209. The variables should be exactly the same
as those defined as Parameters (see Figure 4.207) and they are case
sensitive. Nondimensionalization of the expressions for coefficient ¢ is
applied similar to Step 9 above.

10. Similarly, we define coefficients for copper electrodes. Right-click on
the Coefficient Form PDE (c) node in the Model Builder window,
and select Coefficient Form PDE from the list. Coefficient Form
PDE 3 node will appear; rename it to Coefficient Form for Copper
Electrodes. In the corresponding window, select and add domains 1,
3,4, 7, and 8 to the list under Domain Selection. Expand the Diffu-
sion Coefficient section and enter the expressions for ¢ and f matrices
for the electrodes, as shown in Figure 4.210. The variables should be
exactly the same as those defined as Parameters (see Figure 4.207) and
they are case sensitive.

11. This model can be used for modeling Seebeck-type thermoelectric
power generation or Peltier-type thermoelectric refrigeration. For this
example we apply a set of boundary conditions for power generation.
Therefore we should apply temperatures at the electrodes to calculate
the resulting electrical voltage. Right-click on the Coefficient Form
PDE (¢) node and select Constraint. Constraint 1 node will appear in
the model tree list. Select boundaries corresponding to electrodes on
the top of the modules (i.e., 10, 35) from the geometry and add them
to the Selection list in the corresponding window. Expand the Equa-
tion section. From the equation we can see that we should define
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« Diffusion Coefficient

((alphac[KV])*2*sigmac[m/S]* T+ ke[m*K/W])[m*2] m? (sigmac[m/S]*alphac[KN]*T)[m*2] m?
I]sotrepic v| | Isotropic -
c
(sigmac[m/S]*alphac[K/V])[m*2] m? sigmac[m/S][m*2] m?
[]sotwpic 'I ||sotr0pic 'j

» Absorption Coefficient

~ Source Term

(sigmac[m/5]" (Vx* 2 Vy " 2+ Vz* 2+ alphac[KA]* (T Vs Ty Vy= Tz*Vz))) [m* 2] 1
£

1 1

FIGURE 4.210 Coefficient expressions for copper electrode blocks.

values for R, corresponding to the 0 = R equation. In the Constraint
section, enter 180-T and 0 into values for R. This will set the tempera-
ture at the upper electrodes at 180° C. Similarly, create another con-
straint boundary condition for the remaining electrode surfaces (i.e.,
boundaries 3, 19, 43) and enter 10-T and -V into the values for R. This
will set the temperature at the lower electrodes at 10° C and ground
the voltage for reference at zero.

12. Now the model is ready for meshing. Click on Mesh 1 and in the cor-
responding window, accept default inputs and click on Build Al

13. To run the model, click on the Study 1 node, and then click on Com-
pute = in the toolbar.

14. The results appear in the Graphics window. The default is the Slice 1.
Click on Slice 1 and in the corresponding window under the Expres-
sion, type T and check the results. Then type V and check the results.
Number of slices and their orientations can be modified by changing
the parameters in the Plane Data section. Other variables, such as
electric field, could be visualized by typing V_+ Vy+ V_for the Expres-
sion. To add another graph, right-click on the Results node in the
Model Builder and select 3D Plot Group. The 3D Plot Group 2 node
will appear in the model tree; right-click on it and select Surface.
Surface 1 node will appear; in the corresponding window enter the
desired variable in the Expression space, such as V for visualization.
See Figure 4.211.
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FIGURE 4.211 Results for voltage variations for TE modules.

The numerical values for voltage, after validation, could be used for
generated power. Validation for this model could be performed when
experimental results are available. We leave this task open for those read-
ers who may have access to the experimental setup. It can be shown that
changing the temperature at the upper electrode surfaces will change the
resulting voltage generated. This will suggest that we could use tempera-
ture-dependent material properties to get more accurate results. Readers
are referred to Reference 4.17 for the data and further reading.
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Example 4.25: Acoustic Pressure Wave Propagation in an Automotive
Muffler
In this example, we use the COMSOL Multiphysics module to model
and analyze pressure wave propagation and attenuation in a muffler.

Sound travels through air as a longitudinal wave, that is, the material (for
example, air molecules) displacement and the sound wave propagation are in
the same direction. When a sound wave is created by a source, such as a speaker
or human vocal cords, the extra pressure due to compression of air molecules
propagates as a wave. The extra pressure or acoustic pressure is in addition to
the background ambient pressure or atmospheric pressure in the air or the
medium involved. It is important to understand that the velocity of the air
molecules is different from the velocity of the sound wave generated. Speed
of sound wave V in a medium is, in general, proportional to the square root of
medium stiffness over its density. For air as an ideal gas, V, = 20T where T'is
the absolute temperature of air. Typical sound wave velocity at room tempera-
ture is 343 m/s depending on the source; sound wave length A and frequency
f are defined and their product should be equal to the generated sound wave
velocity V =\ f. Acoustic pressure, or the generated sound wave amplitude p,_
depends on the energy released from the sound source. The flux of this energy
(i.e., energy per unit area per unit time) is called sound Intensity I, which is
also equal to acoustic power per unit area and is proportional to p,*. If ris the
distance from the sound sources, then sound intensity variation is proportional
to 1/ and p_to 1/r (see Reference 4.18). The human ear, as a mechanical
sound receiver device, is sensitive to sound frequency (20Hz to 20kHz) and
can detect sound intensities as low as I, =107 W/m?, which corresponds to a
sound pressure equal to about 2x107° Pa. I is used as a scale to define sound
level or “loudness” equal to 10log,,(I/1,) as decibels and acoustic sound pres-
sure level (SPL). Humans’ hearing comfort sound level is about 50 dB.

To model the sound pressure-wave propagation as a result of combustion
in a car engine, through a muffler we use the COMSOL model library and
relevant data, after some modifications. For more details and mathematical
models refer to Acoustics_Module/Industrial_Models/absorptive_muffler’.
The main objective of a muffler is to attenuate the sound level to a bearable
level for human hearing. In this model, the muffler is considered as a resona-
tor with empty space.

> Model made using COMSOL Multiphysics® and is provided courtesy of COMSOL.
COMSOL materials are provided “as is” without any representations or warranties
of any kind including, but not limited to, any implied warranties of merchantability,
fitness for a particular purpose, or noninfringement.
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Solution

1. Launch COMSOL and open a new file. Save it as Example 4.25.
2. Select 3D from the Model Wizard window and click Next =:.

3. From the Add Physics list, expand Acoustics and select Pressure
Acoustics>Pressure Acoustics, Frequency Domain (acpr), and then
click Add Selected =F. Locate Dependent variables and notice that
Pressure p is defined as the sound pressure. Click Next =

4. From the Select Study Type list, select Frequency Domain and click
Finish 4 .

5. To define the model data as parameters, right-click on the Global Defi-
nitions and select Parameters. In the corresponding window, enter the
data shown in Figure 4.212. Alternatively, users can use Load from File
tool and import the file absorptive_muffler_parameters.txt, usually
located in the Models folder where COMSOL is installed.

Pi Parameters =08
@
v Parameters
Name Expression  Value Description
p0 1[Pa] 1.0000 Pa Amplitude of incoming pressure wave
L 600[mm] 0.60000 m Muffler length
H 150[mm] 0.15000 m Muffler height
W 300[mm] 0.30000 m Muffler width
L_io 150[mm] 0.15000 m Inlet and outlet length
R_io 40[mm] 0.040000 m Inlet and outlet radius

< m 3

FIGURE 4.212 Model data as parameters.



230 « COMSOLFOR ENGINEERS

To build the geometry, we use the CAD tools available in COMSOL.

Users may want to build it using their desired CAD software.

6.

Click on the Geometry 1 node and in the corresponding window
change Length to mm. Right-click on the Geometry 1 node and select
Cylinder from the list. In the corresponding window, locate the Size
and Shape section and enter R_io for Radius and L_io for Height. For
Position, enter —L,_io. In the Axis section, select Cartesian from the list
for Axis type. Enter 1 for x. Then click Build Selected.

. Similarly, build another cylinder. All data is the same except the

Position x value should be L.

These two cylinders are the inlet and outlet pipes to the muffler resonate

chamber. We now build this chamber.

8.

10.

Right-Click on Geometry 1 and select Work Plane. In the corre-
sponding window, select zy-plane from the Plane section. Click Build
Selected. Right-click on the Plane Geometry node (created under
Work Plane 1) and select Ellipse. In the corresponding window, enter
H/2 for a-semiaxis, W/2 for b-semiaxis, and 360 for Sector angle. Click
Build Selected. Right-click on Work Plane 1 and select Extrude. In the
corresponding window, enter —L for Distances, under Distances from
Plane section. Click Build All and then click on the Form Union (fin)
node, in the Model Builder window. Final geometry is shown in
Figure 4.213.

. We now add material properties of the air inside the muffler. Right-

click on the Materials node and select Open Material Browser. In the
corresponding window, select Liquid and Gases>Gases>Air and add
it to the model by right-clicking. By default, air is added to all three
domains (1, 2, 3) for the muffler geometry.

Click on the Pressure Acoustic Model 1 node. In the correspond-

ing window, extend Equation and study the equation. This equation
can be derived from a general wave equation using a transform, like
Fourier, to change the time domain to frequency domain. The result is
a “Helmholtz” type equation that governs the acoustic pressure-wave
propagation for different frequencies as shown in the Equation sec-
tion. Variable p is a function of space and angular velocity o (which is
itself a function of frequency). We accept all default values given under
the Model Inputs and Pressure Acoustics Model sections.



COMSOL MODELS FOR PHysicaL SysTems » 231

ol Graphics =08
xoCc@-aQaRe@ -z afoaea®

E] © | |\

Y T/K 100

FIGURE 4.213 Graphics window showing muffler built geometry.

11. For the boundary conditions at the inlet and outlet, we have incom-
ing and outgoing plane sound waves. To assign boundary conditions,
we first assign explicit names for them. Right-click on the Definitions
node located under Model 1 (mod1) in the Model tree, and select
Selections>Explicit. In the corresponding window, expand Boundary
from the list for Geometric entity level and select and add boundary 1.
Right-click on the Explicit 1 node and rename it Inlet. Similarly, create
Explicit 2 and rename it to Outlet and assign boundary 18 to it.

12. Right-click on the Pressure Acoustics, Frequency Domain (acpr) node
and select Plane Wave Radiation. In the corresponding window, add
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13.

boundaries 1 and 18 (inlet and outlet surfaces of the pipes) by select-
ing them from the geometry in the Graphics window. Then right-click
on the Plane Wave Radiation 1 node and select Incident Pressure
Field. In the corresponding window, select Inlet from the list and add
boundary 1 to the list. All other walls of the muffler have Hard Bound-
ary. By assigning this type of boundary condition we assume that the
normal derivative of the sound pressure is zero at the walls. Figure
4.214 shows the result for model tree nodes under Model 1(mod1), so
far. The Variables 1a, Integration 1(intop1), and Integration 2(intop2)
nodes will be built later in the process.

Although automatic tetrahedral mesh would work, we would like to
build a custom mesh with maximum element size of one-fifth of the
minimum sound wave length, which corresponds to the maximum
frequency. This value is equal to 343/(1500*5). The number 343 is the
sound velocity in m/s and 1500 Hz is the maximum frequency con-
sidered for this problem. Expand the Mesh 1 node and click on Size,

'[. Model Builder =i

E ' Er Bl

4 '3 Example 4.25.mph (root)
4 = Global Definitions
Pi Parameters
4 4 Modell (modl)
a = Definitions
a= Variables la
Jeu Integration 1 (intop1)
Jeu Integration 2 (intop2)
'Qi:h Inlet
“a, Outlet
1+ Boundary System 1 (sys1)
Y View1
% Geometry 1
%5 Materials
4 (1)) Pressure Acoustics, Frequency Domain (ocpr)
™| Pressure Acoustics Model 1
®s Sound Hard Boundary (Wall) 1
* ) Initial Values 1
4 g Plane Wave Radiation 1
o Incident Pressure Field 1
£ Mesh1
7 Study1
‘i1 Results

FIGURE 4.214 Model tree for model physics and boundaries.
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and in the corresponding window click the Custom button. Enter
343[m/s]/1500[Hz]/5 for the Maximum element size. Right-click on
Mesh 1 and select More Operations> Free Triangular. In the cor-
responding window, choose Boundary from the list for Geometric
entity level. Select boundaries 6 and 9 and add them to the list. These
are boundaries at the face of the muffler resonator at the end of the
entrance/inlet pipe. Click Build Selected. You may want to click on the
Transparency node in the Graphics window toolbar to clearly see these
surfaces, i.e., boundaries 6 and 9.

14. We build the volume elements using the Swept tool. This method is
suitable for building a mesh for wave propagation. Right-click on Mesh 1
and select Swept. In the corresponding window, select and add Domain
1 (the inlet pipe) to the list and click Build Selected. Similarly, create
Swept 2. In the corresponding window, select and add Domain 2 to the
Selection list. In the Source Faces section, select and add boundaries
6 and 9. In the Destination Faces section, select and add boundar-
ies 12 and 13 to the list. Click Build Selected. Finally, create Swept 3.

In the corresponding window, click Build All. Figure 4.215 shows the
final mesh.

b Graphics =
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FIGURE 4.215 Custom built mesh for the muffler geometry.
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15.

16.

17.

To set the range for frequency, click on Step 1: Frequency

Domain node under Study 1 in the Model Builder window. In the
corresponding window, enter range(50,25,1500) in the Frequencies
value. Right-click on the Study 1 node and select Compute. Wait until
calculations are finished.

The default results for acoustic pressure appear in the Graphics
window. Expand the Acoustic Pressure (acpr) node and click on Surface
1. In the corresponding window, locate the Expression section. Change
the variable to acpr.absp by clicking on Replace Expression % - and
select Pressure Acoustics, Frequency Domain>Absolute pressure>acpr.
absp. Click Plot. The results, which are absolute (norm) values of

the sound pressure on the surface of the muffler, appear in Graphics
window, as shown in Figure 4.216. Graphs for other frequencies could
be obtained by clicking on the Acoustic Pressure (acpr) node and
choosing the desired value from the Parameter value (freq).

Click on the Sound Pressure Level (acpr) node. The graph appears in
the Graphics window. The sound pressure is the sound pressure associ-
ated with acoustic pressure with reference to the 0 dB, associated with
the lowest human hearing sensitivity or 107> W/m?, which is set as

20 pPa in COMSOL. The result is shown in Figure 4.217.
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FIGURE 4.216 Total acoustic pressure on the surface of the muffler for frequency of 1500 Hz.
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FIGURE 4.217 Sound pressure level (referenced to 0 dB) on the surface of the muffler for frequency of 1500 Hz.

18.

19.

Another useful graph is the isosurfaces for acoustic pressure, or
locations for constant pressure in the muffler. Click on the Acoustic
Pressure, Isosurfaces (acpr). We keep the default Expression acpr.p_t,
which is the total acoustic pressure (real part). Click on Plot. Results
are shown in Figure 4.218.

Attenuation of acoustic power is the main function of the muffler.
Sound intensity or power per unit area is the quantity of interest given
by p*/2pV, . To integrate this quantity over the surface area of the
inlet and outlet pipes, we create two integral operations and define
the intensity as a variable. Right-click on the Definitions node under
Model 1(mod1), in the Model Builder window, and Select Variables.
In the corresponding window, under Variables enter W_in for Name
and intop1(p0/2/(2*acpr.rho*acpr.c)) for Expression. Similarly, in the
second row, enter W_out for Name and intop2(abs(p)*2/(2*acpr.
rho*acpr.c)) for Expression. Then create the integral operations
(intop1 and intop2) by right-clicking on the Definitions node and
select Model Couplings>Integration. In the corresponding window,
select and add boundary 1 (if needed, change the Geometric entity
level to Boundary). Similarly, create Integration 2 (intop2) and assign
boundary 18 to it. Right-click on Study and select Compute to update
all solutions.
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FIGURE 4.218 Total acoustic pressure isosurfaces on the surface of the muffler for frequency of 1500 Hz.

20. Now we are ready to extract the integrals of the acoustic power den-
sities from the solution results. Right-click on the Results node and
select 1D Plot Group. 1D Plot Group 4 appears in the model tree;
right-click on it and select Global. In the corresponding window, locate
the y_Axis data section and enter 10*log10(W_in/W_out). This
expression is standard sound level in dB. It shows the ratio (logarith-
mic) of the incoming sound power over the outgoing one. Results are
shown in Figure 4.219. Open Coloring and Style to change the graph-
ing options for the line graph (2 for Width, Point for Marker, and In
data points for Positioning).

The model is complete. Further studies or graphs may be built. In
practice, a muffler resonate chamber is composed of two shells, instead of
one, for damping the acoustic energy. Users may want to modify this model
by adding another chamber inside the existing one and study its effects as
compared to results obtained in this example.
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vs. frequency.
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EXERCISE PROBLEMS

Problem 4.1: Using the solution to Example 4.1., show the principle stress
directions by manipulating the results.

Problem 4.2: Repeat Example 4.1, using the symmetry of the geometry
and loads along the line axis at y = 0.

Problem 4.3: Repeat Example 4.1 for different boundary conditions, for
example, simply supported for vertical sides on the right side of the
plate and triangular tension stress applied on the upper edge.

Problem 4.4: Calculate 10 natural frequencies of the plate given in
Example 4.2.

Problem 4.5: Calculate the plate frequency given in Example 4.2, close to
1500 Hz, and show the corresponding modal shape.

Problem 4.6: Investigate the effects of different boundary conditions on
the natural frequencies for the plate given in Example 4.2.

Problem 4.7: Repeat Example 4.3 for different sets of applied loads
Problem 4.8: Repeat Example 4.3 for different ranges of angle theta0.

Problem 4.9: Check the bracket stress given in Example 4.3 against Tresca
yield criterion.

Problem 4.10: Calculate the moment of inertia of the column cross-
section given in Example 4.4 and compare those obtained with the
Euler’s column formula P, = z*EI/(4L).

Problem 4.11: Change the applied load given in Example 4.4 to higher values
and make a graph of obtained critical load factors vs. applied loads.

Problem 4.12: For Example 4.4, assign different boundary conditions to
the column and calculate buckling load. Compare the buckling load
with and without lateral loads.

Problem 4.13: Modify the column given in Example 4.4 to have a variable
cross-section (tapered). Calculate its critical load factor for 200 Pa
compression load (use Scale 0.5 for x _and y_in the Extrude). Also
in Example 4.4, change the values of point loads and repeat the
Eigenfrequency calculations, both with and without loading.

Problem 4.14: In example 4.4, design the truss to have the optimum
section to satisfy 0.6Fy (FYy is the yield strength equal to 240 MPa)
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maximum applied stresses. Investigate the buckling for the member
with maximum compression load.

Problem 4.15: In Example 4.4, introduce different damping to the truss
vibrations and compare/discuss your results.

Problem 4.16: In Example 4.6, analyze the truss and compare your results
with those in the model.

Problem 4.17: Repeat Example 4.6 for prescribed displacements, as
boundary conditions, equal to 1 ¢cm in x-direction and 2 cm in
y-direction at point G.

Problem 4.18: Calculate the Reynolds number for the flow in
Example 4.7.

Problem 4.19: For Example 4.7, run the model with finer meshes and
discuss the results in terms of mesh dependency. Choose a physical
point in the flow domain and investigate its numerical values, velocity,
and pressure for different mesh sizes.

Problem 4.20: For a water-jet cutter, pressure of 20,000 psi is typical.
Calculate the exit velocity for the nozzle using the model given in
Example 4.7. Discuss validity of the assumptions for this model, such
as water compressibility, turbulence, and other factors.

Problem 4.21: For a fly-wheel, the friction between the rotating disk and
air is significant. Calculate the total forces applied on the disk due to
shear stresses. Consider the dynamic viscosity of the air as a parameter
and draw the total friction force versus viscosity. Use the model from
Example 4.8.

Problem 4.22: In Example 4.8, calculate the flow Reynolds number.
Discuss the Reynolds number in the context of the laminar flow
assumption made for this model. For Example 4.8, calculate the
Reynolds number using total viscosity to be equal to the fluid viscosity
and average turbulent viscosity. Define average as (u,, -+, /2.

Problem 4.23: Repeat Example 4.9, calculating the average turbulent
dynamic viscosity using the COMSOL Derived Values tool. Also
calculate the total shear force exerted on the disk by the fluid.

Problem 4.24: Rerun Example 4.9 for a wider range of omega (from small
to large values) and make a table of the results. Discuss the laminar vs.
turbulent assumptions with reference to ratio of turbulent maximum



240 « COMSOLFOR ENGINEERS

viscosity over fluid dynamic viscosity. Also do a literature search for
finding the critical Reynolds number for a swirling flow, and compare
it against your results. (For reference, see Boundary-Layer Theory,
8" edition, H. Schlichting, K. Gersten. The transition occurs at about
Re~500, according to experimental results in literature.)

Problem 4.25: Calculate the max Reynolds number for the model in
Example 4.10. Also draw streamlines and study the bend effect on
the flow. Calculate the “equivalent length” of the bend for having the
same pressure drop.

Problem 4.26: In Example 4.10, extend the last exit part of the pipe
(downstream of the bend) and find the length for which the flow
becomes fully developed again.

Problem 4.27: Rebuild the model Example 4.10 for turbulence flow.

Problem 4.28: Using results given in Example 4.11, draw the contours for
the y-component of the velocity vector for Re 50, 100, 400, and 1000.

Problem 4.29: Using results given in Example 4.11, draw the contours for
pressure for Re 50, 100, 400, and 1000.

Problem 4.30: Run the model given in Example 4.11 and modify boundary
conditions to have the two vertical side walls move in opposite
directions, instead of the upper and lower walls.

Problem 4.31: In Example 4.11, calculate the maximum value of Reynolds
number and investigate if the laminar flow assumption is justified.
Determine the Reynolds number for which the flow becomes
turbulent.

Problem 4.32: In Example 4.12, calculate the pressure change due to
water hammer for a series of different boundary conditions for the
pipe at the entrance.

Problem 4.33: In Example 4.12, compare the model results with those
obtained by using governing equations given in the example.

Problem 4.34: In Example 4.12, make an animation of pressure variations
along the pipe versus time. Use the Player button in the toolbar to
create the animations.

Problem 4.35: Repeat Example 4.13 with different velocity values for
Inlet. Discuss the results based on the flow Reynolds number.
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Problem 4.36: Change the pressure boundary condition at the outlet
in Example 4.13 and compare the results against the existing
obtained results.

Problem 4.37: In Example 4.13, change the orientation of the baffles
inside the mixer and run the model.

Problem 4.38: In Example 4.14, compare the modeling results with
analytical R = (r,-r )/(4nk r 1), where R, is the thermal resistance for
each layer with internal radius r, and external radius r,.

Problem 4.39: In Example 4.14, fill the void at the center of the sphere
and assign a volumetric heat source to this region. Run the model and
compare the results with previous boundary conditions.

Problem 4.40: Repeat Example 4.15 and make use of symmetry for
geometry and boundary conditions.

Problem 4.41: For Example 4.16, do you recommend running this model
for more than 60 seconds? Explain your answer.

Problem 4.42: For Example 4.16, calculate the dimensionless temperature
quantity (T —T_ /(T —T, ) attime equal to 5 sec. Compare the
results versus e #. Let T | =(273.15+30) Kand T, = (273.15 +

450) K. Explain your results.

Problem 4.43: Using Example 4.16, for this model (with Aluminum wall/
fin) the temperature of the fin tip reaches a steady state of about
350° C. Modify the dimensions of the fin such that the tip temperature
drops to 250°C.

Problem 4.44: For Example 4.16, calculate the heat flux through the side
surface of the fin and compare it to that of the tip. Discuss the results.

Problem 4.45: In Example 4.16, change the wall material to concrete
and the fin material to structural steel. Estimate time constant of the

problem and build the model.

Problem 4.46: Using Example 4.17, calculate the equivalent thickness for
a layer of air with equivalent resistance to the thin contact resistance
layer. Rerun the model using this equivalent air layer and compare the
results to original solution results.

Problem 4.47: For Example 4.17, add another thin layer to the model
between concrete and gypsum layers and build a new model.
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Problem 4.48: Compare the results given in Example 4.18 against
analytical results. The voltage for an RC circuit is given as. Show that
at t = RC = 0.05 sec., the value of voltage across the resistor drops to
1/e % (or 36.8%) of its total value of 10 volts. Extract these results for
the model and compare them. (Modeling result is 3.651 V.)

Problem 4.49: In Example 4.18, change the value of resistance to 1000,
2000, 5000, 10000 and calculate/model the circuit responses. Use
Parametric sweep and resistance as a parameter.

Problem 4.50: In Example 4.19, use the analogy between mechanical
mass-spring-damper and RCL circuit systems and derive the
equivalent mechanical system for the model. Solve the mechanical
system by hand and compare your results.

Problem 4.51: Using Example 4.19, run the model to study the effect of
resistance on its behavior for R = 1000, 3000, 5000, 10000 ohm. Use
the parametric sweep tool.

Problem 4.52: Using Example 4.19, run the model to study the effect
of resistance on its behavior for L = 10, 100, 1000 mH. Use the
parametric sweep tool.

Problem 4.53: Using Example 4.19, run the model to study the effect
of resistance on its behavior for C = 1, 10, 100, 1000 nF. Use the

parametric sweep tool.

Problem 4.54: Compare the stress and displacements results for the model
in Example 4.20 vs. results for the model in Example 4.1. Make a table
of these results to clearly show the effects of orthotropic materials on
these quantities vs. isotropic ones.

Problem 4.55: For Example 4.20, use Voigt for Material data ordering and
run the model. What is the difference between Voigt and Standard
ordering format? (Refer to the COMSOL Manual for definitions.)

Problem 4.56: In Example 4.20, apply different loading (in plane) scenarios
and discuss the results with respect to orthotropic material properties.

Problem 4.57: In Example 4.25, build a perforated plate inside the muffler
and study its effects on the acoustic pressure and sound pressure
levels.

Problem 4.58: In Example 4.25, build a second chamber inside the
muffler to create a double-wall resonate chamber and study its effects
on acoustic pressure and sound power attenuation.
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Reynolds number (Cont.)

double-driven cavity flow
turbulent dynamic viscosity and

turbulent flow

Reynolds stresses

Rigid Connector boundary conditions

RLC electrical circuits, modeling

parametric analysis for effect of
capacitance on voltage output

and reference nodes

rotating disk

S

Laminar Flow

angular velocity

axisymmetric geometry and
dimensions for flow

boundary conditions

swirl flow around

3D and 2D axisymmetric geometries
for flow

turbulent flow, swirl flow around

Seebeck effect

Select Study Type window

shape functions

slender steel bar, heat transfer

SolutionMeshFiner

sound pressure, automotive muffler

SPL.. See acoustic sound pressure level (SPL)
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Index Terms

stability, convergence and
heat transfer in slender steel bar
static analysis
and dynamic analysis, 2D bridge-support
truss. See 2D bridge-support truss
thin plate, stress analysis
static fluid mixer
boundary conditions
with flexible baffles
boundary conditions for flow
discretization of fluids
displacements of baffles
fluid velocity
geometry of mixer
material properties
parametric analysis
von Mises stress
fluid properties
geometry of
stationary window, parameter values for disk
steady state heat transfer
modeling in hexagonal fin
modeling in multilayer sphere
boundary conditions
materials and properties
model geometry building
parametric curve data for half-circle
temperature distribution
2D axisymmetric geometry

stiffness matrix, global. See global stiffness matrix
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112
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159
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161

160

159
161f

2091
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112f

1637

1607
164/-165f
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Index Terms

stress analysis of thin plate, stationary loads
Boolean operation
data entry interface
for report document
data entry window
fixed boundary conditions for
for Linear Elastic Material
load boundary conditions
Graphics window
for Geometry entries
with rectangle
with a rectangle and circles
mesh data entry window
and resulting mesh
Model Wizard window
for selecting and adding physics
for selecting space dimension
von Mises stresses
stress analysis, orthotropic thin plate
stress-strain relationship, orthotropic material
properties
stress tensor
Structural_Mechanics_ModuleTutorial_Models
Study and Results window
Study Extension data entry window
surface velocity
in nozzle
3D, for values of omega
turbulent flow
Swept tool to build volume elements
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swirl flow. See also specific flows
around rotating disk
Laminar Flow

turbulent flow
T

TE modules. See thermoelectric modules
Thermal Linear Elastic Materials 1 node
thermal stress analysis of bucket
boundary conditions for
von Mises stresses
thermoelectric (TE) modules
coefficients for n-and p-type
efficiency of
heat flux and electric current density
multiphysics model for
boundary conditions during model
construction
coefficient for copper electrode blocks
geometry of materials, building
parameters for material properties
thermoelectric power generation
voltage variations
thin plate
dynamic analysis. See dynamic analysis
stress analysis. See stress analysis

Thin Thermally Resistive Layer

3D stress analysis, parametric, bracket assembly

3D truss tower, static and dynamic analysis

boundary conditions
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Index Terms Links

3D truss tower, static and dynamic analysis (Cont.)

forces and stresses 91 91f
geometry of truss 89 891
joint coordinates for 88¢
material properties 90 90f
modes of vibration for different eigenvalues 93
natural frequencies, calculating 92-93
normal forces of truss 91-92
variables for normal forces 90

transient flow analysis
boundary conditions and pipe shape and
dimensions 145
water hammer model 142-150

transient heat transfer, nonprismatic fin with

convective cooling 173-174
boundary conditions 176 177f
parameters setup and final geometry 1751
temperature distribution 178 1781
temperature variation 179 1797 1807
transient response of bucket
applied load 202
displacement components 204 2051
von Mises stress 204 2041
dynamic modeling 200-205
Rayleigh damping method 201 2011
Rigid Connector boundary conditions 202 2021
solver parameters setting 203f
transient solver parameters 148 148f
triangular elements, global stiffness matrix for 14-15 15f
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Index Terms

turbulent dynamic viscosity
and Reynolds number

turbulent flow, swirl flow around rotating disk

2D bridge-support truss, static and dynamic analysis

boundary conditions
geometry of truss
harmonics, displacement for range of
material properties of truss
meshing
natural frequencies calculation
2D truss
analysis of

U

U-shape pipe, Laminar Flow
Unit System options
unsteady heat transfer. See transient heat transfer

\

variational principle approach
global matrix assembly, general procedure for
global matrix for triangular elements
2D truss, analysis of
version 4 of COMSOL
Vin (Fluid velocity)
voltage source data and nodes
volume Integration data entry window
von Mises stress
dynamic analysis of thin plate, Eigenvalues
and modal shapes
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Index Terms

von Mises stress (Cont.)

parametric analysis, 3D stress

static fluid mixer with flexible baffles
stress analysis of thin plate, stationary loads
thermal stress analysis of bucket

transient response of bucket
w

Wall window, boundary conditions set up
water hammer model, transient flow analysis
water hammer phenomenon

pressure pulse for

pressure variation
weak formulation for FEM

weighted residual approach
Y

Young’s modulus
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