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Introduction

Read this book if you are new to COMSOL Multiphysics®. It provides an
overview of the COMSOL® environment with examples that show you how to use
the COMSOL Desktop® user interface and the Model Builder. It also provides a
quick introduction to creating applications using the Application Builder.

If you have not yet installed the software, install it now according to the
instructions at www.comsol.com/product-download.

In addition to this book, an extensive documentation set is available after
installation. Tutorials can be found throughout the COMSOL website, including
in the Video Gallery at www.comsol.com/videos and in the COMSOL Blog at
www.comsol.com /blogs.


http://www.comsol.com/product-download
www.comsol.com/video/
www.comsol.com/blogs

COMSOL Desktop®

QUICK ACCESS TOOLBAR—Use these
buttons for access to functionality such as file
open/save, undo/redo, copy/paste, and delete.

APPLICATION BUILDER—
Click this button to switch to
the Application Builder and

RIBBON—The ribbon tabs have buttons
and drop-down lists for controlling all
steps of the modeling process.

start building an application DEHE 9D E-l
based on your model. Home | Definitions ~ Geometry  Materials  Physics  Mesh | Study  Results
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MODEL TREE—The model T Heat Transfer in Solids 1 - -
tree gives an overview of the 8 Iniil Values 1
8 e T Thermal Insulation 1 Qg
model and all the functionality A Meshl Degrees =
and operations needed for 4 " Study1 )
building and solving a model as @ﬁji‘” 1 Stationary Sl chianced
well as processing the results. Geometry representation:
CAD kemel -
Default relative repair tolerance:
MODEL BUILDER—The Model 1E-6
Builder window with its model Automatic rebuild
tree and the associated toolbar
buttons gives you an overview of
the model. The modeling
process can be controlled from SETTINGS WINDOW—Click
context-sensitive menus any node in the model tree to
accessed by right-clicking a node. see its associated Settings
window displayed next to the
Model Builder.
H
y L"‘
Messages Progress Log
.
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GRAPHICS WINDOW TOOLBAR

Untitled.mph - COMSOL Multiphysics ==
' =ww B e B
% om = " "R 5 Le
Add | Bulld Mesh | Compute Study Add AddPlot | Windows Reset
Physics | Mesh 1 T+ Study Group = - Desktop -

Mesh Study Results Layout
Feae o
o

GRAPHICS WINDOW—The Graphics window presents
interactive graphics for the Geometry, Mesh, and Results

nodes. Operations include rotating, panning, zooming, and
selecting.

INFORMATION WIINDOWS—The Information windows will display vital
model information during the simulation, such as the solution time, solution
progress, mesh statistics, solver logs, and, when available, results tables.

724 MB | 868 MB




The screenshot on the previous pages is what you will see when you first start
modeling in COMSOL Multiphysics using the Model Builder. COMSOL
Desktop™ provides a complete and integrated environment for physics modeling
and simulation as well as application design, providing you with the tools necessary
to build a user-friendly interface for your models. You can customize the desktop
to your own needs. The windows can be resized, moved, docked, and detached.
Any changes you make to the layout will be saved when you close the session and
available again the next time you open COMSOL Multiphysics. As you build your
model, additional windows and widgets will be added. (See page 24 for an
example of a more developed desktop.) Among the available windows and user
interface components are the following;:

Quick Access Toolbar

The Quick Access Toolbar gives access to functionality such as Open, Save, Undo,
Redo, Copy, Paste, and Delete. You can customize its content from the
Customize Quick Access Toolbar list.

Ribbon

The ribbon at the top of the desktop gives access to commands used to complete
most modeling tasks. The ribbon is only available in the Windows® version of the
COMSOL Desktop environment and is replaced by menus and toolbars in the
OS X and Linux® versions. Click the Application Builder button to switch from
the Model Builder to the Application Builder and start building an application
based on your model.

Settings Window

This is the main window for entering all of the specifications of the model
including the dimensions of the geometry, properties of the materials, boundary
conditions and initial conditions, and any other information that the solver will
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need to carry out the simulation. The picture below shows the Settings window

for the Geometry node.

o ibE R oI ERNNEE
Home Definitions Geometry Materials Physics Mesh Study Results
~db ) — =
A & Model Data Access .i <<> P; Parameters 5 = Imp
® Record a New Method a= Variables ~ caLive
Application o Component Add i Build
Builder ~ » Test Application 1 (compl) = Component~ | fix)Functions - All
Application Model Definitions Geometry
Model Builder Settings v
- ® v =t 4 ~ sty
4 Untitled.rmph (root) [52 Build All
4 () Global Definitions
) Materials Label: Geometryl
4 Il Component1 (compl) Unit
v
= Definitions s
WA
.. E:;Zie:l?l [] Scale values when changing units
4 | Heat Transfer in Solids (ht) Length unit:
@ Heat Transfer in Solids 1 o -
T Initial Values 1 i
T Thermal Insulation 1 angularunit:
A Mesh1 Degrees -
4 ~ob Study 1
|7 Step 1: Stationary ¥ Advanced
@, Results
Geometry representation:
CAD kernel v
Default relative repair tolerance:
1E-6
Automatic rebuild
Plot Windows

These are the windows for graphical output. In addition to the Graphics window,
Plot windows are used for visualizing results. Several Plot windows can be used to
show multiple results simultaneously. A special case is the Convergence Plot
window, an automatically generated Plot window that displays a graphical
indication of the convergence of the solution process while a model is running.

Information Windows

These are the windows for non-graphical information. They include:

* Messages: Various information about the current COMSOL session is

displayed in this window.

» Progress: Progress information from the solver in addition to stop buttons.

* Log: Information from the solver such as number of degrees of freedom,
solution time, and solver iteration data.
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e Table: Numerical data in table format as defined in the Results branch.

» External Process: Provides a control panel for cluster, cloud, and batch jobs.

Other Windows

» Add Material and the Material Browser: Access the material property
libraries. The Material Browser enables editing of material properties.

 Selection List: A list of geometry objects, domains, boundaries, edges, and
points that are currently available for selection.

The Windows drop-down list in the Home tab of the ribbon gives you access
to all COMSOL Desktop windows. (On OS X and Linux®, you will find this in
the Windows menu.)

Progress Bar with Cancel Button

The Progress Bar with a button for canceling the current computation, if any, is
located in the lower right-hand corner of the COMSOL Desktop interface.

Dynamic Help

The Help window provides context-dependent help texts about windows and
model tree nodes. If you have the Help window open in your desktop (by typing
F1, for example), you will get dynamic help (in English only) when you click a
node or a window. From the Help window you can search for other topics such
as menu items.

The Model Builder and the Application Builder

The two main components of the COMSOL Desktop environment are the Model
Builder and the Application Builder.

The Model Builder is the tool where you define the model and its components:
how to solve it, the analysis of results, and the reports. You do that by building a
model tree. The model tree reflects the underlying data structure, the model
object, which stores the state of the model including settings for: geometry, mesh,
physics, boundary conditions, studies, solvers, postprocessing, and visualizations.

The Application Builder allows you to quickly create an application with a
specialized user interface that is easy to use. An application is based on a model
created with the Model Builder. The Application Builder provides two important
tools for creating applications: The Form editor and the Method editor. In
addition, an application can have a menu bar or a ribbon. The Form editor
includes drag-and-drop capabilities for easily accessing and including user
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interface components such as input fields, graphics windows, and buttons. The
Method editor is a programming environment that allows you to modify the
model represented by the model object data structure.

This book, Introduction to COMSOL Multiphysics, gives a detailed introduction
to using the Model Builder and a quick introduction to the Application Builder.
For detailed information on how to use the Application Builder, see Introduction
to Application Builder.

Running Applications and COMSOL Server

The Application Builder is included in the Windows® version of COMSOL
Multiphysics. With a COMSOL Multiphysics license, applications can be run from
the COMSOL Desktop. With a COMSOL Server license, applications can be run
in major web browsers on a variety of operating systems and hardware platforms.
In addition, you can run applications by connecting to COMSOL Server with an
easy-to-install COMSOL Client for Windows®.

The COMSOL Client for Windows® allows a user to run applications that require
a LiveLink™ product for CAD.

Running applications in a web browser does not require any installation and no
web browser plug-ins are needed. Running an application in a web browser
supports interactive graphics in 1D, 2D, and 3D. In a web browser, graphics
rendering in 3D is based on WebGL™ technology which comes included with all
major web browsers.

To create an application based on your model, use :
the Application Builder, accessible from the Home Home | Definitions _Geor

tab in the ribbon. A TGModelDats Access

® Record a New Method
For more information on creating a COMSOL Application .+ Application
application, refer to the section “Creating an Application

Application using the New Form Wizard” on page
82 and the book Introduction to Application Builder.



Preferences

Preferences are settings that affect the modeling environment. Most are persistent
between modeling sessions, but some are saved with the model. You access
Preferences from the File menu.

13 Preferences B
Application Libraries Visualization
Email Rendering: | OpenGL .
Files
Farms Optimize for | Quality -
General
Geometry Antialiasing: | Medium =

Graphics and Plot Windows

Graphics Window Selections Detail: Normal hd
Help Show lege en canvas

LiveLink Connections

Methods [7] Show material color and texture
Model Builder

Multicore and Cluster Computing [0 Show physics symbols
Parametric Sweep

Part Libraries Display fermat (maximum number of digits)
Physics Builder Grankh: 5

Quick Access Toalbar ph

Remote Computing 20 axes: 4

Results

Security 3D axes: 3

Updates
Color legend: 3

Animation export
Codec: | MIPEG Compressor =

Fonts
Load system fonts

Default font in new applications

Family: | Vera =

Size: 9 pt

Factory Settings

Factory Settings for Al oK Cancel

In the Preferences window, you can change settings such as graphics rendering,
number of displayed digits for results, maximum number of CPU cores used for
computations, or paths to user-defined application libraries. Take a moment to
browse your current settings to familiarize yourself with the different options.

There are three graphics rendering options available: OpenGL®, DirectX®, and
Software Rendering. DirectX® is not available in OS X or Linux®, but is available
in Windows® if you choose to install the DirectX® runtime libraries during
installation. If your computer does not have a dedicated graphics card, you may
have to switch to Software Rendering for slower but fully functional graphics. A
list of recommended graphics cards can be found at:

www.comsol .com/systcm - quLlil’CantS
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Creating a New Model

You can set up a model guided by the Model Wizard or start from a Blank Model

as shown in the figure below.
|

I =N=0E e
Home Definitions Geometry Materials Physics
New

meh
Model
Wizard

et
Blank Model

CREATING A MODEL GUIDED BY THE MODEL WIZARD
The Model Wizard will guide you in setting up the space dimension, physics, and

study type in a few steps:
I Start by selecting the space dimension for your model component: 3D, 2D

Axisymmetric, 2D, 1D Axisymmetric, or 0D.

Results

c b EHE > ¢ D
Home  Definitions  Geometry  Materials  Physics  Mesh  Study

Select Space Dimension

1L !
m = 9 - :
EN 2 10 1D w

P

2 Now, add one or more physics interfaces. These are organized in a number of
Physics branches in order to make them easy to locate. These branches do not
directly correspond to products. When products are added to your COMSOL
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Multiphysics installation, one or more branches will be populated with

additional physics interfaces.

14 |

GO e = = P S e 5 )

Home  Definitions  Geometry

Select Physics

X acme
1)) Acousties
2 Chemical Species Transport
1T Etectrochemistry
Fluid Flow
4 || Heat Transfer
1B Heat Transfer in Solids (ht)
1% Heat Transfer in Fluids (ht)
55 Hest Transfer in Pipes (htp)
T8 Local Thermal Non-Equilibrium
Heat Transfer in Porous Media (ht)
| Bioheat Transfer (ht)
1] Heat Transfer in Thin Shells {htsh)
| Conjugate Heat Transfer
14 Radiation
/| Electromagnetic Heating
Thermoelectric Effect

Added physics interfaces:

ieat Transfer in Solids (ht)

° Space Dimension
Hep € cancel [ Deone

Materials

Physics

| Search

| Add |

| Remove |

O Study

Mesh

Study  Results

Review Physics Interface

Heat Transfer in Salids (ht)

Dependent Variables

Temperature: T




3 Select the Study type that represents the solver or set of solvers that will be used
for the computation.

CRAEEA=N=N0 - o Tl |

Home Definitions Geometr, Materials Physics Mesh
Select Study

4 " Preset Studies

|= stationary

[ Time Dependent
8 Custom Studies
% Empty Study

Added study:
|= stationary
Added physics interfaces:
8 Heat Transfer in Solids (ht)

@ Physics
Help g Cancel \:,\/ Done

Finally, click Done. The desktop is now displayed with the model tree
configured according to the choices you made in the Model Wizard.

CREATING A BLANK MODEL

The Blank Model option will open the COMSOL Desktop interface without any
Component or Study. You can right-click the model tree to add a Component of
a certain space dimension, a physics interface, or a Study.

The Ribbon and Quick Access Toolbar

The ribbon tabs in the COMSOL Desktop environment reflect the modeling
workflow and give an overview of the functionality available for each modeling
step, including building simulation applications from your models.

e
mA =g

Buld Mesh | Compute Study Add
Mesh 1+ 1+ Study

Model Mesh Study Results

The Home tab contains buttons for the most common operations for making
changes to a model, running simulations, and for building and testing
applications. Examples include changing model parameters for a parameterized
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geometry, reviewing material properties and physics, building the mesh, running
a study, and visualizing the simulation results.

There are standard tabs for each of the main steps in the modeling process. These
are ordered from left to right according to the workflow: Definitions, Geometry,
Materials, Physics, Mesh, Study, and Results.

Contextual tabs are shown only if and when they are needed, such as the 3D Plot
Group tab, which is shown when the corresponding plot group is added or when
the node is selected in the model tree.

Temperature (ht)

[ Evaluate Along Normal| - Cut Line Direction 51 Second Point for Cut Plane Normal
2 T

utline Y Cutl e
5 Arrow Surface 2 Streamine (K] Mesh /*Second Point for Cut Line. | First Point for Cut Plane Normal ) Cut Plane Normal from Surface
Add Plot Attrbutes Select

Modal tabs are used for very specific operations, when other operations in the
ribbon may become temporarily irrelevant. An example is the Work Plane modal
tab. When working with Work Planes, other tabs are not shown since they do not
present relevant operations.

ce | [ClsmptoGeomety]
/1 Solid s

. ZChamfer {j Delete
Z1Filet

Parts Programming Selecti

o Tangent @ Cross Section
Other Close

THE RIBBON VS. THE MODEL BUILDER

The ribbon gives quick access to available commands and complements the model
tree in the Model Builder window. Most of the functionality accessed from the
ribbon is also accessible from contextual menus by right-clicking nodes in the
model tree. Certain operations are only available from the ribbon, such as selecting
which desktop window to display. In the COMSOL Desktop interface for OS X
and Linux®, this functionality is available from toolbars, which replace the ribbon
on these platforms. There are also operations that are only available from the
model tree, such as reordering and disabling nodes.

THE QuICcK ACCESS TOOLBAR

The Quick Access Toolbar contains a set of commands that are independent of the
ribbon tab that is currently displayed. You can customize the Quick Access
Toolbar; you can add most commands available in the File menu, commands for
undoing and redoing recent actions, for copying, pasting, duplicating, and
deleting nodes in the model tree. You can also choose to position the Quick
Access Toolbar above or below the ribbon.
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OS X AND LINUX®

In the COMSOL Desktop environment for OS X and Linux®, the ribbon is
replaced by a set of menus and toolbars:

Definitions (1A Geomety] 4 aterials % Physics A Mesh ~ Study (2 Resuls | |5 e € e - 8 -E - =

The instructions in this book are based on the Windows® version of the COMSOL
Desktop environment. However, running COMSOL in OS X and Linux® is very
similar, keeping in mind that ribbon user interface components can instead be
found in the corresponding menus and toolbars.

The Model Builder and the Model Tree

Using the Model Builder, you build a model by starting with the default model
tree, adding nodes, and editing the node settings.

All of the nodes in the default model tree are top-level parent nodes. You can
right-click on them to see a list of child nodes, or subnodes, that you can add
beneath them. This is the means by which nodes are added to the tree.

When you click on a child node, then you will see its node settings in the Settings
window. It is here that you can edit node settings.

It is worth noting that if you have the Help window open (which is achieved either
by selecting Help from the File menu, or by pressing the function key F1), then
you will also get dynamic help (in English only) when you click on a node.

THE RooOT, GLOBAL DEFINITIONS, AND RESULTS NODES

A model tree always has a root node (initially

labeled Untitled.mph), a Global Definitions Mod
node, and a Results node. The label on the root - - EE S-S
node is the name of the multiphysics model file, g;tgll‘;‘;:l‘ngf’::i .

or MPH file, that this model is saved to. The &) Materials

root node has settings for author name, default @ Resuits

unit system, and more.

The Global Definitions node has a Materials

subnode by default. The Global Definitions node is where you define parameters,
variables, functions, and couplings that can be used throughout the model tree.

They can be used, for example, to define the values and functional dependencies
of material properties, forces, geometry, and other relevant features. The Global
Definitions node itself has no settings, but its child nodes have plenty of them. The

]

(ww)

T
@]
D
4
-

(
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Global Definitions>Materials node stores material properties that can be
referenced in the Component nodes of a model.

The Results node is where you access the solution after performing a simulation
and where you find tools for processing the data. The Results node initially has
five subnodes:

e Data Sets, which contain a list of solutions
you can work with. Model Builder T

- =« StE S

e Derived Values, which defines values to be 4 %8 Untitledmph (roo)

derived from the solution using a number 4 () Global Definitions
of postprocessing tools. &) Materials
p p g 4 @, Besults

ZE Data Sets
ez Derived Values

e Tables, which is a convenient destination

for the Derived Values or for Results B Tables
generated by probes that monitor the Export
solution in real-time while the simulation is B Reports
running.

» Export, which defines numerical data,
images, and animations to be exported to files.

* Reports, which contains automatically generated or custom reports about
the model in HTML or Microsoft® Word® format.

To these five default subnodes, you may also add more Plot Group subnodes that
define graphs to be displayed in the Graphics window or in Plot windows. Some
of these may be created automatically, depending on the type of simulations you
are performing, but you may include additional figures by right-clicking on the
Results node and choosing from the list of plot types.

THE COMPONENT AND STUDY NODES

In addition to the three nodes just described,
there are two additional top-level node types: Model Builder - wr
Component nodes and Study nodes. These are - =
usually created by the Model Wizard when you

=

i
a4

4 Untitled.rph (root)
) Global Definitions

create a new model. After using the Model 1 Component 1 (comp)
. . . “o Study 1
Wizard to specify what type of physics you are & Results

modeling and what type of Study (e.g.,

steady-state, time-dependent,

frequency-domain, or eigenfrequency analysis) you will carry out, the Wizard
automatically creates one node of each type and shows you their contents.
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It is also possible to add more
Component and Study nodes as you
develop the model. A model can
contain multiple Component and
Study nodes and it would be
confusing if they all had the same
name. Therefore, these types of
nodes can be renamed to be
descriptive of their individual
purposes.

If a model has multiple Component
nodes, they can be coupled to form a
more sophisticated sequence of
simulation steps.

Note that each Study node may carry
out a different type of computation,
so each one has a separate Compute
button =.

Wode

-

o
punaer TR
= v STE 2~

4 Untitled.rmph (root)

() Global Definitions

W Component1 (compl)
\W| @ Add Physics
oy

& & AddMesh
Copy as Code to Clipboard 3
Delete — Del
Rename — R2
Settings

Properties

Emﬂ:@:f—]}

Help — Fl

Keyboard Shortcuts —!
Keyboard Shortcuts

To be more specific, suppose that you build a model that simulates a coil assembly
that is made up of two parts, a coil and a coil housing. You can create two
Component nodes, one that models the coil and the other the coil housing. You
can then rename each of the nodes with the name of the object. Similarly, you can
also create two Study nodes, the first simulating the stationary or steady-state
behavior of the assembly, and the second simulating the frequency response. You
can rename these two nodes to be Stationary and Frequency Domain. When the
model is complete, save it to a file named Coil Assembly.mph. At that point, the
model tree in the Model Builder looks like the figure below.

In this figure, the root node is named Coil
Assembly.mph, indicating the file in which the
model is saved. The Global Definitions node
and the Results node each have their default
name. Additionally, there are two Component
nodes and two Study nodes with the names

chosen in the previous paragraph.

- =« StE S

4 3 Coil Assembly.mph (root)
() Global Definitions
W Coil fcomp1)
W Coil Housing (comp2)
~db Stationary
~db Frequency Domain

@, Results
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PARAMETERS, VARIABLES, AND SCOPE

Parameters

Parameters are user-defined constant scalars that are usable throughout the model.
That is to say, they are “global” in nature. Important uses are:

» Parameterizing geometric dimensions.
¢ Specifying mesh element sizes.

* Defining parametric sweeps (that is, simulations that are repeated for a
variety of different values of a parameter such as a frequency or a load).

A parameter expression can contain numbers, parameters, built-in constants,
built-in functions with parameter expressions as arguments, and unary and binary
operators. For a list of available operators, see “Appendix C—Language Elements
and Reserved Names” on page 155. Because these expressions are evaluated
before a simulation begins, parameters may not depend on the time variable t.
Likewise, they may not depend on spatial variables like x, y, or z, nor on the
dependent variables that your equations are solving for.

It is important to know that the names of parameters are case sensitive.

You define Parameters in the model tree under Global Definitions.

Model Builder

- v

4 & busbar.mph (reot) ~ Parameters
4 ) Global Definitions
Pi Parameters Name  Expression Value Description

- @) Materials L 9[cm] 009 m Length
“ T8 Component1 feompd) rad 1 6[mm] 0006 m Bolt radius
2 2:::‘;:1 thb S[mm] 0005 m Thickness
i} Materale whb S[cm] 005m Width
. Electie Currents ve) mh 6[mm] 0006 m Maximum element size
® Heat Transfer in Solids (hD) htc SIW/mA2/K] |5W/(mPK] | Heat transfer coefficient
& Muliphysics Vtot 20[mv] 002v Applied voltage
£ Mesh1
~ Study 1

B Results

Expression:
9[em]
Description:

Length

Variables

Variables can be defined either in the Global Definitions node or in the Definitions
subnode of any Component node. Naturally, the choice of where to define the
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variable depends on whether you want it to be global (that is, usable throughout
the model tree) or locally defined within a single Component node. Like a
Parameter Expression, a Variable Expression may contain numbers, parameters,
built-in constants, and unary and binary operators. However, it may also contain
Variables like t, x, y, or z; functions with Variable Expressions as arguments; and
dependent variables that you are solving for in addition to their space and time
derivatives.

Variables Used in Applications

Model parameters and variables can be used in applications. For example, you can
let the user of an application change the value of a parameter. In addition, variables
to be used in applications can be defined in the Application Builder under the
Declarations node.

Scope

The “scope” of a Parameter or Variable is a statement about where it may be used
in an expression. All Parameters are defined in the Global Definitions node of the
model tree. This means that they are global in scope and can be used throughout
the model tree.

A Variable may also be defined in the Global Definitions node and have global
scope, but they are subject to other limitations. For example, Variables may not
be used in Geometry, Mesh, or Study nodes (with the one exception that a
Variable may be used in an expression that determines when the simulation should
stop).

A Variable that is defined, instead, in the Definitions subnode of a Component
node has local scope and is intended for use in that particular Component (but,
again, not in Geometry or Mesh nodes). They may be used, for example, to specify
material properties in the Materials subnode of a Component or to specify
boundary conditions or interactions. It is sometimes valuable to limit the scope of
the variable to only a certain part of the geometry, such as certain boundaries. For
that purpose, provisions are available in the settings for a Variable to select
whether to apply the definition either to the entire geometry of the Component,
or only to certain Domains, Boundaries, Edges, or Points.
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The figure at left shows the definition
“*  of two Variables, q_pin and R, for
which the scope is limited to just two

Label:  Variables1

————— boundaries identified by numbers 15
Geometric entity level: | Boundary = and 19.
Selection: Manual - .
=g & Such Selections can be named and then
19 B -

referenced elsewhere in a model, such
as when defining material properties or
boundary conditions that will use the
Variable. To give a name to the

" Name Expression Unit Description . . .
B [ mursatG O mu 2 W/m*2] /by [surface heat source Selection, click the Create Selection
R sqr(xh2+y~2) m Radial distance .

— button (% ) to the right of the
Selection list.

Active B &

~ Variables

- Although Variables defined in the

;pp Definitions subnode of a Component
e e ) node are intended to have local scope,
s they can still be accessed outside of the

Component node in the model tree by
being sufficiently specific about their
identity. This is done by using a
“dot-notation” where the Variable
name is preceded by the name of the Component node in which it is defined and
they are joined by a “dot”. In other words, if a Variable named foo is defined in a
Component node named MyModel, then this variable may be accessed outside of
the Component node by using MyModel.foo. This can be useful, for example,
when you want to use the variable to make plots in the Results node. Variables
defined under the Declarations node in the Application Builder are available
globally in form objects and methods but cannot be used in the Model Builder.

Built-In Constants, Variables, and Functions

COMSOL Multiphysics comes with many built-in constants, variables, and
functions. They have reserved names that cannot be redefined by the user. If you
use a reserved name for a user-defined variable, parameter, or function, the text
you enter will turn orange (a warning) or red (an error) and you will get a tooltip
message if you select the text string.

Some important examples are:

» Mathematical constants such as pi (3.14...) or the imaginary unit i or j
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Physical constants such as g_const (acceleration of gravity), c_const (speed
of light), or R_const (universal gas constant)

The time variable, t

First-and-second-order derivatives of the Dependent variables (the solution)
whose names are derived from the spatial coordinate names and Dependent
variable names (which are user-defined variables)

Mathematical functions such as cos, sin, exp, log, 10og10, and sqrt

See “Appendix C—Language Elements and Reserved Names” on page 155 for
more information.

.The following spread shows an example of a customized desktop with additional
windows.
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SETTINGS WINDOW RIBBON
QUICK ACCESS
TOOLBAR —F=—[ i= O G0 P IGNON S o (e el .. N
ev Home Definitions Geometry Materials Physics Mesh Study Results
2 Model Data Access P, Parameters [ Impdrt v
=] §> ' T} ~a @
A ® Record 3 New Method L a= Variables - = e i
Application Component Add Build Add Turbulent Add Build  Mesh
Builder  » Test Application 1 (compl) » Compenent fix) Functions ~ Al Material | Flow, k-¢ (spf) » Physics = Mesh 1~
Application Model Definitions Geometry Materials Physics Mesh
MODEL BUILDER
WINDOW  ——iodel Builder ~» Graphics
- 15~ o Qe @E | L kkx =
4 4 shell_and_tube_heat_exchanger.mph (root) -
) Global Definitions Surface: Te
4 T Component 1 (comp1) Lobel: | Heat Transfer Coefficient
= Definitions
YA\ Geometry 1 = Data
MODEL TREE —— Materials

Turbulent Flow, k-& (spf)
’ Heat Trancfer in Fluids (ht)
<y Multiphysics
A Mesh1
0 Study 1
4 &

4 ¥ Derived Values

(E3) Heat Transfer Coefficient
¢ Inlet Pressure, Water
¥ Inlet Pressure, Air

BH Tables

Wl Velocity (spf)

Wl Wall Resolution (spf)

Wl Temperature (ht)

Plot 1
aaQ® WE & @8

Dataset: | Study1/Solution1 (1) (soll ~|

~ Expression + - G-

Expression:
aveopL (nitfl.qwf_u)/(T_water-T_air)

Unit:

Wim*2*K) -
Heat Transfer Coefficient

Description:

~ Data Series Operation

Operation: | Mene =

Pr¢ssure (Pa)

0.1

L
0.2

L
0.3 0.4 0.5 0.6

x-coordinate (m)

1 348

4 z

4 Messages Progress Log Table 1

1 | R | ZWT B =
b Heat Transfer Coefficient W/(m*2*K Pressure (Pa) Pressui
7 54401 33103 11725

PLOT WINDOW—The Plot window is used to visualize Results
quantities, probes, and convergence plots. Several Plot windows

can be used to show multiple results simultaneously.
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DYNAMIC HELP—Continuously updated with online access to the
Knowledge Base and Application Gallery. The Help window enables

GRAPHICS WINDOW easy browsing with extended search functionality.
| shelland_tube_heat exchanger.mph - COMSOI
— =
= b R = 05
Compute Study Add | Velocity AddPlot — Widows Reset
1+ Study | (spfl~ Group ~ Desktop ~
Study Results Layout
Help
a = — = @ [ Contents @ Searth [E[Tope
mperature (K) Streamline: Velocity field o Il
Derived Value Types
1n the Model Builder, under Results, right-click Derived
Values ( ©-4! ). Select an option from the list and continue
defining each derived value (see Table 20-10).
TABLE 20-10- DERIVED VALUE TYPES
ICON LINK TO DESCRIPTION
SECTION
:_ﬁ Point Evaluation To evaluate expressions or
variables defined in a point.
55 Global Evsluation  To evaluate the numerical valus
of a global variable.
a5 | Global Matrix To define the evaluation of the =
*** | Evaluation numerical values for a global
matrix variable such as 5-
parameters in a model with
several ports activated as a
parametric sweep and a frequency
“domain study.
895 Particle Evaluation  To evaluate an expression for all,
b | or a subset of, the particles in a
particle tracing model.
@ System Matrix To evaluate an Assemble or Modal
node to a table.
AVERAGE Volume Average. Surface
SUBMENU Average, and Line Average
v  Wolume Average  To evaluate an average over a set
of domains in 3D models.
u  Surface Average  To evaluate an average over a set
of domains in 2D,
axisymmetric, or boundaries in
3D.
a  Line Average To evaluate an average over a set
of domains in 1D, boundaries in
VE - 2D, or edges in 3D.
INTEGRATION Volume Integration, Surface
re (Pa) SUBMENU Inteqration, and Line Inteqration
‘ Jff  Volume Integration  To evaluate an integral over a set
of domains in 3D models.
INFORMATION WINDOWS ff  Surface Integration  To evaluate an integral over a set
of domains in 2D,
axisymmetric, or boundaries in
3D.
134 GB| 143 GB O ——] =

PROGRESS BAR WITH CANCEL BUTTON
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The Application Libraries

The Application Libraries are collections of MPH files containing tutorial models
and runnable applications with accompanying documentation. Tutorial models
have documentation that includes the theoretical background and step-by-step
instructions. Runnable applications have instructions on how to use the
application. You can readily edit all tutorial models and applications to make them
your own. Each physics-based add-on module comes with its own application
library with examples specific to its applications and physics area. You can use the
step-by-step instructions and the MPH files as a template for your own modeling.
To open the Application Libraries window, on the Home toolbar, Windows menu
select Application Libraries [fi or select File>Application Libraries fj and then
search by application name or browse under a module folder name.

App“C&TiOﬂ Libraries Stationary Incompressible Flow over a Backstep

Search

% AC/DC Module

) Acoustics Module

43 Batteries & Fuel Cells Module

4 (% CFD Medule

[l Applications
[l High Mach Number Flow
[ffii Multiphase Benchmarks
[l Multiphase Tutorials

[l Non-lsothermal Flow
{f] Partcle Trocing ———
10
[l Single-Phase Benchmarks
4 [ Single-Phase Tutorials This example solves the incomp e
I > ) geometry. The visualization sho i
© baffled mixer B
O gravity tutorial -
® non newtonian flow ”
© oldroyd b viscoelastic :
© rotating disk o
© solar panel e
O turbulent mixing Name backstey] -
® water purification reactor et product comsor
3 sed products o2
“ﬁjjj Thin-Film Flow e
<'=f Chemical Reaction Engineering Module w3
3 COMSOL Multiphysics - Physics interfaces  Laminar
= Figure 3: The recireulation region visualized using a velocity streamiine plo.
c € Created in COMS0
Computationtime 16 secon|  ppplication Library path: oFb_Modu1e /Single-Phase_Tutorials/backstep
Run Application E| Open Application
Author CoMs0
@ Open PDF Document Modcling Instructions
Last modified Sep19, 2
From the File menu, choose New.
Created Sep19,2)
NEW
HODEL WIZARD
1 In the Model Wizard window, lick 30
2 In the Selct physics trc, slcct Fluid Flow> Single-Phase Flow>Laminar Flow (sp)
3 Click Add.
4 Click Study.

Click Open Application [s] , Run Application » , or Open PDF Document & .
Alternatively, select File>Help>Documentation in COMSOL Multiphysics to
search by application name or browse by module. Note that the Run Application
option is only available for MPH files that are runnable applications.
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The MPH files in the COMSOL Application Library can have two formats—Full
MPH files or Compact MPH files:

¢ Full MPH files, including all meshes and solutions. In the Application
Libraries window, these appear with the @ icon. If the MPH file’s size
exceeds 25MB, a tip with the text “Large file” and the file size appears when
you position the cursor at the model’s node in the Application Libraries tree.

» Compact MPH files with all settings for the model but without built meshes
and solution data to save space on the DVD (a few MPH files have no
solutions for other reasons). You can open these to study the settings and to
mesh and re-solve the applications. It is also possible to download the full
versions—with meshes and solutions—of most of these when you update
your Application Library. These appear in the Application Libraries window
with the 3 icon. If you position the cursor at a compact file in the
Application Libraries window, a “No solutions stored” message appears. If a
full MPH file is available for download, the corresponding node’s context

menu includes a Download File with Solutions & option.

The Application Libraries are updated on a regular basis by COMSOL. To check
all available updates, select Update COMSOL Application Library [Ff| from the
File>Help menu (Windows® users) or from the Help menu (OS X and Linux®
users). This connects you to the COMSOL website where you can access new
applications and the latest updates.
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Workflow and Sequence of Operations

In the Model Builder window, every step of the modeling process, from defining
global variables to the final report of results, is displayed in the model tree.

Buiild
DUl

Mode er T

- =« =T E

4

4 busbar.mph (root)
() Global Definitions
4 Il Component1 (compl)
= Definitions
by Geomnetry 1
4 558 Materials
2= Copper (matl)
25 Titanium beta-215 (mat2)
4 +\_ Electric Currents {ec)
& Current Conservation 1
T Electric Insulation 1
T Initial Values 1
mm Electric Potential 1
= Ground 1
4 |[E Heat Transfer in Solids (ht)
T Heat Transfer in Solids 1
T Initial Values 1
T Thermal Insulation 1
o Heat Flux1
4 %, Multiphysics
* Electromagnetic Heat Source 1 {emhl)
*5 Boundary Electromagnetic Heat Source 1 (bemhl)
E-? Temperature Coupling 1 (tcI)
A5\ Mesh1
4 ~ob Study 1
E Step 1: Stationary
[Pr. Solver Configurations
4 @, Results

#3 Derived Values

B Tables

VB Electric Potential (ec)

[ ] Temperature (ht)

VB Isothermal Contours (ht)
Wl Current Density

From top to bottom, the model tree defines an orderly sequence of operations.

In the following branches of the model tree, the node order makes a difference
and you can change the sequence of operations by moving the subnodes up or
down the model tree:

* Geometry
* Materials

* Physics
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* Mesh
» Study
» Plot Groups

In the Component Definitions branch of the tree, the ordering of the following
node types also makes a difference:

» Perfectly Matched Layer

e Infinite Elements

Nodes may be reordered by these methods:

* Drag-and-drop

+ Right-clicking the node and selecting Move Up or Move Down
 Pressing Ctrl + up-arrow or Ctrl + down-arrow

In other branches, the ordering of nodes is not significant with respect to the
sequence of operations, but some nodes can be reordered for readability. Child
nodes to Global Definitions is one such example.

You can view the sequence of operations presented as program code statements by
saving the model as a model file for MATLAB® or as a model file for Java® after
having selected Compact History in the File menu. Note that the model history
keeps a complete record of the changes you make to a model as you build it. As
such, it includes all of your corrections including changes to parameters and
boundary conditions and modifications of solver methods. Compacting this
history removes all of the overridden changes and leaves a clean copy of the most
recent form of the model steps. You can also use the Record a New Method option
to view and edit program code statements in the Method editor of the Application
Builder.

As you work with the COMSOL Desktop interface and the Model Builder, you
will grow to appreciate the organized and streamlined approach. But any
description of a user interface is inadequate until you try it for yourself. So, in the
next chapters, you are invited to work through two examples to familiarize
yourself with the software.
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Example |: Structural Analysis of a Wrench

This simple example requires none of the add-on products to COMSOL
Multiphysics®. For more fully-featured structural mechanics models, see the
Structural Mechanics Module application library.

At some point in your life, it is likely that you have tightened a bolt using a wrench.
This exercise takes you through a structural mechanics model that analyzes this
basic task from the perspective of the structural integrity of the wrench subjected
to a worst-case loading.

The wrench is, of course, made from steel, a ductile material. If the applied torque
is too high, the tool will be permanently deformed due to the steel’s elastoplastic
behavior when pushed beyond its yield stress level. To analyze whether the wrench
handle is appropriately dimensioned, you will check if the mechanical stress level
is within the yield stress limit.

This tutorial gives a quick introduction to the COMSOL workflow. It starts with
opening the Model Wizard and adding a physics option for solid mechanics. Then
a geometry is imported and steel is selected as the material. You then explore the
other key steps in creating a model by defining a parameter and boundary
condition for the load, selecting geometric entities in the Graphics window,
defining the Mesh and Study, and finally examining the results numerically and
through visualization.

If you prefer to practice with a more advanced model, read this section to
familiarize yourself with some of the key features, and then go to the tutorial
“Example 2: The Busbar—A Multiphysics Model” on page 53.
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Model Wizard

I To start the software, double-click the COMSOL icon on
the desktop, which will take you to the New window with
two options for creating a new model: Model Wizard or

Blank Model.

If you select Blank Model, you can right-click the root

node in the model tree to manually add a Component and
a Study. For this tutorial, click the Model Wizard button.

If COMSOL is already open, you can start the Model
Wizard by selecting New from the File menu. Choose the

Model Wizard.

“mph
Elank Model

The Model Wizard will guide you through the first steps of
setting up a model. The next window lets you select the

dimension of the modeling space.

@ a = 9

20
EE Axisymmetric ZE

3 In Select Physics, select Structural
Mechanics > Solid Mechanics
(solid) = . Click Add.

Without add-on modules, Solid

Mechanics is the only physics interface

available in the Structural Mechanics
folder. In the picture to the right, the

Structural Mechanics folder is shown as
it appears when all add-on modules are

available.

Click Study @ to continue.

In the Select Space Dimension window, select 3D.

Uz 1D oD

Axisymmetric

Select Physics

Search

) Acoustics
% Chemical Species Transpart
T Etectrochemistry
< Fluid Flow
Heat Transfer
10 Optics
@) Plasma

4 Radio Frequency

£ Semiconductor
4 553 Structural Mechanics
=7 Solid Mechanics (solid)
(2 Shell (shell)

[Z] Membrane (mbrn)
& Beam (beam)
T Truss (truss)

@2 Muttibody Dynamics (mbd)
3 Thermal Stress

Added physics interfaces:
= Solid Mechanics (solid)

Kemave

(2 space Dimension e Study

| 31



4 Click Stationary = under Preset
Studies. Click Done & once you have

finished. Select Study
Preset Studies have solver and equation % s s

. . ui Eigenfrequenc
settings adapted to the selected physics; I Fequency Domain
. . . . Frequency-Domain Medal
in this example, Solid Mechanics. A \M:,L.HZE,EU’ZH.HQ

. . . . I Modal Reduced Order Model =
Stationary study is used in this case— e o ey

. . [ Prestressed Analysis, Frequency Domain

there are no time-varying loads or = Stationary
material properties. [ e

Any selection from the Custom Studies "”"E”L“”””
. ) [~ Stationary
branch ~» requires manual settings.

Added physics interfaces:
5 Solid Mechanics (solid)

& Physics
Help 9 Concel [+ pone

o

Geometry

This tutorial uses a geometry that was previously created and stored in the
COMSOL native CAD format,.mphbin. To learn how to build your own
geometry, see “Appendix A—Building a Geometry” on page 136.

File Locations

The location of the application library that contains the file used in this exercise
varies based on the software installation and operating system. In Windows®, the
file path will be similar to:

C:\Program Files\COMSOL\COMSOL52\Multiphysics\applications.
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I In the Model Builder window, under Component 1, right-click Geometry 1 A
and select Import =.

4 <& Untitled.mph (root)
) Global Definitions
4 [l Component1 (compl)
= Definitions

G a A Geometry 1
"FormUr @ pui
erm S @ Build All 8
25 Materials
4 =5 Solid Mechi [& Import
i Linear E
L- Livelink Interfaces 3
o Freel ~
i Initial v2 [T) Block
AMeshl 1 cone

As an alternative, you can use the ribbon and click Import = from the
Geometry tab.

2 In the Settings window for Import, from the Geometry import list, select
COMSOL Multiphysics file.

~ Import
Source:

COMSOL Multiphysics file -
Filename:

_Multiphysics\Structural_Mechanics\wrench.mphbin

e Browse... Import

3 Click Browse and locate the file wrench.mphbin in the application library
folder of the COMSOL installation folder. Its default location in Windows® is

C:\Program
Files\COMSOL\COMSOL52\Multiphysics\applications\COMSOL_Multiphysics\
Structural_Mechanics\wrench.mphbin

Double-click to add or click Open.

| 33



4 Click Import to display the geometry in the Graphics window.

Gra

phics =

QR eE -k EEEEER ®@REE ~sEIE> @Mea a8

Rotate: Click and drag

Pan: Right-click and drag

5 Click the wrench geometry in the Graphics window and then experiment with
moving it around. As you point to or click the geometry, it changes color. Click
the Zoom In &, Zoom Out @, Go to Default 3D View -1-, Zoom Extents [,
and Transparency & buttons on the Graphics window toolbar to see what
happens to the geometry:

To rotate, click and drag anywhere in the Graphics window.
To move, right-click and drag.

To zoom in and out, click the mouse scroll wheel, continue holding it, and
drag.

To get back to the original position, click the Go to Default 3D View .-
button on the toolbar.

Also see “Appendix B—Keyboard and Mouse Shortcuts” on page 151 for
additional information.

The imported model has two parts, or domains, corresponding to the bolt and the
wrench. In this exercise, the focus will be on analyzing the stress in the wrench.
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Materials

The Materials node :: stores the material properties for all physics and all domains
in a Component node. Use the same generic steel material for both the bolt and
tool. Here is how to choose it in COMSOL.

I Open the Add Materials window.

You can open the Add Materials

1 3 3 . o= Materials
window in either of these two ways: 2 192 Soia M| R} A

- Right-click Component 1>Materials G BB Linea 2 Blank Material

o
. . m Free]
¢ in the Model Builder and select B [itial (71 Switch
Add Material = A Meshl | e Material Link
. ~db Study 1
- From the ribbon, select the Home (B Results D g

tab and then click Add Material.

2 In the Add Material window, click to e Cax G
expand the Built-In directory. Scroll 4 Addto Component ~ 4 Add to Selection
down to find Structural steel, Search
right-click, and select Add to £ Nimonic alloy 90
2= Nylon
Component 1. i Polysificon
. . 2i Lead Zirconate Titanate (PZT-5H)
3 Examine the Material Contents i Silica glass
. . . . 25 Silicon
section in the Settings window for &2 Solder 60571-40Pb
Material to see the properties that are SSS
available. Properties with green check @. T @ Addto Giobal Materil
. . 2 Tu
marks are used by the physics in the iiw| T Addto Component1
Simulation, .; ‘l:;itis: + Add to Selection 1
. . B Bioheat
4 Close the Add Material window. o
¥ Material Contents
Property MName Value Unit Property group
[# |Density rtho 7850[kg/m”"3] kg/m® Basic b
e =4 Young's modulus E 200e9[Pa)] Pa Young's modulus and Poisson's ratio
[¥ |Poisson's ratio nu 033 1 Young's modulus and Poisson's ratio
Relative permeahility mur 1 1 Basic
Heat capacity at constant pressure Cp 4750/ Tkg*K)] )/ (kg-K) Basic =
Thermal conductivity k 44 5[W/ (m™K)] W/ Tm:K) Basic
Electrical conductivity sigma 4.032e0[5/m] |5/m Basic
Relative permittivity epsilonr 1 1 Basic
Coefficient of therrmal expansion alpha 12.3e-6[1/K] 17K Basic
Murnaghan third-order elastic moduli | -3.0el1[Pa] N/m* Murnaghan
Murnaghan third-order elastic moduli m -6.2e11[Pa] N/m?* Murnaghan
Murnaghan third-order elastic moduli n -7.2el1[Pa] N/m* Murnaghan =

Also see the busbar tutorial sections “Materials” on page 61 and
“Customizing Materials” on page 98 to learn more about working with
materials.
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Global Definitions

You will now define a global parameter specifying the load applied to the wrench.

Parameters
I In the Model Builder, right-click Global Definitions @ and choose
Parameters » .

2 Go to the Settings window for Parameters. Under Parameters in the Parameters
table or in the fields below the table, enter these settings:

- In the Name column or field, enter F.

- In the Expression column or field, enter 150[N]. The square-bracket
notation is used to associate a physical unit to a numerical value, in this case
the unit of force in Newtons. The Value column is automatically updated
based on the expression entered once you leave the field or press Return.

- In the Description column or
field, enter Applied force.

¥ Parameters

Name Expression Value Description
F [L50[N] 150.00 N Applied force

©

If you have a Parameters table with more than one entry, you can sort the
table with respect to a particular column by clicking on the corresponding
header.

The sections “Global Definitions” on page 57 and “Parameters, Functions,
Variables and Couplings” on page 94 show you more about working with
parameters.
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So far you have added the physics and
study, imported a geometry, added the
material, and defined one parameter. The
Model Builder node sequence should
now match the figure to the right. The
default feature nodes under Solid
Mechanics are indicated by a ‘D’ in the
upper-left corner of the node icon i=.

The default nodes for Solid Mechanics
are: a Linear Elastic Material model, Free
boundary conditions that allow all
boundaries to move freely without a
constraint or load, and Initial Values for
specifying initial displacement and
velocity values for a nonlinear or transient
analysis (not applicable in this case).

At any time, you can save your model and
then open it later in exactly the state in
which it was saved.

3 From the File Menu, select File > Save
As. Browse to a folder where you have
write permissions, and save the file as
wrench.mph.

Maodel Builder v

- = + =t El

y
4 (7)) Global Definitions
Pi Parameters
= Materials
4w Component 1 (compl)
= Definitions
PR Geormnetry 1
= Import 1 {imp1)
Form Union (fin)
4 o=f Materials
== Structural steel (matl)
4 B3 Solid Mechanics (solid)
& Linear Elastic Material 1
T Freel
i Initial Values 1
A Mesh1
4 "db Study 1
E Step 1: Stationary

@ Results

L]

37



Domain Physics and Boundary Conditions

With the geometry and materials defined, you are now ready to set the boundary
conditions.

I In the Model Builder, right-click

. . . Model Builder
Solid Mechanics (solid) = and - T eomiE
select Fixed Constraint . 4 % Unitled.mph (oot

Global Definitions
4 W Component1 fcompl)

This boundary condition = Definfons
constrains the displacement of each ) Beometyd

225 Materials
point on a boundary surface to be = S s )

B Linear Elastic Matel

Initial Values

zero in all directions. =i N Meterial Models .
A\ Mesh1 Volume Forces r
. R
You can also use the ribbon and e stionary Meass,Spring, and Damper ,
SClCCt from thC PhYSiCS tab Bl Results Domain Constraints v
bl b
. . . - Free
Boundaries > Fixed Constraint. B Boundary Load
0 mw Fixed Constraint
mw Prescribed Displacement

2 In the Graphics window, rotate
the geometry by clicking
anywhere in the window and then
dragging the wrench into the
position shown. Click on the
exposed front surface of the e
partially modeled bolt. The
boundary turns blue indicating
that it has been selected. The
Boundary number in the
Selection list should be 35.

3 Click the Go to Default 3D View
button .- on the Graphics toolbar to restore the geometry to the default view.

Graphics
@Al Lrkk HfewBER BEBEY «BEEB> B @&
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4 In the Model Builder, right-click Solid Mechanics (solid) = and select
Boundary Load. A Boundary Load node = is added to the Model Builder
sequence.

4 B3 Sglid Mechanics (salid)
&8 Linear Elastic Material 1
O Freel
T Initial Values 1
' Fixed Constraint 1
mw Boundary Load 1
A Mesh1

5 Inthe Graphics window, click the o
Zoom Box button 4 on the
toolbar and drag the mouse to
select the square region shown in
the figure to the right. Release
the mouse button to zoom in on
the selected region. o

6 Select the top socket face
(Boundary 111) by clicking the
boundary to highlight it in blue
and add it to the Selection list.
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7 In the Settings window for
Boundary Load, under Force,

~ Force

select Total force as the Load type G ond pe

. Total force -
and enter -F in the text field for . .
the z component. The negative G Fur 0 v | w
sign indicates the negative LA :

z direction (downward). With
these settings, the load of 150 N
will be distributed uniformly across the selected surface.

Note that to simplify the modeling process, the mechanical contact between the
bolt and the wrench is approximated with a material interface boundary
condition. Such an internal boundary condition is automatically defined by
COMSOL and guarantees continuity in normal stress and displacement across
a material interface. A more detailed analysis including mechanical contact can
be done with the Structural Mechanics Module.

Mesh

The mesh settings determine the resolution of the finite element mesh used to
discretize the model. The finite element method divides the model into small
elements of geometrically simple shapes, in this case tetrahedrons. In each
tetrahedron, a set of polynomial functions is used to approximate the structural
displacement field—how much the object deforms in each of the three coordinate
directions.

In this example, because the geometry contains small edges and faces, you will

define a slightly finer mesh than the default setting suggests. This will better

resolve the variations of the stress field and give a more accurate result. Refining

the mesh size to improve computational accuracy always involves some sacrifice in

speed and typically requires increased memory usage.

I In the Model Builder, under Component 1 click Mesh 1 4. In the Settings
window for Mesh, under Mesh Settings, select Fine from the Element size list.

* Mesh Settings

Sequence type:

Physics-controlled mesh -
Element size:
G | Fine -
Extremely fine

2 Click the Build All button m in the Settings window or on the Mesh toolbar.
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3 After a few seconds the mesh is displayed in the Graphics window. Rotate the
wrench to take a look at the element size distribution.
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Study

In the beginning of setting up the model you selected a Stationary study, which
implies that COMSOL will use a stationary solver. For this to be applicable, the
assumption is that the load, deformation, and stress do not vary in time. The
default solver settings will be good for this simulation if your computer has more
than 2 GB of in-core memory (RAM). If you should run out of memory, the
instructions below show solver settings that make the solver run a bit slower but
use up less memory. To start the solver:
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I Right-click Study 1 ~» and select
Compute = (or press F8). G‘ mli_f”;{il n

Compute F&
@ Result g;é Parametric Sweep
fix} Function Sweep
Material Sweep
Study Reference

Optimization

K] & %

Parameter Estimation
Study Steps 3

Show Default Solver

<F

Get Initial Value

o

Copy as Code to Clipboard 3

M Nelete Nl

If your computer’s memory is

below 2 GB you may at this point get an error message “Out of Memory
During LU Factorization”. LU factorization is one of the numerical
methods used by COMSOL for solving the large sparse matrix equation
system generated by the finite element method.

You can easily solve this example model on a memory-limited machine by allowing
the solver to use the hard drive instead of performing all of the computation using
RAM. The steps below show how to do this. If your computer has more than

2 GB of RAM you can skip to the end of this section (after step 5 below).

I Ifyou did not already start the computation, you can access the solver settings
from the Study node. In the Model Builder, right-click Study 1 = and choose
Show Default Solver rr..

2 Under Study 1>Solver Configurations, 4~ Sty 1

expand the Solution 1 4 node. [ Step 1: Stationary
4 [Tr. Solver Configurations

3 Expand the Stationary Solver 1 [z node and 4 [ Solution1
click Direct . G %{ Compile Equations: Stationary

uw¥ Dependent Variables 1

A Direct solver is a fast and very robust type e 4 |7 Stationary Solver1
. . ] Direct

of solver that requires little or no manual Atoonced

tuning in order to solve a wide range of == Fully Coupled 1

physics problems. The drawback is that it may
require large amounts of RAM.
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4 In the Settings window for Direct,
in the General section, select the
Out-of-core check box. Change 2 eS| O @
the In-core memory method to

Label: Direct

Manual. Leave the default In-core

memory (MB) setting of 512 MB. v General

This setting ensures that if your Solves MUMPS -

Computer runs lOW on RAM Memory allocation factor: 1.2

during Computation, the solver Wlll Preordering algorithm: Automatic -

start using the hard drive as a Row preardering

Complement to RAM. Allowmg Use piveting: On -

the solver to use the hard drive Pivot threshold: 01

instead of just RAM will slow the G Out-of-core

Computation dOWn SomCWhat. In-core memaory method: Manual -
5 Right-click Study 1 ~» and select In-core memory (MB}: 512

Compute = (or press F8).

After a few seconds of computation

time, the default plot is displayed in

the Graphics window. You can find

other useful information about the computation in the Messages and Log
windows; click the Messages and Log tabs under the Graphics window to see the
kind of information available to you. The Messages window can also be opened
from the Windows drop-down list in the Home tab of the ribbon.

Messages Progress  Log

aLVE

Linear sclver

Number of degrees of freedom solwved for: 123402.

Symmetric matrices found.

Scales for dependent wvarisbles:

Displacement field (Materiel) ({(compl.u): 1

Orthonormal null-space function used.

Iter SolEst Damping Stepsize #Bes #Jac #5cl LinErr LinRes
1 0.85 1.0000000 0.85 1 1 1 1.3e-007 2.5e-009

Stationary Solwver 1 in Sclution 1 (30ll): Sclution time: 16 3

Displaying Results

The von Mises stress is displayed in the Graphics window in a default Surface plot
with the displacement visualized using a Deformation subnode. Change the
default unit (N/m?) to the more suitable MPa as shown in the following steps.
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I In the Model Builder, expand the Results>Stress

(solid) m node, then click Surface 1 ™. “ & pesuts

Data Sets

ez Derived Values
B Tables

4 @ Stress (solid)
™ Surfacel

1 Export

E Reports

2 In the Settings window under
Expression, from the Unit list

~ Expression + - %~

select MPa (or type MPa in the Explr.:ssio.n:
ﬁeld) Uso.tll .mises

0 :

[C] Description:

von Mises stress

To study the stress more accurately,

expand the Quality section. From the _ e

Recover list select Within domains. This ~ Reselution: [ Nermal -
setting will recover information about Smoothing: | Internal M
the stress level from a collection of Recaver: Within domains -

elements rather than from each element

individually. It is not active by default since it makes visualizations
slower. The Within domain setting treats each domain separately, and
the stress recovery will not cross material interfaces.
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3 Click the Plot button & on the toolbar of the Settings window for the Surface
plot and then click the Go to Default 3D View button ... on the Graphics
window toolbar.

The plot is regenerated with the updated unit and using the Within domain
recovery setting. The von Mises stress distribution is shown in the bolt and
wrench under an applied vertical load.

For a typical steel used for tools like a wrench, the yield stress is about 600 MPa,
which means that we are getting close to plastic deformation for our 150 N load
(which corresponds to about 34 pounds force). You may also be interested in a
safety margin of], say, a factor of three. To quickly assess which parts of the wrench
are at risk of plastic deformation, you can plot an inequality expression such as
solid.mises>200[MPa].

I Right-click the Results node @ and add a 3D Plot Group w.
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2 Right-click the 3D Plot Group 2 node w and select Surface ™.
4 @, Results

#: Data Sets
&3 Derived Values
B Tables

VB Stress (solid)
™ surfacel G
il 3D Plot Group 2

= Bxport Plot F8
";E‘Reports

h

Plot In 3
‘ Volume
=/ Arrow Volume
™ Surface
W Slice

3 In the Settings window for Surface,
click the Replace Expression button
and select Model>Componentl>Solid
Mechanics>Stress>solid.mises-von
Mises stress by double-clicking. When
you know the variable name
beforehand, you can also directly enter
solid.mises in the Expression field.
Now edit this expression to:
solid.mises>200[MPa].

This is a boolean expression that evaluates to either 1, for true, or 0, for false.

In areas where the expression evaluates to 1, the safety margin is exceeded.
Here, you also use the Recover feature described earlier.

AY
4

- Expression + -

Expression:
solid.mises>200[MPa]
Unit:

[C] Description:
00[MPa]

solid.mises

4 Click the Plot button e .

5 In the Model Builder, click 3D Plot Group 2. Press F2 and in the Rename 3D
Plot Group dialog box, enter Safety Margin. Click OK.

The resulting plot shows that the stress in the bolt is high, but the focus of this
exercise is on the wrench. If you wished to comfortably certify the wrench for a
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150 N load with a factor-of-three safety margin, you would need to change the
handle design somewhat, such as making it wider.

Surface: solid.mises>200[MPa] s @
x

x107%

You may have noticed that the manufacturer, for various reasons, has chosen an
asymmetric design for the wrench. Because of that, the stress field may be
different if the wrench is flipped around. Try now, on your own, to apply the
same force in the other direction and visualize the maximum von Mises stress to
see if there is any difference.

Convergence Analysis

To check the accuracy of the computed maximum von Mises stress in the wrench,
you can now continue with a mesh convergence analysis. Do that by using a finer
mesh and therefore a higher number of degrees of freedom (DOFs).

This section illustrates some more in-depth functionality and the steps
below could be skipped at a first reading. In order to run the convergence
analysis below, a computer with at least 4GB of memory (RAM) is
recommended.

EVALUATING THE MAXIMUM VON MISES STRESS

I To study the maximum von Mises stress in the wrench, in the Results section of
the model tree, right-click the Derived Values :: node and select
Maximum>Volume Maximum .
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2 In the Settings window for Volume Maximum, under Selection, choose Manual
and select the wrench, domain 1, by clicking on the wrench in the Graphics
window. We will only consider values in the wrench domain and neglect those
in the bolt.

3 In the Expression text field enter the function ppr(solid.mises). The
function ppr() corresponds to the Recover setting in the earlier note on page
44 for Surtface plots. The Recover setting with the ppr function is used to
increase the quality of the stress field results. It uses a polynomial-preserving
recovery (ppr) algorithm, which is a higher-order interpolation of the solution
on a patch of mesh elements around each mesh vertex. It is not active by default
since it makes Results evaluations slower.

4 Under Expression, select or enter MPa as the Unit.

5 In the Settings window for Volume

: i M p L
Maximum, click Evaluate to i O ) |Teble d

evaluate the maximum stress. The MBues VOB =8 -
result will be displayed in a Table pprsolid.mises) (MPa)

window and will be approximately 36351

364 MPa.

6 To see where the maximum value is attained, you can use a Max/Min Volume
plot. Right-click the Results node @ and add a 3D Plot Group w.

7 Right-click the 3D Plot Group 3 node w and select More Plots>Max/Min
Volume .

8 In the Settings window for Max/Min Volume, in the Expression text field,
enter the function ppr(solid.mises).

9 In the Settings window under Expression, from the Unit list select MPa (or
enter MPa in the field).
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10 Click the Plot button & . This type of plot simultaneously shows the location of
the max and min values and also their coordinate location in the table below.

LrxzxEEDO0 @ a8

Max/Min Volume: ppr(solid. mises) (MPa)

=107

%10

Max 363,970

A
Messages Progress Log MWaximum and minimum values
MEAE R | VI =® -
X v z pprisalid. mises) (MPa)

0.055644 00059079 0.0055947 0.27787
-0036529 -4.9213E-4 -0.0064516 363 97

PARAMETERIZING THE MESH

We will now define a parametric sweep for successively refining the mesh size while
solving and then finally plot the maximum von Mises stress vs. mesh size. First,
let’s define the parameters that will be used for controlling the mesh density.

I In the Model Builder, click Parameters » under Global Definitions @ .

2 Go to the Settings window for Parameters. In the Parameters table (or under
the table in the fields), enter these settings:

- In the Name column or field, enter hd. This parameter will be used in the
parametric sweep to control the element size.

- In the Expression column or field, enter 1.

- In the Description column or field, enter Element size divider.
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3 Now, enter another parameter with
Name h0, Expression 0.01, and

Description Starting element v parameters
size. This parameter will be used to % Nome  Dpresson Value esrpion
define the element size at the start of ¢ 1501) 15000N |Appled force

. hd 1 1.0000 Element size divider
the parametrlc sweep. ho 001 0.010000 Starting element size

4 In the Model Builder, under
Component 1, click Mesh 1 4. In the Settings window for Mesh select
User-controlled mesh from the Sequence type list.

6 In the Settings window for Size, under
Element Size, click the Custom button.

¥ Element Size Parameters

Maximum element size:

Under Element Size Parameters, enter: hO/hd m
Minimum element size:

- h0/hd in the Maximum element size field. = "

- h0/(4*hd) in the Minimum element size  Maimum element growth rate:

field. 12
Curvature factor:
- 1.3 in the Maximum element growth rate o1
ﬁeld, Resolution of narrow regions:

- 0.1 in the Curvature factor field. .

- 0.2 in the Resolution of narrow regions
field.

See page 71 for more information on the Element Size Parameters.

PARAMETRIC SWEEP AND SOLVER SETTINGS
As a next step, add a parametric sweep for the parameter hd.

I In the Model Builder, right-click Study 1 ~ and select
Parametric Sweep :#:. A Parametric Sweep node is 422 Parametric Sweep

added to the Model Builder sequence. 2. Step L: Stationary
[Pr. Solver Configurations

4~ Study 1

2 In the Settings window for Parametric Sweep, under
the table in the Study Settings section, click the Add button +. From the
Parameter names list in the table, select hd.
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3 Enter a range of Parameter values to sweep
for. Click the Range L.J button and enter
the values in the Range dialog box. In the = comuse ¢ Update Sluon
Start field, enter 1. In the Step field, enter  abe: persmeric Sweep

1, and in the Stop field, enter 6. Click ~ Study Settings
Replace. The Parameter value list Will NOW  sweep e [ Spectied combinations -
dlsplay range(1,1,6). " Parameter name Parametervalue list  Parameter unit

hd (Elernent size divider) = || range(1,1,6)

The settings above make sure that as the
sweep progresses, the value of the
parameter hd increases and the maximum and minimum element sizes decrease.

See page 123 for more information on defining parametric sweeps.

For the highest value of hd, the number of DOFs will exceed one million.
Therefore, we will switch to a more memory-efficient iterative solver.

4 Under Study 1>Solver Configurations>Solution 1, expand the Stationary
Solver 1 node, right-click Stationary Solver 1 [z, and select Iterative K. The
Iterative solver option typically reduces memory usage but can require
physics-specific tailoring of the solver settings for efficient computations.

5 Under General in the Settings window for Iterative, set Preconditioning to
Right. (This is a low-level solver option, which in this case will suppress a
warning message that would otherwise appear. However, this setting does not
affect the resulting solution. Preconditioning is a mathematical transformation
used to prepare the finite element equation system for using the Iterative
solver.)

6 Right-click the Iterative 1 node & and select Multigrid &. The Multigrid
iterative solver uses a hierarchy of meshes of different densities and different
finite element shape function orders.

7 Click the Study 1 node and select Compute =, either in the Settings window
or by right-clicking the node. You can also click Compute in the ribbon Home
or Study tab. The computation time will be a few minutes (depending on the
computer hardware) and memory usage will be about 4GB.

RESULTS ANALYSIS

As a final step, analyze the results from the parametric sweep by displaying the
maximum von Mises stress in a Table.

I In the Model Builder under Results>Derived values, select the Volume
Maximum 1 node .

The solutions from the parametric sweep are stored in a new Data Set named
Study 1/Parametric Solutions 1. Now change the Volume Maximum settings
accordingly:
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2 In the Settings window for Volume Maximum, change the Data set to Study
1 /Parametric Solutions 1.

3 Click the arrow next to the Evaluate button at the top of
the Settings window for Volume Maximum and select to ’1“;000 3‘;2’;;”"""’”“‘) (MP2)
evaluate in a New Table. This evaluation may take a TR e

minute or so. 3.0000/368.97
4.0000/360.64

4 To plot the results in the Table, click the Table Graph = 500003693
button at the top of the Table window. B0000]569:53

It is more interesting to plot the maximum value vs. the
number of DOFs. This is possible by using a built-in variable numberofdofs.

5 Right-click the Derived Values node :: and select Global Evaluation ).

6 In the Settings window for Global Evaluation, change the Data set to Study
1 /Parametric Solutions 1.

7 In the Expressions field, enter numberofdofs.

8 Click the arrow next to the Evaluate button in the Settings window for Global
Evaluation and select to evaluate in Table 2. This displays the DOF values for
cach parameter next to the previously evaluated data.

This convergence analysis shows that the computed value of the maximum von
Mises stress in the wrench handle will increase from the original 355 MPa, for a
mesh with about 60,000 DOFs, to 370 MPa for a mesh with about 1,100,000
DOFs. It also shows that 300,000 DOFs essentially gives the same accuracy as
1,100,000 DOFs; see the table below.

DEGREES OF FREEDOM COMPUTED MAX VON
MISES STRESS (MPA)
58,899 354.8
177,918 364.3
314,181 368.5
585,849 369.0
862,509 369.6
1,126,380 369.8

This concludes the wrench tutorial.
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Example 2: The Busbar—A Multiphysics Model

Electrical Heating in a Busbar

This tutorial demonstrates the concept of multiphysics modeling in COMSOL.
We will do this by defining the different physics settings sequentially. At the end,
you will have built a truly multiphysics model.

The model that you are about to create analyzes a busbar designed to conduct
direct current to an electrical device (see picture below). The current conducted
in the busbar, from bolt 1 to bolts 2a and 2b, produces heat due to the resistive
losses, a phenomenon referred to as Joule heating. The busbar is made of copper
while the bolts are made of a titanium alloy. Under normal operational conditions
the currents are predominantly conducted through the copper. This example,
however, illustrates the effects of an unwanted electrical loading of the busbar
through the bolts. The choice of materials is important because titanium has a
lower electrical conductivity than copper and will be subjected to a higher current
density.

Titanium Bolt 2a

Titanium Bolt 2b  Titanium Bolt |

The goal of your simulation is to precisely calculate how much the busbar heats

up. Once you have captured the basic multiphysics phenomena, you will have the
chance to investigate thermal expansion yielding structural stresses and strains in
the busbar and the effects of cooling by an air stream.

The Joule heating effect is described by conservation laws for electric current and
energy. Once solved for, the two conservation laws give the temperature and

electric field, respectively. All surfaces, except the bolt contact surfaces, are cooled
by natural convection in the air surrounding the busbar. You can assume that the
exposed parts of the bolt do not contribute to the cooling or heating of the device.
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The electric potential at the upper-right vertical bolt surface is 20 mV and the
potential at the two horizontal surfaces of the lower bolts is 0 V. This corresponds
to a relatively high and potentially unsafe loading of this type of busbar. More
advanced boundary conditions for electromagnetics analysis are available with the
AC/DC Module, such as the capability to give the total current on a boundary.

Busbar Model Overview

More in-depth and advanced topics included in this tutorial are used to show you

some of the many options available in COMSOL. The following topics are

covered:

» “Parameters, Functions, Variables and Couplings” on page 94, where you
learn how to define functions and component couplings.

» “Material Properties and Material Libraries” on page 98 shows you how to
customize a material and add it to your own material library.

+ “Adding Meshes” on page 100 gives you the opportunity to add and define
two different meshes and compare them in the Graphics window.

» “Adding Physics” on page 102 explores the multiphysics capabilities by
adding Solid Mechanics and Laminar Flow to the busbar model.

» “Parametric Sweeps” on page 123 shows you how to vary the width of the
busbar using a parameter and then solve for a range of parameter values. The
result is a plot of the average temperature as a function of the width.

* In the section “Parallel Computing” on page 132 you learn how to solve the
model using Cluster Computing.

Model Wizard

I To open the software, double-click the COMSOL icon on

the desktop. Q‘g
e desktop G )

When the software opens, click the Model Wizard button.
You can also start the Model Wizard at any time by G

selecting New from the File menu. Then, choose Model odel

Wizard.

“mph
Elank Model

54 |



2 In the Select Space Dimension window, click 3D.

@ ua = 9

20
EE Axisymmetric ZE

3 In the Select Physics window, expand
the Heat Transfer > Electromagnetic
Heating folder, then right-click Joule
Heating /x and choose Add Physics.
Click the Study @ button.

You can also double-click or click the
Add button to add physics.

Another way to add physics is to open
the Add Physics window by
right-clicking the Component node in
the Model Builder and selecting Add
Physics

Note, you may have fewer items in your
physics list depending on the add-on
modules installed. The figure on the
right is shown for the case where all
add-on modules are installed.

|
=
i
1D
Axisymmetric

Select Physics

4 (| Heat Transfer
18 Heat Transfer in Solids (ht)
Heat Transfer in Fluids (ht)
58 Heat Transfer in Pipes (htp)
& Local Thermal Non-Equilibrium
B Heat Transfer in Porous Media (ht)
I Biohest Transfer (ht)
[7) Heat Transfer in Thin Shells (hish)
= Conjugate Heat Transfer
Radiation
4 %/| Electromagnetic Heating

“fl Laser Heating
9 = Joule Heating
i Induction Heating

[ Microwave Heating
Thermoelectric Effect
e Opties

Added physics interfaces:

% Electric Currents (ec)
[B Heat Transfer in Solids (ht)
4 iy Multiphysics

& space Dimension

Search

Add
o

Remove
e Study

©
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4 In the Select Study window, click to
select the Stationary = study type. Select Study

Click the Done button.

4 Preset Studies for Selected Physics Interfaces
(i) Boundary Made, Frequency-Stationary

Preset Studies are studies that have G@suunmmmFrequemmmm
. . ' Frequency-Statianary
solver and equation settings adapted to 1/ Frequency-Transient
. . . T2 Small-Signal Analysis, Frequency Domain
the selected physics; in this example, [ Stationary
. T Tirne Dependent
Joule Heating. & Custom Studics

~ Empty Study

Any selection from the Custom Studies
branch ~» needs manual fine-tuning. ""“E‘:"yj
[= Stationary

Note, you may have fewer study typesin = aded prysicsintertoces

. . X Electric Currents (ec)
your study list depending on the '8 Heat Transfer i Solids (h)
. 4 Mutiphysics
installed add-on modules. ™ 3 Hectromegnetic Heat Source (emhd)

g Boundary Electromagnetic Heat Source (bemhl)
[ Temperature Coupling (tcl)

° Physics
Help €3 Cancl [+ oone

The Joule Heating multiphysics

interface consists of two physics o Do T E S o
interfaces, Electric Currents and 4 40 Untitled.mph (rect)
. . 4 (7 Glabal Definitians
Heat Transfer in Solids, together 5 Materials
. . . . 4 [l Component1 (comp1)
with the multiphysics couplings = Definiions
. . . A\ Geometry1
that appear in the Multiphysics 2 Materils
. 4 % Electric Currents (eg)
branch: the electromagnetic heat 35 Cument Conservation
‘m Electric Insulation 1
sources and a temperature % Intial Values1
. . . . 4 | [ Heat Transfer in Solids (ht)
coupling. This multiphysics 35 Hest Tronsterin Solcs 1
: : i Initial Values 1
approach is very flexible and makes i Thermal Inslation 1
. . 4 Multiphysics
1t pOSSIblC to ﬁllly use the -m:; Electromagnetic Heat Source 1 (emh)
[ BN L : Beundary Electromagnetic Heat Source1 (bemhl)
capabilities of the participating o e coping )
P Mesh 1
physics interfaces. u oSty 1
|7 Step 1: Stationary
{El Results
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Global Definitions

To save time, it’s reccommended that you
load the geometry from a file. In that case,
you can skip to “Geometry” on page 58.

If, on the other hand, you want to draw the
geometry yourself, the Global Definitions
node is where you define the parameters.
First, complete steps 1 through 3 below to
define the parameter list for the model.
Then follow step 4 and skip to the section
“Appendix A—Building a Geometry” on
page 136.

The Global Definitions node @ in the
Model Builder stores Parameters, Variables,
and Functions with a global scope. The
model tree can hold several model
components simultaneously, and the
definitions with a global scope are made
available for all components. In this
particular example, there is only one Component node in which the parameters
are used, so if you wish to limit the scope to this single component you could
define, for example, Variables and Functions in the Definitions subnode available
directly under the corresponding Component node. However, no Parameters can
be defined here because Parameters are always global.

Since you will run a parametric study of the geometry later in this example, define
the geometry using parameters from the start. In this step, enter parameters for
the length of the lower part of the busbar, L, the radius of the titanium bolts,
rad_1, the thickness of the busbar, tbb, and the width of the device, wbb.

You will also add the parameters that control the mesh, mh, a heat transfer
coefficient for cooling by natural convection, htc, and a value for the voltage
across the busbar, Vtot.

I Right-click Global Definitions & and choose Parameters » . In the Parameters
table, click the first row under Name and enter L.

2 Click the first row under Expression and enter the value of L, 9[cm]. You can
enter the unit inside the square brackets.

3 Continue adding the other parameters: rad_1, tbb, wbb, mh, htc, and Vtot
according to the Parameters list below. It is a good idea to enter descriptions for
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variables in case you want to share the model with others and for your own
future reference.

* Parameters

" Name Expression Value Description
0 L 9lcm] G 0.09 m Length

rad_1 Blrmm] 0,006 m Bolt radius

thb 5[rmm] 0,005 m Thickness

whb 5[cm] 0.05m Width

mh Blrmm] 0,006 m Maximum element size

htc 5[W/m*2/K] 5 W/(m*K) Heat transfer coefficient
G Vot 20[mV] 0.02v Applied voltage

4 Click the Save button & on the Quick Access Toolbar and name the model
busbar.mph. Then go to “Appendix A—Building a Geometry” on page 136.

Geometry

This section describes how the geometry can be opened from the Application
Libraries. The physics, study, parameters, and geometry are included with the
model file you are about to open.

I Select Application Libraries [ from the
Windows drop down in the Home tab. (=

Windows| Reset
Desktop ~

Add Physics
Add Study
Add Material )

Material Browser
Application Libraries
Part Libraries
Selection List
Properties
Messages

Table

L
B
il
il
B4
=
b

External Process
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2 In the Application Libraries tree under o _ _
COMSOL Multiphysics > Multiphysics, ~ Application Libraries
select busbar geom.

Search

To open the file you can: 2 Dﬁm;so‘mnw
pplications
- Double-click the name I e nesing
. . . [l Diffusion =
- Right-click and select an option from I cuomaneic
Equation Based
the menu % Fluid Dynamics
Geophysics
- Click one of the buttons under the e s
4 [ Muttiphysics
tree G ® hjsbyarhnx
O busbar georn
You can select No if prompted to save e o
Untit led . mph O marangoni convection _— ;j
ol G
The geometry in this file is
. Run Application E Open Application
parameterized. In the next few steps, we
. . . . Open PDF Document
will experiment with different values for
the width parameter, wbb.
3 Under Global Definitions @ click the + Parametere
Parameters node -+ .
L4 .
In the Settings window for Parameters, . e gE[xp'Tm” ;;'g”e
. . . cm " m
click in the Expression column for the rad 1 6[mm] 0.006 m
wbb parameter and enter 10[cm] to thb Simm] 0.005 m
change the value of the busbar width. 9 wo [l Joam
. mh Blrmm] 0,006 m
4 In the Model Builder, under htc SIW/mA2/K] |5 Wi (mEK)
Component 1>Geometry 1, click the Vot 2[mV] 002y

Form Union node & and then the Build
All button in the Settings window @ to rerun the geometry sequence. You can
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also use the ribbon and click Build All from the Geometry group in the Home

tab.
Model Builder

- ® v =t

4 busbar_geom.mph (root)
4 () Global Definitions
Fi Parameters
-Z;éi_' Materials
4 Il Component1 (compl)
= Definitions
- }‘;\ Geormetry 1
& Work Plane1 fwpl)
[EL Bxtrude fextl)
& Work Plane 2 (wp2)
[EL Bxtrude 2 (ext2)
& Work Plane 3 (wp3)
[EL Bxtrude 3 (ext3)
Form Unian (fin)

“zs Materials

Settings
Form Union/Assembly e
% Build Selected ~ |[E Build All

Label: Form Union

¥ Form Union/Assembly

Action:

Form a union

Relative repair tolerance:

1E-6

5 In the Graphics toolbar click the Zoom Extents button [# to see the wider

busbar in the Graphics window.

Graphics
Q@ -

wbb=5cm
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6 Experiment with the geometry in the Graphics window:

- To rotate the busbar, click and drag the pointer anywhere in the Graphics
window.

- To move it, right-click and drag.
- To zoom in and out, click the scroll wheel, continue holding it, and drag.

- To get back to the original position, click the Go to Default 3D View
button ... on the toolbar.

Graphics

a a @& @ | [l by bz =

7 Return to the Parameters table and
change the value of wbb back to 5[cm].

¥ Parameters

8 In the Model Builder, click the Form - Name gE["p“’i“m” ;;'g“e
. . . cm MEm
Union node i and then click the Build rad 1 §mm] O
All button @ to rerun the geometry thb S[mm] 0.005 m
. . mh Blrmm] 0,006 m
9 On the Graphics toolbar, click the htc SIW/mA2/K] |5 WimEK)
Zoom Extents button . Vtot 20[mV] 0.02V

101f you built the geometry yourself, you
are already using the busbar.mph file, but if you opened the file from the
Application Libraries, select Save As from the File menu and rename the model
busbar.mph.

After creating or importing the geometry, it is time to define the materials.

Materials

The Materials node = stores the material properties for all physics and geometrical
domains in a Component node. The busbar is made of copper and the bolts are
made of a titanium alloy. Both of these materials are available from the Built-In
material database.

I In the Model Builder, right-click Component 1>Materials = and select Add
Material :;. By default, the window will open at the right-hand side of the
desktop. You can move the window by clicking on the window title and then
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dragging it to a new location. While dragging the window, you will be presented

with several options for docking.

4 Il Component1 (compl)
= Definitions
‘\ Geometry 1

0 o= Materials
X Electric € 55 Add Material
1B Heat Trar R
-ﬁ} Multiphy| Blank Material
A Meshl | (7] Switch

~da
study1 2 Material Link
@ Results

H Help F1

The Materials node will show a red x in the lower-left corner if you try to
solve without first defining a material (you are about to define that in the

next few steps).

In the Add Material window,
expand the Built-In materials
folder and locate Copper.
Right-click Copper = and
select Add to Component 1.

A Copper node is added to the
Model Builder.

In the Add Material window,
scroll to Titanium beta-21S in
the Built-In material folder list.
Right-click and select Add to
Component 1.

In the Model Builder, collapse
the Geometry 1 node % to get
an overview of the model.

4 busbar.mph (root)
4 () Global Definitions
Pi Parameters
i Materials
4 Il Component1 (compl)
= Definitions
o ‘\ Geomnetry 1
4 558 Materials
== Copper (matl)
25 Titanium beta-215 (mat2)
+\_ Electric Currents {ec)
Bl Heat Transfer in Solids (ht)
.ﬁ'} Multiphysics
A5 Mesh1
~db Study 1

@ Results
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=+ Addto Component » < Add to Selection

25 Aluminurm 3003-H18

25 Aluminum 6063-T&3

25 Aluminum

25 American red oak

2= Beryllium copper UNS C17200
25 Brick

25 Castiron

25 Concrete

-1 X

Search

G == Copper
a5 FR4(Ci Add to Global Materials
25 Glass
25 Granite|

== High-sl 4 Add to Selection

W Addto Component1

m

2= Iron
2= Magnesium AZ31B
25 Mica




5 Under the Materials node, click Copper .
4 Il Component1 (compl)
= Definitions
7 Geometry 1
4 558 Materials

9 == Copper (matl)
25 Titanium beta-215 (mat2)

6 In the Settings window for Material, examine the Material Contents section.

Property Mame Value Unit Praperty group

[ | Electrical conductivity sigma 5.998e7[5/m] |S/m Basic

[ |Heat capacity at constant pressure Cp 3850/ (kg*K])] |} (kgK) Basic

G [¥ | Relative permittivity epsilonr 1 1 Basic

[¥  Density rho 8960[kg/m~"3] | kg/m* Basic

[ Thermal conductivity k A00[W/m K] | W (mK) Basic
Relative permeability mur 1 1 Basic
Coefficient of thermal expansion alpha 17e-6[1/K] 17K Basic
Young's modulus E 110e9[Pa] Pa Young's modulus and Poisson's ratio
Poisson's ratio nu 0.35 1 Young's modulus and Poisson's ratio
Reference resistivity rho0 1.72e-8[ohm... |(m Linearized resistivity
Resistivity temperature coefficient alpha 0.003971/K] 1/K Linearized resistivity
Reference temperature Tref 208[K] K Linearized resistivity

The Material Contents section has useful information about the material
property usage of a model. Properties that are both required by the physics and
available from the material are marked with a green check mark . Properties
required by the physics but missing in the material are marked with a warning
sign g . A property that is available but not used in the model is unmarked.

The Coefficient of thermal expansion in the table above is not used, but
will be needed later when heat-induced stresses and strains are added to
the model.

Because the copper material is added first, by default all parts have copper
material assigned. In the next step you will assign titanium properties to the
bolts, which overrides the copper material assignment for those parts.

7 In the Model Builder, click Titanium beta-218S .

4 Il Component1 (compl)
= Definitions
by Geomnetry 1
4 558 Materials
== Copper (matl)
G o= Titanium beta-215 (mat2)

+\_ Electric Currents (ec)
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8 Select All Domains from the Selection list and then click domain 1 in the list.

Now remove domain 1 from the selection list.

To remove a domain from the selection list (or any geometric entity such as

boundaries, edges, or points), you can use either of these two methods:

- Click domain 1 in the selection list found in the Settings window for Material,
then click the Remove from Selection button — or press Delete on your
keyboard.

- Alternatively, in the Graphics window, click domain 1 to remove it from the
selection list.

Settings -1

Material

Label: Titanium beta-215

Geometric Entity Selection

Geometric entity level: | Domain - |
Selection: | All domains v|
&l s E

| 2 =G
Active |4 Fl:l ﬁ‘!

5 I

6

7
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To render the copper components in the actual color of the material, open
the Preferences window from the File menu. Then on the Graphics and
Plot Windows page, select the Show material color and texture check box.
This will also enable material-true rendering of the other materials.

9 In the Settings window for

Material, be sure to inspect et
the Material Contents section
for the titanium material. All Label:  Titanium beta-215
the Propertles used by the Geometric Entity Selection
physics should have a green
Geometric entity level: | Domain v
check mark =.
Selection: Manual -
&l :
i s -
Active |5 ETj o
6 e
7
Override
I Material Properties
@ ¥ Material Contents
L3
Property Mame  Value Unit
[ Electrical conductivity sigma | 7.407e5[.. | 5/m
[ Heat capacity at constant pres...| Cp TI00/ (kw1 (keg-K)
[ Relative permittivity epsilonr |1 1
[+ Density rho 4940[kg... | kg/m*
[ Thermal conductivity k TAW/ . W me..
Relative permeability mur 1 1
Coefficient of thermal expansi... |alpha | 7.06e-6[... |1/K
Young's modulus E 105e9[Pa] | Pa
Poisson's ratio nu 0.33 1

10 Close the Add Material
window either by clicking the
icon in the upper right corner or

@

+ Add to Component v = Add to Selection

by clicking the Add Material Search
e 1 425 Recent Materials -

toggle. button 5 in thc. I Material Library

Materials group of the ribbon 4 9 Builtn

Home tab.
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Physics

Next you will inspect the physics domain settings and set the boundary conditions
for the heat transfer problem and the conduction of electric current.

In the Model Builder window, examine the default physics nodes of the
multiphysics interface for Joule Heating. First, collapse the Materials node. Then
click the arrows next to the Electric Currents %, Heat Transfer in Solids =, and
Multiphysics #, nodes to expand them.

Model Builder - || Settings

omagnetic Heat Source

4 <@ busbar.mph (roct)
4 ©) Global Definitions Label:  Electromagnetic Heat Source 1
Pi Parameters Name:  emhl
) Materials
4 TH Companent 1 fcomp1) Domain Selection
= Definitions
A\ Geometry1 Selection: | All domains =
2 Materials
9 onm| |1 i
4 X Electric Currents fec) 2 N -
8 Current Conservation1 — [3 S X
T Electric Insulation 1 Active |4 lTZI 3.
B Initial Values 1 5 &
4 |18 Heat Transfer in Solids (ht) g
8 Heat Transfer in Solids 1
T Initial Values 1
‘i Thermal Insulation 1 ~ Equation
4 iy Multiphysics
*_ Electromagnetic Heat Source 1 (emhl) Show equation assuming:
g Boundary Electromagnetic Heat Source 1 (bemh1) Study 1, Stationary -
[ Temperature Coupling 1 (tc1) .
A\ Mesh1 pCpu- VT =V (kVT) + g,
o Study 1 Q.=J-E
Bl Results
¥ Coupled Interfaces
Electromagnetic:
Electric Currents (ec) -
Heat transfer:
Heat Transfer in Solids (ht) -

The ‘D’ in the upper left corner of a node’s icon () means it is a default node.
The equations that COMSOL solves are displayed in the Equation section of the
Settings windows of the respective physics nodes.

The default equation form is inherited from the study added in the Model Wizard.
For Joule heating, COMSOL displays the equations solved for the temperature
and electric potential.

To always display the equations in the Settings window, click the Show
button (#) on the Model Builder toolbar and select Equation Sections so
that a check mark appears next to it.
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The Heat Transfer in Solids (4z) and
Electric Currents (ec) nodes have the
settings for heat conduction and
current conduction, respectively.

Under the Electric Currents node,
the Current Conservation node
represents the conservation of electric
current at the domain level and the
Electric Insulation node contains the
default boundary condition for
Electric Currents.

Under the Heat Transfer in Solids
node, the domain level Heat Transfer
in Solids node represents the
conservation of heat and the Thermal
Insulation node contains the default

4 busbar.mph (root)
() Global Definitions
4 Il Component1 (compl)
= Definitions
by Geomnetry 1
25 Materials
+\_ Electric Currents {ec)
7 Current Conservation 1
T Electric Insulation 1
T Initial Values 1
[El Heat Transfer in Solids (ht)
% Heat Transfer in Solids 1
T Initial Values 1
T Thermal Insulation 1
.{';3. Multiphysics
* Electromagnetic Heat Source 1 {emhl)
*5 Boundary Electromagnetic Heat Source 1 (bemhl)
E-? Temperature Coupling 1 (tcI)
A5\ Mesh1
~db Study 1

@, Results

h

h

h

boundary condition for Heat Transfer. The heat source for Joule heating is set in
the Electromagnetic Heat Source node under the Multiphysics node. The Initial
Values node, found in both the Electric Currents and Heat Transfer in Solids
interfaces, contains initial guesses for the nonlinear solver for stationary problems
and initial conditions for time-dependent problems.

Now, define the boundary conditions.

I Right-click the Heat Transfer in Solids node /. In the second section of the
context menu—the boundary = section—select Heat Flux.

4 busbar.mph (root)
() Global Definitions
4 Il Component1 (compl)

= Definitions
Y4, Geometry 1

H |\.-1ateria|?r = Heat Transfer in Solids

4 X_Electric Currents (e¢) {= Heat Transfer in Fluids

& Current Conservation 1| —
T Electric Insulation 1
% Initial Values 1 & Heat Source
4 [E] Heat Transfer in Solids (ht) =

Tmm _ - Initial Values
mw Heat Transfer in Solids

T Initial Values 1 = Temperature
m Thermal Insulation 1 :
- = Thermal Insulation
4 oy Multiphysics
*) Electrormagnetic Heat 5 ™ Outflow
‘h Boundary Electromagn mw  Symmetry
E-?Temperature Coupling
A Mesh1 m  Heat Flux
“o Study 1 = Open Boundary
@' Results m Inflow Heat Flux

Domain section

Heat Transfer with Phase Change

—— Section divider

Boundary section

o
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2 In the Settings window for Heat

Flux, select All boundaries from the Boundary Selection

Selection list. Selection: | Manual - 0
Assume that the circular bolt All boundaries

. . HE
boundaries are neither hcated nor e B N
cooled by the surroundings. &

In the next step you will remove the
selection of these boundaries from
the heat flux selection list, which
leaves them with the default insulating boundary condition for the Heat
Transfer interfaces.

3 Rotate the busbar to view the back. Move the mouse pointer over one of the
circular titanium bolt surfaces to highlight it in green. Click the bolt surface to
remove this boundary selection from the Selection list. Repeat this step to
remove the other two circular bolt surfaces from the selection list. Boundaries
8, 15, and 43 are removed.

Cross-check: Boundaries 8, 15, and 43 are removed from the
Selection list.
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4 In the Settings window for Heat
Flux under Heat Flux, click the
Convective heat flux button. Enter
htc in the Heat transfer coefficient
field, .

This parameter was either entered
in the Parameter table in “Global
Definitions” on page 57 or
imported with the geometry.
Continue by setting the boundary

conditions for the electric current
according to the following steps:

¥ Heat Flux

) General inward heat flux

0 @ Convective heat flux

G =h(Tex-T)
Heat transfer coefficient:
User defined -

Heat transfer coefficient:

h htc WimZK)
External temperature:
Tewr 29315[K] K

) Overall heat transfer rate

In the Model Builder, right-click the Electric Currents node x . In the second
section of the context menu—the boundary section—select Electric Potential.
An Electric Potential = node is added to the model tree.

4 busbar.mph (root)

() Global Definitions
4 W Component1 (compl)
= Definitions
WA Geometry 1

25 Materials

4 % Electric Currents fec) I® Current Conservation
D
'_j- Current Conservs {2 Eyternal Current Density
mm Electric Insulatio )
= Initial Values 1 I® Force Calculation

4 | I8 Heat Transfer in Soli = Current Source
Dmm H
mw Heat Transferin L.
B Inital Values1 | @ 1nitil Values
T Thermal Insulatic (my Boundary Current Source
m Heat Flux1 G d

4 iy Multiphysics | broun
x| Electromagnetic| mw Electric Potential
Boundary Electrg = Mormal Current Density
Temperature Co

A Mesh1 = Distributed Impedance
o Study 1 = Electric Shielding
@ Results
-

Periodic Condition
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6 Move the mouse pointer over the circular face of the single titanium bolt to
highlight it and then click to add it (boundary 43) to the Selection list.

7 In the Settings window for Electric
Potential enter Vtot in the Electric

potential field. Electric potential:
Vo Vtot v

¥  Electric Potential

The last step is to set the surfaces of
the two remaining bolts to ground.

8 In the Model Builder, right-click the Electric Currents node x . In the
boundary section of the context menu, select Ground. A Ground node = is
added to the Model Builder. The model tree node sequence should now match
this figure.

4 }_ Electric Currents {ec)
& Current Conservation 1
T Electric Insulation 1
Fi Initial Values 1
m Electric Potential 1
m Ground 1
4 |[E Heat Transfer in Solids (ht)
T Heat Transfer in Solids 1
fi Initial Values 1
m Thermal Insulation 1
m Heat Flux1
- .&. Multiphysics
*) Electrormagnetic Heat Source 1 femhl)
*5 Boundary Electromagnetic Heat Source 1 (bemhl)
Temperature Coupling 1 (tcI)
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9 In the Graphics window, click one of the remaining bolts to add it to the
Selection list.

e Cross-check: Boundaries 8 and 15.

Repeat this step to add the last bolt. Boundaries 8 and 15 are added to the
selection list for the Ground boundary condition.

100n the Graphics toolbar, click the Go to Default 3D View button ...

Graphics -
Q@@ @ BE X

©

As an alternative to using the preconfigured multiphysics interface for
Joule heating, you can manually combine the Electric Currents and Heat
Transfer in Solids interfaces. For example, you can start by setting up and
solving the model for Electric Currents and then subsequently add Heat
Transfer in Solids. In that case, you right-click the Multiphysics node to
add the required multiphysics couplings.

Mesh

The simplest way to mesh is to create an unstructured tetrahedral mesh, which is
perfect for the busbar. Alternatively, you can create several meshing sequences as
shown in “Adding Meshes” on page 100.

A physics-controlled mesh is created by default. In most cases, it is possible
to skip to the Study branch and just solve the model. For this exercise, the
settings are investigated in order to parameterize the mesh settings.

|71



I In the Model Builder, click the Mesh 1
node A . In the Settings window for
Mesh, select User-controlled mesh from
the Sequence type list.

¥ Mesh Settings

Sequence type:

| Physics-controlled mesh

User-controlled mesh
Physics-controlled mesh

G La Size
Free Tetrahedral 1

3 In the Settings window for Size
under Element Size, click the
Custom button.

Sett ngs -1

& Build Selected [§§ Build All
Under Element Size Parameters,
enter:

Label: Size
. . . Element Size
- mhin the Maximum element size

field. Note that mh is 6 mm—the Calbrate for

. General physics -
value entered ecarlier as a global
: ") Predefined MNormal
parameter. By using the
@ Customn

parameter mh, element sizes are
limited to this value.

e ¥ Element Size Parameters

Mazxirmum element size:

- mh-mh/3 in the Minimum
element size field. The
Minimum element size is slightly

mh m
Minimum element size:

mh-mh/3 m

smaller than the maximum size.

0.2 in the Curvature factor field.
The Curvature factor

Maximurm element growth rate:
15

Curvature factor:

determines the number of 02
elements on curved boundaries; Resolution of narrow regions:
a lower value gives a finer mesh. 05

The other two parameters are left
unchanged.

The Maximum element growth rate determines how fast the elements should
grow from small to large over a domain. The larger this value is, the larger the
growth rate. A value of 1 does not give any growth.

For Resolution of narrow regions, a higher value will in general result in a finer
mesh.

The asterisk (*) that displays in the upper-right corner of the Size node
indicates that the node is being edited.
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4 Click the Build All button m in the Settings window for Size to create the mesh
as in this figure:

You can also click Build Mesh in the Home tab of the ribbon.

Study
I To run a simulation, in the Model i Study 1
Builder, right-click Study 1 ~» and 0 B Resuts = Compute F8
choose Compute =. You can also i Parametric Sweep
press E8 or click Compute in the 9 Function Sweep
ribbon Home tab. i Material Sweep

5 Study Reference
E Optimization
M, Parameter Estimation

The Study node ~» automatically
defines a solution sequence for the
simulation based on the selected
physics and the study type. The
simulation only takes a few seconds to
solve. During the solution process, two Convergence plots are generated and are
available from tabs next to the Graphics window. These plots show the
convergence progress of the different solver algorithms engaged by the Study.

Study Steps 3
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Results

By default, in the Results node, three plot groups are 4 @ Results

generated: a Multislice plot of the Electric Potential, a & DotoSets

Surface plot of the Tempera'ltl'lre, and a plot named = Jerved Values

Isothermal Contours containing an Isosurface plot of 4 Vil Electric Potential (ec)
i Muttislice 1

the temperature. + @i Temperature ()

Click Results > Temperature w to view the temperature 5 o Surface1

. . . 4 kg Isothermal Contours (ht)
plot in the Graphics window. The temperature ¥ Tsosurface 1

difference in the device is less than 10 K due to the high
thermal conductivity of copper and titanium. The
temperature variations are largest in the top bolt, which
conducts double the amount of current compared to the two lower bolts. The
temperature is substantially higher than the ambient temperature of 293 K.

I Click and drag the image in the Graphics window to rotate and view the back
of the busbar.

o

Surface: Temperature (K)

326

2 On the Graphics toolbar, click the Go to Default 3D View button ...

You can now manually set the color table range to visualize the temperature
difference in the copper part.

3 In the Model Builder, expand the Results > Temperature node @ and click the
Surface 1 node ™.
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4 In the Settings window for Surface click Range to expand the section. Select the
Manual color range check box and enter 323 in the Maximum field (replace the
default). Click the Plot button = on the Settings window for Surface.

4]

o

Settings
Surface
Plot

Label: Surfacel

¥ Data

-1

Data set: | From parent

w Expression

Expression:

T

Unit:

K

= Description:

Temperature

I Title
~ Range

Manual color range
Minimum:  322.70198

Maximum: 323

5 On the Graphics toolbar, click the Zoom Extents button [ to view the updated
plot.

Surface: Temperature (K)

3227
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6 Click and drag in the Graphics window to rotate the busbar and view the back.

Surface: Temperature (K) o

01 — 323

é.x [
3227
¥

The temperature distribution is laterally symmetric with a vertical mirror plane
running between the two lower titanium bolts and cutting through the center of
the upper bolt. In this case, the model does not require much computing power
and you can model the entire geometry. For more complex models, you can
consider using symmetries to reduce the computational requirements.

Select Go to Default 3D View on the toolbar in the Graphics window +l-.
Now, let us generate a Surface plot that shows the current density in the device.

I In the Model Builder, right-click il 3 Plot Group 4

Results & and add a 3D Plot REF:;’:ES Plat P8
Group . Right-click 3D Plot Plot In 8
Group 4 wm and add a Surface B volume

node m. =/ Arrow Volume

Surface

Slice

& &

Isosurface

+

Arrow Surface
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2 In the Settings window for Surface under 4 Modd

4 Componentl

Expression, click the Replace Expression Definitions
4 Electric Currents
button 5. GO to 4 Currents and charge
Model>Componentl >Electric Currents > Displacement current density
External current density
Currents and charge > ec.norm] -Current Induced current density
. . C t densi
density norm and double-click or press Enter o el

ec.nl - Mormal current density
to SCICCt. G ec.norm) - Current density norm
ec.rhoq - Space charge density
ec.rhogs - Surface charge density
Electric
Energy and power

ec.normd is the variable for the magnitude,

+ Expression + v N~
or absolute value, of the current density e
. Pression:
vector. You can also enter ec.normd in the G o)
Expression field when you know the variable Uit
name. Afm*2 -

= Description:

Current density norm

3 Click the Plot button @ .

The plot that displays in the Graphics window is almost uniform in color due to
the high current density at the contact edges with the bolts. The next step is to
manually change the color table range to visualize the current density
distribution.

4 In the Settings window for Surface under Range, select the Manual color range
check box. Enter 1e6 in the Maximum field and replace the default.

¥ Range

G [¥] Manual color range

Minimum: 880135

Maximum:  1e6
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5 Click the Plot button @ .

The resulting plot shows that the current takes the shortest path in the
90-degree bend in the busbar. Notice that the edges of the busbar outside of
the bolts are hardly utilized for current conduction.

Surface: Current density norm (A/m?)

6 Click and drag the busbar in the Graphics window to view the back. Continue
rotating the image to see the high current density around the contact surfaces
of each of the bolts.

Surface: Current density norm (A/m?)

When you are done, click the Go to Default 3D View button ... on the Graphics
toolbar.
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GETTING THE MAXIMUM AND MINIMUM TEMPERATURE

You can easily obtain the maximum and minimum temperature values in the
busbar, including their locations.

I Right-click Results > Temperature @ and select More Plots > Max,/Min

Volume.

4 [ Results
i Data Sets
£2 Derived Values
[ Tables
N Electric Potential (ec)
" s
e e
i Isother| PlotIn
Al 30 Plof
T Export Volume
Report,

Arrow Volume
Surface
Slice

Isosurface

IwEDAE

Arrow Surface

Line
Contour

Streamline

Mg e

Arrow Line

Particle Trajectories
Mesh
More Plots

@ AddImage to Export

&

&5

¥ By

wEEE MR E

% Scatter Volume
Principal Stress Volume
Coordinate System Volume
Max/Min Volume

Poincaré Map

Far Field

Annotation

Principal Stress Surface
Coordinate System Surface
Max/Min Surface
Multislice

Coordinate System Line

7 Max/Min Line

Point Trajectories

Ray Trajectories

Particle Tracing

< Particle Tracing with Mass G

2 In the Settings window for Max,/Min Volume under Expression, click the

Replace Expression button

. Go to Model > Component 1 > Heat Transfer

in Solids > Temperature > T - Temperature and double-click or press Enter to
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select. You can also search for Temperature in the search field above the tree of
postprocessing variables. Click Plot.

Settings - 1| Graphics
Max/Min Yolume QR v byl
[ Plot
Label:  Max/Min Volume 1
0.1
~ Data
Dataset: | From parent ~| 3
~ Expression v N~
B Type filter text
v 4 Model
4 Component 1
Unit:
" Definitions
v Electric Currents
[ Description: Global
4 Heat Transfer in Solids
Electric potential Domain fluxes
o Energy
b W Global
b Advanced Heat sources
= Material properties
~ Coloring and Style Velocity field
— | 4 Temperature
Color: | Black Tempersture gradient
. ht.gradTmag - Temperature gradient magnitude
U Inherit Style e
Velocity and pressure
Geometry
Global Definitions
Mesh

Double-click or press Enter to add selected expression.

The maximum and minimum values are plotted in the Graphics window and
their locations and values are displayed in the Maximum and minimum values
table.

Graphics v
aaf@ L-rrxzEE0 Fe a8
Surface: Temperature (K) MaxfMin Volume: Temperature (K) o
(323
2
It ox
322,68

Messages Progress Log  Maximum and minimum values

M HEAESs \IelBE® -

x y z Temperature (K)
0.062692/-0.0500000.0000 32268
010500 -0.023883 0.054286 330.69
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As an alternative to the method described above of plotting the maximum and
minimum values, you can use the Derived Values node for a pure numerical
output.

3 In the Results section of the model tree, right-click the Derived Values & node
and select Maximum>Volume Maximum .

4 In the Settings window for Volume Maximum, under Selection, choose All
domains.

5 In the Expression text field enter T for the temperature and click Evaluate at the
top of the Settings window.

Model Builder ~ *{| Settings
+ ® v =T EL =~ | yolume Maximum
4 <@ busbar.mph {root) = Evaluate =
(@) Glabal Definitions
T8 Compenent 1 (campl) Label:  Volume Maximum 1
~db Study 1
4 B Results - oD
ita Sets
erived Values
1% Volume Maximum 1
B Tables
Wi Electric Potential (ec)
4 Bl Temperature (ht)
-

Dataset: | Study1/Solution1 (soll) EIE

Selection

Selection: | All domains -

Surfacel s :
) Max/Min Volume 1
«
Wi Isothermal Conteurs (ht) Active

il 30 Plot Group 4
ort
[ Reports

Lo e e

~ Expression rou

Expression:
! 9

Unit
K -
[C]  Description:

Temperature

The resulting maximum temperature is shown in Table 1.

Messages Progress Log Table 1

WM S B | VT B = B8~

Temperature (K}
33069 @

As a next step you will create a model thumbnail image.

CREATING MODEL IMAGES FROM PLOTS

With any solution, you can create an image to display in COMSOL when
browsing for model files. After generating a Plot, in the Model Builder under
Results, click the plot. Then click the root node (the first node in the model tree).
In the Settings window for Root under Thumbnail, click Set from Graphics
Window.
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There are two other ways to create images from a plot. One is to click the
Image Snapshot button g in the Graphics toolbar to directly create an image. You
can also add an Image node & to an Export node to create an image file.
Right-click the plot group of interest and then select Add Image to Export.

Make sure to save the model at this stage. This version of the model,
busbar.mph, is reused and renamed during the next set of tutorials.

Creating an Application using the New Form Wizard

This section gives a brief introduction to creating an application based on the
busbar model. The application will have a specialized user interface dedicated to
interact with the busbar model and include input fields for the length, width, and
applied voltage. The outputs will be the maximum temperature and a temperature
plot.

You will learn how to use the New Form wizard to quickly create an application.
The New Form wizard is used to create a form with user interface components
called form objects. The wizard gives quick access to a subset of all the form
objects available for creating applications with the Application Builder. In this
example you will learn how to use the wizard to add input fields, numerical
output, graphics, and buttons. For detailed information on building applications,
see the book Introduction to Application Builder.

I To switch from the Model Builder to the Application Builder, click the
Application Builder button in the leftmost part of the Home tab in the ribbon.

elifhE R

Home Definitions Ge

A " Model Data Access
® Record a New Method

Application o
Builder P Test Application

o

Application

82 |



2 To create a new form, click the New Form button in the ribbon.

alfhEHE

Hc:me
®C]:
M

Model = New
Builder Form Met

©

The wizard window now appears.

R, New Form =)

Formfitie  Form1 ] Labels on top Previcw

Selected:

oK Cancel

It consists of three tabs for Inputs/outputs, Graphics, and Buttons. In the
Inputs/outputs tab you can double-click the nodes in the tree to make these
available in the user interface of the application. For this application we will
select a few of the parameters as input fields and the maximum temperature as
output.
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3 Double-click each of the Parameters: Length (L), Width (wbb), and Applied
voltage (Vtot). Also, double-click the Volume Maximum under Derived Values

X, New Form

==
Formtile.  Form1

) Lsbels ontop

Form name:  form1.

Inputs/outputs | Graphics | Buttons

Available:

Preview

Selected: Length: 9
4 % Model (root)
4 @ Global Definitions
4 Pi Parameters

123 Bolt radius (rad_1)

4 % Model (root)
4 @ Global Definitions
Applied voltage: | 20 myv
4 P Parameters o o
123 Length (1)
123 Width (wbb)
123 Applied voltage (Vtot)

Width: 5

123 Thickness (tbb)
123 Maximum element size (mh)

Temperature:  0.001235K

125 Heat transfer coefficient (htc) 4 B Resutts
4 B Resutts 4 22 Derived Values
4 BB Tables

85 Volume Madimum 1
B8 Maximum and minimum values

B Table1

oK Cancel

The Preview section to the right displays the user interface layout.

4 Click the Graphics tab in the wizard and double-click the Temperature plot. A
graphics object placeholder appears in the Preview area.

X, New Form

==
Formtile.  Form1

) Lsbels ontop

Preview
Form name: forml
Inputs/outputs | Graphics | Buttons
Availsble Seleced Lengh 9 -
4 Model (root) 4 Model (root) Width: 5 m
4 T8 Component1 (comp) 4 Results it votoos B -
/A Geometry1 B Temperature (ht) R
A Mesh1 Temperstures 0001235 K
Bt o Qe @@ Lk EEI
N Isothermal Contours (ht) [c}=)
@ 30 Plot Group 4

oK Cancel
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5 Click the Buttons tab in the wizard and double-click Compute Study 1. A
button now appears in the Preview area beneath the graphics object.

R, New Form =)

Fomtitle  Form1 ) Lsbels ontop

Preview

Form name:  form1.

Tnputs/outputs | Graphics | Buttons

Available Selected: Length: B &

& GUt Commands 4 % Model (root) Width: 5 m
A\ Plot Geometry 1 Temperature:  0.001235K

‘@;Av‘\:erwe;m QaR[F | LixkzzEMO -
esults =
8 Pl ectic Potentil (0 a8
@ Plot Temperature (HY) J
\@ Plot Isothermal Contours (Ht)

W8 Plot 30 Plot Group &

Compute 6

oK Cancel

6 Finally, click OK to accept the settings and close the wizard.

After closing the New Form wizard, the Form editor is opened. The Form editor
allows you to drag-and-drop form objects and add new ones

o NEEHE > LES M
ome | Forn

2 =] [Efsetings| [ Grid P
| fad =

Model New New '= Insert Show Grid Arrange
Builder Form Method [ Editor Templates | Opje Lines -

HEA

Main Form Objects|  Layout Sketch

Application Builder [ Preview  [Jformt X

2 .
“ Ef__il"“‘ Width: 5 - :
B Events Applied voltage: |20 - i
[ Methods |
] Libraries :
Qaal LukEEHO < !
(o=} |

Compute
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7 You can, for example, rearrange the user interface by placing the graphics object
to the right of the input fields and the button directly under the input fields, as
shown in the figure below. Blue guide lines will aid you in aligning the objects.

[ Preview [ form1 x

L . .
Length: 9 m QAREM | LzEEMO -8 @O
Width: 5 m
Applied voltages 20 my

Temperature: 0001235 K

You can make the graphics object larger by dragging the blue handles.
8 You can test the application by clicking Test Application in the ribbon.

()
> DO,
Test Preview Testin Web

Application Form  Browser -
Test

6

This creates a run-time copy of the application and lets you quickly try different
designs during the process of developing an application.

o Untitled.mph - Parameterized Busbar = | B S
File
Length: 9 m QAR L-rxrEEOD0 @ a=
RUEkE E €M Surface; Temperature () Max/Min Volume: Temperature (k) [ ]
Applied voltage: 20 mv
Temperature 330K
323
0.
Compute #f: 330,691 @
0.05
0 0.1
2 min: 322.678
¥ .05
NP 322.68

About
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9 Now, try a different Length value and click Compute.

You may wish to preview the geometry before starting the computation and this
can casily be done by adding a button. There are two ways of adding a button.
Either use the Insert Object menu in the ribbon, as shown in the figure below

or use the Editor Tools window. In this example, you will use the latter.

r_‘ FH Grid

O Input Field
[¥ Check Box
Labels

[ Text Label
— Line

Display
Data Display
3 Image

(4 Message Log
Subforms

E‘Form
Compaosite

& File Import
2 Radio Button

Miscellaneous

[T] Text 5 List Box EEE Table
=¥ Slider 1 Toolbar Spacer
T

[o] []a]

= [ola]
Show Grid Arrange

Lines -
[2¥] Button @ Toggle Button
Combo Box |_
[m] Unit Au Equation

B

[9] Graphics [5] Web Page
== Progress Bar [ Log

Results Table
[ Form Collection Card Stack

[@] Information Card Stack ElArrayInput

& Selection Input

I First, make sure the Editor Tools window is visible by selecting the
corresponding button in the ribbon.

ew
Model MNew New = -
Builder Form Method (53 Editor Tools G

Main
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2 In the Editor Tools tree, right-click the Geometry node and select Button.

Settings | Editor Tools i X

=y Edit Node

| Forms
u GUI Cormmands
[l Libraries
4 & Model (root)
() Global Definitions
4@ Component1 (compl)
= Definitions
A\ Geometn:1
\.- Mate [ Graphics
_ Elect
+® Heat Button
<y Multi S Edit Node
£ MeshT
~db Study 1

@ Results

3 Drag the Plot Geometry button to the left of the Compute button.

[l Preview «© [Jforml X

Temperature: 0001235 K

Plot

»
Length: 9 :m Q Q@@ by bz E RO
Width: H cm
Applied voltage: 20 mv

-0 | @s

Behind each button is a command sequence that controls the action taken when
it is pressed. The command sequence is defined in the Settings window of the
button and you can open the Settings window (if not already opened) by

double-clicking the button.
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4 Double-click the Plot Geometry button to see its Settings window. Command
sequences appear below the tree in the section Choose Commands to Run.

Settings  Editor Tools -1 X
Button
Name: button2
Text: Plot Geometry
Picture: geometry 32pne | |+ [
Size: Large -
Tooltip:
Keyboard shortcut:
~ Choose Commands to Run B
5 Forms
I3 6u1 Commands
[l Libraries

m

4 4 Model (root)
(@ Global Definitions
4 [l Component1 (compl)
= Definitions
4 8 Geometry 1
{2 Work Plane 1 (wpl)
[C] Btrude 1 (extt)
{2 Work Plane 2 (wp2)

Edit Node b Run & Plot 57 Set Value
Show [=] Show as Dialog [E3 Import File

Enable Disable

" Command Icon Arguments
Plot Geometry 1 graphicsl

In this case, the command sequence for the Plot Geometry has one command
for plotting the geometry. The input argument contains information on which
graphics window to send the geometry plot. In this case the graphics object
graphicsl.
To automatically adjust the axis settings, you can add a Zoom Extents
command.

5 In the Choose Commands to Run section, locate the Zoom Extents command
under GUI Commands > View Commands. Double click to add it to the
command sequence.
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6 Now create the input argument to the Zoom Extents command. Click the white
field next to Zoom extents and click the Edit Argument button.

w
Command Icon  Arguments

Plot Geornetry 1 graphicsl

Zoom otents — )

TP (&)
~ Dialog Actions EditArgumentb

7 This opens a dialog box with possible input arguments. Select graphicsl under

forml.

3 Edit Argument &J

4 Uim Forms

- D forml
graphicsl 6

E‘ Use as Argument
Selected argument:
[ graphicsl
OK Cancel
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8 The command sequence is now complete.

" Command Icon  Arguments
Plot Geornetry 1 A | graphicsl
Zoom extents forml/graphicsl G

9 To make sure the new Plot Geometry button works, you can now test the
application again by clicking Test Application in the ribbon.

()
> DO,
Test Preview Testin Web

Application Form  Browser -
Test

(9

To perform more advanced operations than what is possible to do with a
command sequence, you can use the Method editor to write code that defines the
actions to be taken when the user clicks a button. An easy way to get started with
the Method editor is to convert an existing command sequence into a method.

I Locate or open the Settings window for the Plot Geometry button again. Click
the Convert to New Method button below the command sequence.

" Command Icon  Arguments
Plot Geometry 1 forml/graphicsl
Zoom extents forml/graphicsl

1 S LafE + @

Dialog Acti | Convert to New Method i
lalog 1ons
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2 To open the method in the Method editor, click the Go to Method button
below the command sequence.

" Command Icon  Arguments
methodl B

Dialog Acti Go to I‘v'1ethc:di

The Method editor now opens with the code for method]1 corresponding to the
Plot Geometry and the Zoom Extents commands in the previous command
sequence.

-":“'pp ication Bui der @ Preview Dforml rethodl X
- =t Ey LJ:EGrqur’.'1'c:(m0|:hal.geom("gem'l")J "forml/graphics1i"};
- zoomExtents("forml/graphicsl™);

4 [5] busbar.mph (root)
D Main Window
4 Uim Forms

D forml
Events
= Declarations

4 Y Methods

methodl

m]] Libraries

The Application Builder has several tools for automatically generating code. In
addition to converting a command sequence to a method, you can, for example,
click Record Code in the ribbon.

= WB+C
= e | VR

Goto Record Extract
Node Code Variable

This will automatically switch over to the Model Builder and generate code for
each operation performed there. Click Stop Recording in the ribbon to stop
recording and go back to the Method Editor.

To learn more about using the Form Editor and the Method Editor, see the book
Introduction to Application Builder.

92|



This completes the Busbar example. To switch back to the Model Builder click the
Model Builder button in the ribbon.

olnhed

&

Model MNew
Builder Form

The next sections are designed to deepen your understanding of the steps
implemented so far, and to extend your simulation to include additional effects
like thermal expansion and fluid flow. These additional topics begin on the
following pages:

“Parameters, Functions, Variables and Couplings” on page 94
“Material Properties and Material Libraries” on page 98
“Adding Meshes” on page 100

“Adding Physics” on page 102

“Parametric Sweeps” on page 123

“Parallel Computing” on page 132

“Appendix A—Building a Geometry” on page 136
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Advanced Topics

Parameters, Functions, Variables and Couplings

This section explores working with Parameters, Functions, Variables, and
Component Couplings.

Global Definitions and Component Definitions contain functionality that help
you to prepare model inputs and component couplings, and to organize
simulations. You have already used the functionality for adding Parameters to
organize model inputs in “Global Definitions” on page 57.

Functions, available as both Global Definitions and Component Definitions,
contain a set of predefined function templates that can be useful when setting up
multiphysics simulations. For example, the Step function template can create a
smooth step function for defining different types of spatial or temporal transitions.

To illustrate using functions, assume that you want to add a time dependent study
to the busbar model where an electric potential is applied across the busbar that
goes from 0 V to 20 mV in 0.5 seconds. For this purpose, you could use a step
function to be multiplied with the parameter Vtot. In this section, you’ll add a
step function to the model that goes smoothly from 0 to 1 in 0.5 seconds to find
out how functions can be defined and verified.

DEFINING FUNCTIONS

For this section, you can continue working with the same model file created in the
previous section. Locate and open the file busbar.mph if it is not already open on
the desktop.
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I Right-click the Global Definitions node @ and select Functions>Step .

4 busbar.mph (root)

4 () Global Definitions

Pi Parameters
i) Materials
W Component1 [z
~db Study 1
4 @ Results
#: Data Sets
2 Derived Valu
B Tables
VB Electric Poten
Nl Temperature
l’."‘ Isothermal C
4 @ 3D Plot Grou

o

a=  Variables
Functions

Load Group

I Constraint Group
Geometry Parts
Mesh Parts
Group by Type

Help

Analytic

2 ot

Interpolation
Piecewise
Gaussian Pulse
Ramp
Rectangle

Step

™ surfacel
Export
Reports

Triangle

B2>459 0P, >

Waveform

S

Random

2 In the Settings window for Step enter 0.25 in the Location field to set the
location of the middle of the step, where it has the value of 0.5.

ettings

Plot| E& Create Plot

Plat (F8)
Label: Stepl
Function name:  stepl

* Parameters

Location:  0.25
From: 0

To: 1
¥ Smoothing

Size of transition zone:

05

MNumber of continuous derivatives: | 2

-1

3 Click Smoothing to expand the section and enter 0.5 in the Size of transition
zone field to set the width of the smoothing interval. Keep the default Number
of continuous derivatives at 2.

4 Click the Plot button = in the Settings window for Step.
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If your plot matches the one below, this confirms that you have defined the
function correctly.

stepl o

0.9

0.8

0.7

0.6 1
osk ]
0.41 1

0.3

0.2 /- E
0.1lf / ]

OF 1 L 1 1 1 1 1 1 L 1 1 1 |
0.1 -0.05 0 0.05 01 015 0.2 0.25 03 0.35 0.4 0.45 0.5 0.55 0.6

You can also add comments and rename the function to make it more descriptive.

5 Right-click the Step 1 node & 4 % busbarmph (root)

in the Model Builder and # (& Global Definitions
K Pi Parameters
select Properties [=. I Step1 (stepd)
& C" @”alslr Copy as Code to Clipboard r
M Cor ent
“o Study 1 E‘|§| Copy
“ @' R_ESL[';tS s |_—->:':| Duplicate
ata Sets .
%2 Derived Val, [ Delete Del
B Tables @ Disable =]
NiS Electric Pote
W& Temperatur =p Rename e

& Lsothermal Settings
Nl 3D Plot Gro .
™ curface ] Properties

H Hep F1

h
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6 In the Properties window, enter any
information you want. Right-click
the Properties tab and select Close

Properties

-1 X

: Label: Stepl

when you are finished. Toeh e
Mame: stepl

Tag:  stepl

G.

Created:
Author:

Version:

For the purpose of this exercise,
assume that you want to introduce a
second component to represent an
electric device connected to the
busbar through the titanium bolts.

A first step would be to rename
Component 1 to specify that it
represents the busbar.

Mode Properties

Sep 24, 2015 9:00:16 AM

Comments:  Created for the Introduction to

COMSOL Multiphysics

I Right-click the Component 1 node @ and select Rename =: (or press F2).

2 In the Rename Component window, enter Busbar. Click OK and save the

model.

4 busbar.mph (root)
() Global Definitions
G ] Busbar (compl)
~db Study 1

4 @, Results

DEFINING COMPONENT COUPLINGS

Right-click the Definitions node = under
Busbar (compl) to introduce a Component
Coupling that computes the integral of any
Busbar (compl) variable at the bolt boundaries
facing the electric device. You can use such a
coupling, for example, to define a Variable in
the Global Definitions node that calculates the
total current. This variable is then globally
accessible and could, for example, form a
boundary condition for the current that is fed
to an electric device modeled as a second
component.

The Component Couplings in Definitions have
a wide range of uses. The Average « ,

4 busbar.mph (root)
4 () Global Definitions
Pi Parameters
2= Variables1
I Step1 (stepl)
i Materials
4l Busbar (compl)
4 = Definitions
Jdu Integration 1 {intopl)
| Boundary System 1 (sysI)
[ view1
WA Geometry 1
25 Materials

+\_ Electric Currents (ec)
Bl Heat Transfer in Solids (ht)
iy Multiphysics
A5 Mesh1
~db Study 1

@, Results

—
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Maximum w, and Minimum w« couplings have applications in generating results
as well as in boundary conditions, sources, sinks, properties, or any other
contribution to the model equations. The Probes # are for monitoring the
solution progress. For instance, you can follow the solution at a critical point
during a time-dependent simulation, or for each parameter value in a parametric
study.

You can find an example of using the average operator in “Parametric Sweeps” on
page 123. Also see “Functions” on page 160 for a list of available COMSOL
functions.

To learn more about working with definitions, in the Model Builder, click
the Definitions = or Global Definitions ¢ node and press F1 to open the
Help window @. This window displays helpful information about the
selected item in the desktop and provides links to the documentation. It
could take up to a minute for the window to load the first time it is activated,
but will load quickly the next time it is opened.

Material Properties and Material Libraries

You have already used the functionality in Materials to access the properties of
copper and titanium in the busbar model. In Materials, you are also able to define
your own materials and save them in your material library. You can also add
material properties to existing materials. In cases where you define properties that
are functions of other variables, typically temperature, the plot functionality helps
you to verify the property functions in the range of interest. You can also load
Excel® spreadsheets and define interpolation functions for material properties
using LiveLink™ for Excel®.

The Material Library add-on contains over 2500 materials with tens of thousands
of temperature-dependent property functions.

First investigate how to add properties to an existing material. Assume that you
want to add bulk modulus and shear modulus to the copper properties.

CUSTOMIZING MATERIALS
Let us keep working on the busbar.

I In the Model Builder, under Materials, click
Copper . 4

25 Materials
G == Copper (matl)

%22 Titanium beta-215 (mat2)

Y4, Geometry 1

98 |



2 In the Settings window for
Material, click to expand the
Material Properties section, which

¥ Material Properties

Geomechanics Material .
Hyperelastic Material

contains a list of all the definable 4 Linear Elastic Material
: Anisotropic

propertles. Anisotropic, Voigt Motation
Expand the Solid Mechanics > G Bulk Modulus and Shear Modulus

. . . . Lamé Parameters .
Linear Elastic Material section. Orthotropic L TEEE J
Right-click Bulk Modulus and Orthotropic, Voigt Motation

Pressure-Wave and Shear-Wave Speeds

Shear MOdulus and select + Add Young's Modulus and Poisson's Ratio
to Material. Vannn's Madulue and Shear Madule v

This lets you define the bulk
modulus and shear modulus for the copper in your model.

3 Locate the Material Contents section. Bulk modulus and Shear modulus rows
are now available in the table. The warning sign g indicates that the values are
not yet defined. To define the values, click the Value column. In the Bulk
modulus row, enter 140e9 and in the Shear modulus row, enter 46e9.

¥ Material Contents

Property MName Value Unit Property group
Bulk modulus K 1408 N/m? Bulk modulus and shear mod... | #
e A\ [Shear modulus G N.-"r'n2 Bulk modulus and shear mod...
[ [Electrical conductivity sigma 5.998e7[5/... |5/m Basic
[# |Heat capacity at constant pressure | Cp 385[)/(kg*... J(kgK) Basic
[# |Relative permittivity epsilonr |1 1 Basic H
[ Density rho 8700[kg/m... kg/m®  Basic
[ ' Thermal conductivity k A400[W/ (m... \W/(m-K) Basic
Relative permeability mur 1 1 Basic
Coefficient of thermal expansion alpha 17e-6[1/K] [1/K Basic
Young's modulus E 110e9[Pa] Pa Young's modulus and Poisson...
Poisson's ratio nu 0.35 1 Young's modulus and Poisson...|
Doforamen rarickisoake rlail 177 Qlals e Limaarimad racickisbe

By adding these material properties, you have changed the Copper material. You
can save this information in your own material library, but not in the read-only
Solid Mechanics materials library.
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4 In the Model Builder, right-click Copper and select “Add to User-Defined

Library” m.

S\ Geometry 1
4 522 Materials
- Copper (mat2)
52 Titanium betd
X Electric Currents
® Heat Transferin § [l Add te User-Defined Library

2 User-Defined Property Group

<y Multiphysics
A Mesh1
8 Study 1 1 Move Down
B, Results B Copy

[ Duplicate

Copy as Code to Clipboard

Adding Meshes

o

A model component can contain different meshing sequences for generating
meshes with different settings. These sequences can then be accessed by the study
steps. In the study, you can select which mesh you would like to use in a particular

simulation.

In the busbar model, a second mesh node is now added to create a mesh that is
refined in the areas around the bolts and the bend.

ADDING A MESH

I Open the model busbar.mph

that was created earlier.

2 In order to keep this model in a
separate file for later use, select
File > Save As and rename the

model busbar_I.mph.

3 To add a second mesh node,

right-click the Component

1(compl)node @ and select Add

Mesh 4.

By adding another Mesh node, a
Meshes parent node is created
that contains both Mesh 1 and

Mesh 2.
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4 busbar_Lmph (root)

(@ Global Definitions 9
] Component 1 (compl)
" Studyl | Add Physics
Results
Add Mesh
Copy as Code to Clipboard

Delete

B

=[1 Rename



4 Click the Mesh 2 node. In the
Settings window for Mesh under
Mesh Settings, select
User-controlled mesh as the -

er-controlled mesh
chuence tpr Physics-controlled mesh

A Size and Free Tetrahedral node
are added under Mesh 2.

5 In the Model Builder, under
Mesh 2, click Size al.

¥ Mesh Settings

Sequence type:

Physics-controlled mesh

Model Builder Settings v
- = - =t : - TFrm
4 4@ busbar_Lmph [root) & Build Selected |[E8 Build AII@
Global Definitions !
4 [l Component1 {compl) Label:  Size
= Definitions .
YA\ Geometry 1 @ Element Size
a% Materials Calibrate for:
+\_ Electric Currents (ec) -
[El Heat Transfer in Solids (ht) General physics i
«ity Multiphysics _) Predefined | Mormal
4 A Meshes
A Mesh1 @ Custom
“h Mesh 2 ~ Element Size Parameters
A Size
Free Tetrahedral 1 Maximum element size:
~db Study 1
mh/2 m
@ Results

Minimum element size:

rnh/2-mh/6 m
Maximurm element growth rate:

15

Curvature factor:

02

Resolution of narrow regions:

0.5

The asterisk in the upper-right corner of a node icon indicates that the node is
being edited.

6 In the Settings window for Size, under Element Size, click the Custom button.
7 Under Element Size Parameters, enter:

- mh/2 in the Maximum element size field, where mh is 6 mm—the mesh
control parameter defined previously.

- mh/2-mh/6 in the Minimum element size field.
- 0.2 in the Curvature factor field.
8 Click Build All & . Save the file busbar_I.mph.
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Compare Mesh 1 and Mesh 2 by clicking the Mesh nodes. The mesh is updated
in the Graphics window. An alternative to using many different meshes is to run a
parametric sweep of the parameter for the maximum mesh size, mh, that was
defined in the section “Global Definitions” on page 57.

Mesh | Mesh 2

Adding Physics

The distinguishing characteristics of COMSOL, particularly adaptability and
compatibility, are prominently displayed when you add physics to an existing
model. In this section, you will understand the ease with which this seemingly
difficult task is performed. By following these directions, you can add structural
mechanics and fluid flow to the busbar model.

STRUCTURAL MECHANICS

After completing the busbar Joule heating simulation, we know that there is a
temperature rise in the busbar. What kind of mechanical stress is induced by
thermal expansion? To answer this question, let us expand the model to include
the physics associated with structural mechanics.
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To complete these steps, either the Structural Mechanics Module or the
MEMS Module (which enhances the core Solid Mechanics interface) is
required.

If you want to add cooling by fluid flow, or don’t have the Structural
Mechanics Module or MEMS Module, read this section and then go to
“Cool by Adding Fluid Flow” on page 109.

I Open the model busbar.mph that was created earlier. From the main menu,
select File > Save As and rename the model busbar_II.mph.

2 In the MOdCl Builder, 4 3 busbar_I.mph [root)

right—click the Component 1 ) E‘j Global Definitions
M Componentl (compl)
node @ and select Add = Definitions | e poor
Physics by Geormetry 1 =5 yHIes
Y ( =4 Materials A Add Mesh
+\_ Electric Curren
I8 Heat Transfer
-ﬁ} Multiphysics ﬁ Delete Del
A5 Mesh1
o Study 1

{E Results Settings
Properties
Help F1

Copy as Code to Clipboard 3

IE]ZI Rename F2

3 In the Add Physics window,
under Structural Mechanics, select
Solid Mechanics =.

Add Physics MRS

=+ Addto C.omponant = Add to Selection

Search

To add this interface, you can T teetrocnemisty
right-click and select Add to il
Component or click the + Add to 10+ Optics
Component button at the top of 2 :I:t:ir;irequancy

% Semiconductor
. Structural Mechanics
‘;‘ Solid Mechanics (solid)

4 Close the Add Physics window and ) Shellshel T
save the file. ggﬂemhrane(mhm) + Add to Selection
eam (beam)

8B Truss (truss)

@ Multibedy Dynamics (mbd)

% Thermal Stress

E® Thermoelasticity (te)

Ef: Joule Heating and Thermal Expansion

the window.

When adding additional physics, you need to make sure that materials
included in the Materials node have all the required properties for the
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selected physics. In this example, you already know that all properties are available
for copper and titanium.

You can start by adding the effect of thermal expansion to the structural
analysis.

5 In the Model Builder right-click . Electric Currents (e
the Multiphysics node ., and . § ?;?;E:;f:n"i:f}ﬂfzm
select Thermal Expansion =. @ 'ft'r’;zal’ Elastic Material 1
A Thermal Expansion node is Wt
added to the Model Builder. wixi‘“ T e e
You can also use the ribbon and @ Rels 3 Thermolectric ffect

Im

Electromagnetic Heat Source

select, from the Physics tab,
Multiphysics >Thermal
Expansion.
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6 In the Settings window for Thermal

Expansion, from the Selection list SSHEs ot
select All domains. This will enable hermal Expansion
thermal expansion in the copper as Label:  Thermal Expansion 1
well as in the titanium bolts. Name:  tel
The Thermal Expansion Properties Domain Selection
section of this window shows G Selection: [TA domaine S
information about the Coefficient of == 1 N
thermal expansion and the Strain - 2 B -
reference temperature. The Active |4 B N
Coefficient of thermal expansion . T
takes its value from the Materials 7
node. The Strain reference _

Equation
temperature has a default value of
293.15 K (room temperature) and R R A
defines the temperature for which i S B FEfEiiEs
there is no thermal expansion. The Coefficient of thermal expansion:
Thermal Expansion section at the @ From material S
bottom of the Settings windows Strain reference temperature:
shows which two physics interfaces Tref | 29345[K] K
define the physics for heat transfer Thermoelastic damping
and solid mechanics. This is useful in e e
the case where there are more than Heat transfer
one physics interface for heat transfer Heat Transfer in Solids () -
or solid mechanics in the model ——
component. Keep all default settings Solid Mechanics (solid) -

in this window.
Next, constrain the busbar at the position of the titanium bolts.

7 In the model tree, right-click Solid Mechanics = and from the boundary level,
select Fixed Constraint w . A node with the same name is added to the tree.

8 Click the Fixed Constraint node = . In the Graphics
4 57 Solid Mechanics (solid)

window, rotate the busbar to view the back. Click the BB | inear Elastic Material 1

circular surface of one of the bolts to add it to the o Freel

Selecti I T Initial Values 1
election list. @ mw Fixed Constraint 1
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9 Repeat this procedure for the remaining bolts to add boundaries 8, 15, and 43.

Boundary Selection

Selection: | Manual v|
8 &
15 B -
IS -
Active E"D ‘%L‘

15 —<;

For easier management of D Create Selection =
multiple boundary selections, you Selection name: 8ot top surfaces
can group boundaries into a G (Ccencel |

user-defined Selection. Once you

have selected boundaries 8, 15,

and 43, click the Create Selection button % and give it a name such as
Bolt top surfaces.

This Selection is then added as a node under Component 1>Definitions
and is accessible from the Selection list for all types of boundary
conditions. You can use this technique to group Domains, Boundaries,
Edges, and Points.

Model Builder ~ /| Settings

- = - ETEL G- Fixed Constraint

P busbar_L.mph (root)
@ Global Definitions

<4 Im Component1 (compI)
4 = Definitions

Label:  Fixed Constraint 1

Boundary Selection

w Bolt top surfaces Selection: | Balt tap surfaces -
| Boundary System 1 (sys1)
View1 8 =

\ 15 [E= -
}‘)\_ Geometry 1 5 B
558 Materials Active B &
X_ Electric Currents (c) &
|18 Heat Transfer in Solids (ht) N
rl @ Solid Mechanics (solid)
T Linear Elastic Material 1

Next we update the Study to take the added physics into account.

SOLVING FOR JOULE HEATING AND THERMAL EXPANSION

The Joule heating effect is independent of the stresses and strains in the busbar,
assuming small deformations and ignoring the effects of electric contact pressure.
This means that you can run the simulation using the temperature as input to the
structural analysis. In other words, the extended multiphysics problem is weakly

106 |



coupled. As such, you can solve it in two separate study steps to save computation
time—one for Joule heating and a second one for structural analysis.

I In the Model Builder, right-click Study 1 ~ and
select Study Steps > Stationary > Stationary = to add ‘ w]i_f"s{elpl: Stationary

a second stationary study step. G [E Step 2: Stationary 2
[Pr. Solver Configurations

When adding study steps you need to manually connect the correct
physics with the correct study step. We shall start by disabling the
structural analysis from the first step.

2 Under Study 1, click the Step 1: Stationary node [=.

4~ Study 1
3 In the Settings window for Stationary, locate the I Step 1:Stationary
. . . E Step 2: Stationary 2
Physics and Variables Selection. T Solver Configurations
4 In the Solid Mechanics ~  Physics and Variables Selection

(solid) row under Solve for,
click to change the check
mark # to an [J to remove
Solid Mechanics from Study
Step 1.

[T Modify physics tree and variables for study step

L3
Physics interface Solve for  Discretization

Electric Currents (ec) ™ Physics settings
Heat Transfer in Solids (ht) ™ Physics settings

G Solid Mechanics (solid) EI Physics settings

Now repeat these steps to remove Electric Currents (ec) and Heat Transfer in
Solids (ht) from the second study step.

5 Under Study 1, click Step 2: Stationary 2 =. 4~ Study 1
E Step 1: Stationary
E Step 2: Stationary 2
[Pr. Solver Configurations
6 Under PhYSiCS and Variables ~  Physics and Variables Selection
Selection, in the Electric

[T Modify physics tree and variables for study step
Currents (ec) and Heat

"

: : Physics interface Solve for  Discretization
Transfer in Solids (ht) rows, b
CliCk to Change the ChCCk G Electric Currents (ec) O Physics settings
mark ¥ to an [] to remove Heat Transfer in Solids (ht) EI Physics settings
Solid Mechanics (solid) ™ Physics settings

Joule heating from Study
Step 2.
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7 Right-click the Study 1 node ~» and select Compute = (or press F8 or click
Compute in the ribbon) to solve.

4~ Study 1

G I/—j ste| = Compute F&
t Stey

M Soly C Update Solution F5
@ Results

Parametric Sweep

il

Save the file busbar_II.mph, which now includes the Solid Mechanics interface
and the additional study step.

RESULTING DEFORMATION
Now add a displacement plot.
I Under Results>3D Plot Group 4, click the Surface 1 node ™.

4 @ Results
#: Data Sets
#3 Derived Values
B Tables
VB Electric Potential (ec)
T.‘E Temperature (ht)
T.‘E Isothermal Contours (ht)
4 Nl 30 Plot Group 4
0 ™ Surfacel
Export
E Reports
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2 In the Settings window for Surface in ~ Expression v %
the Expression section, click the Replace

Expression:
Expression button % . G solid.disp
Unit:
mm hd
[] Description:
Total displacement
From the context menu, select 4 Model
: 4 Component1
Model>Component 1>Solid Definitions
Mechanics> Displacement> solid.disp - Electric Currents
. Geomet:
Total displacement. o
obal
You can also enter solid.disp in the ;Eal:_T:”?fe”” Solids
. ultiphysics
Expression field. 4 Solid Mechanics

Acceleration and velocity

Now, change to a more suitable unit. In 4 Displacement

the Settings window under Expression, Curl of displacement (Material)
solid.disp - Total displacement

from the Unit list select mm (or type mm Displacement field (Material)
in the field). Energy and power

Geometry

Global

Heating and losses

3 Click Range to expand that section. b Title
Click to clear the Manual color range ~ Range
check box. 6
[Z] Manual color range

The local displacement due to thermal expansion is displayed by COMSOL as
a surface plot. Next we’ll add information about the busbar deformation.

4 In the Model Builder, under Results>3D Plot Group 4, right-click the Surface
1 node ™ and add a Deformation node =s. The plot automatically updates in
the Graphics window. Click the Go to Default 3D View button .. so your view
appears similar to the plot shown below.
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The deformations shown in the figure are highly amplified to make the
very small distortions that actually take place more visible.

Surface: Total displacement (mm)

5 Save the busbar_II.mph file, which now includes a Surface plot with a
Deformation.

You can also plot the von Mises and principal stresses to assess the
structural integrity of the busbar and the bolts.

CooL BY ADDING FLUID FLow

After analyzing the heat generated in the busbar and possibly the induced thermal
expansion, you might want to investigate ways of cooling the busbar by letting air
flow over its surfaces. These steps do not require any additional modules as the
model only includes Joule heating without the previous thermal expansion
analysis.

If you have the CFD Module, the Non-Isothermal Flow multiphysics
interface is available. If you have the Heat Transfer Module, the Conjugate
Heat Transfer multiphysics interface is available. Either one of these two
interfaces automatically defines coupled heat transfer in solids and fluids
including laminar or turbulent flow, whereas in this example, this is done
manually and with limited functionality.
Adding fluid flow to the Joule heating model forms a new multiphysics coupling.
To simulate the flow domain, you need to create an air box around the busbar.
You can do this manually by altering the geometry from your first model or by
opening an application library file. In this case, you will open a file with the box
already created.
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After loading the geometry, you will learn how to simulate air flow according to
this figure:

Air outlet

Air inlet

DEFINING INLET VELOCITY
Start by loading the geometry and adding a new parameter for the inlet flow

velocity.
I If you have just reopened the software, close the New window that opens

automatically by clicking the Cancel button .



2 Click the Home tab, and from the Windows menu select Application Libraries
M . Navigate to COMSOL Multiphysics> Multiphysics> busbar box.

Double-click to open the file, o ) )
which contains the geometry in Application Libraries
addition to the physics modeling
steps completed througf} t.he end Py~ prsvesp—
of the section “Customizing Ml Applications
. I ﬂ]]j Acoustics
Materlals on page 98 [l Chemical Engineering
ﬂ]]] Diffusion
ﬂ]]] Electromagnetics
ﬂ]]] Equation Based L
[l Fiuid Dynamics
[l Geophysics
ﬂ]]j Heat Transfer
ﬂ]]] Meshing Tutorials
4 [ Multiphysics
® busbar box G
O bushar geom
® busbar
O free convection
© marangoni convection -

Search

1

Run Application Open Application

Open PDF Document

3 Under Global Definitions, click the Parameters node - .

4 In the Settings window for Parameters click the empty row just below the Vtot
row. In the Name column, enter Vin. Enter 1e-1[m/s] in the Expression
column and a description of your choice in the Description column, such as
Inlet velocity.

Model Builder ~ ¥ Settings
= =~ =TE =~ Parametars
4 @ bushar_box.mph (root) ~ Parameters

4 (7)) Global Definitions

Pi Parameters " Mame Expression Value Description
=) Materials L ofem] e Lenath
4 |l Component 1 {comp1) £m = m eng -
= Definitions rad_1l B[mm] 0.006 m Baolt radius
4 A Geometry 1 thb 5[mm] 0.005 m Thickness
& Work Plane1 (wp1) whb 5[crml 005 m Width
’—;.:‘. Extrude 1 (extl) mh 6[mm] 0,006 m Maximum element size
& Work Plane 2 (iwp2) hte S5[W/m~2/K] 5W/ MK Heat transfer coefficient
Extrude 2 (extZ tot m L ied voltage
=8 (ext2) Wt 20[mV] 00zv Applied voltag
E Work Plane 3 (wp3) Vin le-1[m/s] 01 m/s Inlet velocity

(5L Extrude 3 (ext3)

5 Select File>Save As and save the model with a new name, busbar_box_I.mph.

ADDING AIR

The next step is to add the material properties of air.
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I From the Home tab, select Add Material = (or right-click the Materials node

and select Add Material.)

2 In the Add Material window, expand
the Built-In node. Right-click Air and
select Add to Component 1. Close
the Add Material window.

3 Inthe Model Builder under Materials,
click the Air node ::.
4 IEI Materials

Copper (matl)
=g8 Titanium beta-215 (mat2)

o : 4= Air (mat3)

4 On the Graphics window toolbar,
click Zoom Extents .

5 In the Graphics window, click the air
box (Domain 1) to add it to the
Selection list, which changes the
color to blue. This step assigns the
air material properties to the air box.

Settings
Material

Label:  Air

Geometric Entity Selection

Geornetric entity level: | Dormain -

Selection: |M
g |t %

| =

Active E :‘Eﬂ
B

ADDING FLUID FLOW
Now add the physics of fluid flow.
I In the model tree, right-click

Add Material

=+ Addto Component » < Add to Selection

t :EI Recent Materials
* [ Material Library
4 % Built-In

) Add to Global Materials
u

W Addto Component1

+ Add to Selection

Component 1 @ and select Add Physics ;.

| 113



2 In the Add Physics window under

. . Add Physics G
Fluld FlOW>SlnglC‘PhaSC FIOW) =+ Addto Component + Add to Selection
right-click Laminar Flow =. and Sdh
select + Add to Component. D Recently Used
. . % AC/DC I
Laminar Flow will appear under ) Acoustics
Component 1 1Il thC Model #2% Chemical Species Transport

1T Electrochemistry
== Fluid Flow

Builder. Close the Add Physics
window.

3 On the Graphics toolbar, click the

+ Addto Component

Rotating Machit
Transparency button &. In ;_-"gpi”;:t:fw(:;)'" +  Add to Selection

addition, click the Wireframe
Rendering button &. These two
settings make it easier to see inside
the box. Toggle these on and off as needed during the modeling process to
control the type of rendering used.

Now that you have added fluid flow to the model, you need to remove the air
domain (Domain 1) from the Electric Currents (ec) interface (we are assuming
that the air has no electric conductivity and hence no currents) and then couple
the heat transfer part of the Joule heating multiphysics interface to the fluid
flow.

4 Inthe Model Builder, select ,
the Electric Currents (ec) i
node x . In the Graphics e
window, move the mouse |
pointer over the air domain
and click to remove it from | |
the selection list. At this G i
point, only the busbar
should be selected and
highlighted in blue.

i
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5 In the Model Builder, right-click Heat Transfer in Solids m. In the first section
of the context menu, the domain level &, select Heat Transfer in Fluids.

b f\_ Electric Currents {ec)
4 |[E Heat Transfer in Solids (ht

% Heat Transfer in Solids
T8 Initial Values 1
= Thermal Insulation 1
I Heat Flux1
4 == Laminar Flow (spf]
T8 Fluid Properties 1
T8 Initial Values 1
T Walll
oy Multiphysics

vonnow

6 In the Graphics window,
click the air domain
(Domain 1) to add it to
the Selection list.

Now couple the fluid flow
and the heat transfer
phenomena.

7 In the Settings window

Heat Transfer in Solids

Heat Transfer in Fluids

Heat Transfer with Phase Change
Heat Source

Initial Values

Temperature

+ Model Inputs

for Heat Transfer in Fluids under

Model Inputs, select Velocity
field (spf) from the Velocity field
list. Then, select Absolute
pressure (spf) from the Absolute
pressure list.

This identifies the flow field and
pressure from the Laminar Flow
interface and couples it to heat
transfer.

Temperature:

T | Temperature (ht)

Absolute pressure:

o Pa | Absolute pressure (spf)

Concentration:

(4 | User defined

Velocity field:

o u | Velocity field (spf)

Now define the boundary conditions by specifying the inlet and outlet for the

heat transfer in the fluid domain.
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8 In the Model Builder, right-click Heat Transfer in X Electric Currents (eg

+

Solids /. In the second section of the context # /8 Heat Transfer in Solids (ht)
. ww Heat Transferin Solids 1
menu, the boundary section =, select B 1itial Values 1
Temperature . i Thermal Insulation 1
mw Heat Flux1
A Temperature node is added to the Model 6 1 Heat Transfer in Fluids 1
= Ternperature 1

Builder.

= Laminar Flow (spf)
i Fluid Properties 1
T Initial Values 1

T wall1

9 In the Graphics window,
click the inlet boundary,
Boundary 2, to add it to the
Selection list.

This sets the inlet
temperature to 293.15 K|
the default setting. e

The graphics should look
like the image to the right
(it may look slightly
different depending on
whether you have
Transparency and
Wireframe Rendering on or
off.) Continue by defining
the outlet.

10In the Model Builder, right-click Heat Transfer in Solids jm. At the boundary
level, select Outflow. An Outflow node = is added to the Model Builder.

}_ Electric Currents (ec)
4 |IE] Heat Transfer in Solids (ht,

8 Heat Transfer in Solids| [ Heat Transfer in Solids
T Initial Values 1 I
n_ . = Heat Transfer in Fluids
m Thermal Insulation 1
= Heat Flux1 I® Heat Transfer with Phase Change
= Heat Transfer in Fluids = Heat Source
= Temperature 1 .
4 == Laminar Flow (spf) I= Initial Values
i Fluid Properties 1 = Temperature
T Initial Values 1 )
T Wall 1 = Thermal Insulation
.'&, Multiphysics = Outflow @
A5 Mesh1 B Symmet
o Study 1 ymmety
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I In the Graphics window,
click the outlet boundary,
Boundary 5, to add it to
the Selection list. Use the
mouse scroll wheel to
scroll in and highlight the
boundary before selecting
it, or use the up and down
arrow keyboard buttons.

The settings for the busbar, the bolts, and the Electric Potential 1 and
Ground 1 boundaries have retained the correct selection, even though you
added the box geometry for the air domain. To confirm this, in the Model
Builder under Electric Currents, click the Electric Potential 1 and the
Ground 1 nodes to verify that they have the correct boundary selection.

Settings
Electric Potential

Label: Electric Potential 1

Boundary Selection

Selection: | Manual

49

Active

I Override and Contribution
I Equation
¥  Electric Potential

Electric potential:

Vo Vtot

Settings

Ground

Label:

Boundary Selection

Selection: | Manual

Active

I Override and Contribution

I Equation

Ground 1

13
20

Let’s continue with the flow settings. You need to indicate that fluid flow only
takes place in the fluid domain and then set the inlet, outlet, and symmetry

conditions.
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I In the model tree, click the Laminar Flow node =-. In the Settings window for
Laminar Flow click the Clear Selection button .

Settings
Laminar Flow
Label:  Laminar Flow

Mame:  spf

Domain Selection

Selection: | All domains -
on [ =
g =

Active

L B W, I R WV S I
m
Y
&l

2 In the Graphics window, click the air box (Domain 1) to add it to the Selection.

It is good practice to verify that the Air 4 55 Materials

material under the Materials node has all = Copper (matl)

. . . . == Titanium beta-215 (mat2)
the properties that this multiphysics it Air (mat3)
combination requires. In the model tree

under Materials, click Air. In the Settings

window for Material under Material Contents, verify that there are no
missing properties, which are marked with a warning sign 4. The section

“Materials” on page 61 has more information.

Let’s continue with the boundaries.

3 In the Model Builder, right-click Laminar Flow =. and 4 == Laminar Flow (spf)
at the boundary level select Inlet. An Inlet node = is ;E g Propertest
added to the Model Builder. T Wall 1

e = Inlet1
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4 In the Graphics window,
click the inlet (Boundary 2)
to add it to the Selection list.

5 In the Settings window for
Inlet under Velocity in the Uy
field, enter Vin to set the
Normal inflow velocity.

¥ Velocity

@ Normal inflow velocity
(©) Velocity field

6 Uy  Vin mfs

6 Right-click Laminar Flow =
and at the boundary level select
Outlet = . In the Graphics
window, click the outlet
(Boundary 5) to add it to the
Selection list. Use the mouse
scroll wheel or keyboard arrows
to scroll in and highlight the
boundary before selecting it.

The last step is to add symmetry
boundaries. You can assume that
the flow just outside of the faces
of the channel is similar to the
flow just inside these faces. This
assumption can be correctly
expressed by the symmetry
condition.

7 Right-click Laminar Flow =. and select Symmetry. A Symmetry node & is
added to the sequence.

8 In the Graphics window, click each of the blue faces in the figure below
(Boundaries 1, 3, 4, and 48) to add all of them to the Selection list. You may
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need to use the mouse scroll wheel or rotate the geometry to select all of them.

Save the busbar_box_I.mph
file, which now includes the
Air material and Laminar
Flow interface settings.

When you know the
boundaries, you can click
the Paste Selection

button 2 and enter the
information. In this
example, enter 1,3,4,48 in
the Paste Selection window.
Click OK and the boundaries are automatically added to the Selection list.

Selection:  1,3,4,48|

Conce

COARSENING THE MESH

To get a quick solution, we will change the mesh slightly and make it coarser. The
current mesh settings would take a relatively long time to solve, and you can
always refine it later.

I In the Model Builder, expand the Mesh 1 node 4 and 4 A Meshi
click the Size node 4}. A size]

@ Free Tetrahedral 1
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2 In the Settings window for Size
under Element Size, click the _
Predefined button and ensure T B Build Al
that Normal is selected.

Settings v

Label: Size

Element Size

Calibrate for:

General physics -

G @ Predefined Mormal -

) Custom

3 Click the Build All button & . The geometry displays with a mesh in the
Graphics window (you may need to turn Transparency off to see the picture
below.)

You can assume that the flow velocity is large enough to neglect the influence of
the temperature increase in the flow field.

It follows that you can solve for the flow field first and then solve for the
temperature using the results from the flow field as input. This is implemented
with a study sequence.

SOLVING FOR FLUID FLOW AND JOULE HEATING

When the flow field is solved before the temperature field it yields a weakly
coupled multiphysics problem. The study sequence described in this section
automatically solves such a weak coupling.
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I In the model tree, right-click Study 1 » and select Study
Steps>Stationary>Stationary = to add a second stationary study step to the
Model Builder.

(Bl Heat Transfer in Solids (ht)
== Laminar Flow (spf)
oy Multiphysics
A\ Mesh 1
4~ Stucvl

"] = Compute F8

Parametric Sweep

Function Sweep

4 ~ob Study 1
E Step 1: Stationary
E Step 2: Stationary 2
[Pr. Solver Configurations,

Material Sweep
Study Reference
@  Optimization

Parameter Estimation

Study Steps
[fre  Show Default Solver

o Get Initial Value

Stationary
Time Dependent
Eigenfrequency

Frequency Domain

b

o
<9

o

Stationary
Stationary Plug Flow
Bidirectionally Coupled Particle Tracing

Bidirectionally Coupled Ray Tracing

Copy as Code to Clipboard 1=
T Delet Del Other == Frequency-Stationary

elete el
=) R B = Stationary, Fluid
=|1 Rename

~ Stationary, Solid

Settings
E Properties
Help F

Next, the correct physics needs to be connected with the correct study step.
Start by disabling the Electric Currents (ec) and Heat Transfer in Solids (ht)
interfaces associated with Joule heating from the first step.

2 Under Study 1, click Step 1: Stationary .

[ 2] ©

4~ Study 1
E Step 1: Stationary
E Step 2: Stationary 2
[Pr. Solver Configurations

¥ Physics and Variables Selection

[T Modify physics tree and variables for study step

"

Physics interface Solve for  Discretization

Electric Currents (ec) O Physics settings =
Heat Transfer in Solids (ht) EI Physics settings =
Laminar Flow (spf) ™ Physics settings =

3 In the Settings window for Stationary locate the Physics and Variables Selection
section. In both the Electric Currents (ec) and the Heat Transfer in Solids (ht)
rows, click to change the check mark = to an [ in the Solve for column,
removing Joule heating from Step 1.
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4 Repeat the step. Under Study 1, click Step 2: Stationary 2 (=. Under Physics
and Variables Selection, in the Laminar Flow (spf) row, click in the Solve for
column to change the check mark = to an 7.

¥ Physics and Variables Selection

[T Modify physics tree and variables for study step

"

4]

4~ Study 1
E Stey

E Stey

e Soly

@, Results!

Physics interface Solve for  Discretization
Electric Currents (ec) ™ Physics settings =
Heat Transfer in Solids (ht) ™ Physics settings =

Laminar Flow (spf) EI Physics settings =

5 Right-click the Study 1 node ~» and select Compute = (or press F8 or click
Compute in the ribbon). This will now automatically create a new solver
sequence that solves for laminar flow and then Joule heating.

c

3

Compute F& g

Update Solution F5

Parametric Sweep

6 After the solution is complete, select the Temperature (ht) plot under the
Results node in the Model Builder. If you don’t already have transparency on,
click the Transparency button & on the Graphics toolbar to visualize the
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temperature field inside the box. To zoom, middle-click and hold down the
mouse button (or scroll wheel) while dragging the mouse.

Surface: Temperature (K)

The Temperature Surface plot that displays in the Graphics window shows the
temperature in the busbar and in the surrounding box. You can also see that the
temperature field is not smooth due to the relatively coarse mesh. A good
strategy to get a smoother solution would be to refine the mesh to estimate the
accuracy.

7 Save the busbar_box_I.mph file at this point so you can return to this file if
you want. The next steps use the original busbar.mph file.

Parametric Sweeps

SWEEPING A GEOMETRIC PARAMETER

It is often useful to generate multiple instances of a design with the objective of
meeting specific constraints. In the previous busbar example, a design goal might
be to lower the operating temperature, or to decrease the current density. We will
demonstrate the former. Since the current density depends on the geometry of the
busbar, varying the width, wbb, should change the current density and, in turn,
have some impact on the operating temperature. Let us run a parametric sweep on
wbb to study this change.
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ADDING A PARAMETRIC SWEEP

I From the File menu, open the 4 % busbar.mph (root)
model file busbar.mph. If you l:‘j Global Definitions
. M Componentl (compl)
didn’t save the model, you can also ~ Study
open it from the Application 4 B Resuty = Compute F8

Da

Libraries: File menu > Application Wi ST =
Libraries > COMSOL
Multiphysics > Multiphysics >
busbar. In the Model Builder,
right-click Study 1 ~» and select
Parametric Sweep i:. A Parametric
Sweep node is added to the Model
Builder sequence. o ’

Parametric Sweep
Function Sweep
Material Sweep
Study Reference

Optimization

% Parameter Estimation

2 In the Settings window for Parametric Sweep, under the empty parameter table,
click the Add button +. From the Parameter names list in the table, select wbb.

Model Builder b
- = v =t -
FE- bushar.mph {root)
(7)) Global Definitions
W Component1 (compl) Label: Parametric Sweep
A~ Stuchy 1
= Parametric Sweep o e SEiine s
.\_\_: SStIEp IC: Staftluna;y Sweep type: | Specified combinations -
olver Configurations
4 B Resutts " Parameter name Parameter value list Parameter unit
Data Sets
&322 Derived Values G s (PLE M
P Tables
T-'( Electric Potential (ec) L {Length) .
‘-m Temperature (ht) rad_1 (Bolt radius)
tbb (Thicks
Th‘ Isothermal Contours (ht) wbb("(r“:icdt:)assj
- ‘iap‘ﬂt Group 4 mh (Maximum element size)
Surfacel htc (Heat transfer coefficient)
Vtot (Applied voltage)
[ Plot

Plot group: Electric Potential (ec) =

The Sweep type, available above the Parameter names, is used to control
parametric sweeps with multiple parameters. You select between
sweeping for All combinations of the given parameters or a subset of
Specified combinations.
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3 Enter a range of parameter values to sweep the width of the busbar from 5 cm
to 10 cmin 1 cm increments. There are different ways to enter this information:

Copy and paste or enter range (0.05,0.01,0.1) into the Parameter value

list field.

Click the Range L.J button and
enter the values in the Range
dialog box. In the Start field, enter
5e-2. In the Step field, enter
1e-2, and in the Stop field, enter
1e-1. Click Replace.

In any of the methods, you can
also use length units to override
the default SI unit system using
meters. Instead of 5e-2 you can
enter 5[cm], similarly 1[cm]
instead of le-2 and 10[cm]
instead of le-1. You can also
change the default unit system
from the Settings window of the
root node in the model tree.

3 Range @
Entry method: Step -
Start: 5e-2
Step: le-2
Stop: le-l
Function to apply to all values: | Mone -

Replace Add Cancel

©

Next, define an Average component coupling that can be used later to calculate

the average temperature in the busbar.
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4 Under Component 1, right-click Definitions = and select Component
Couplings>Average « .
4 busbar.mph (root)

Global Definitions
4 Il Component1 (compl)

= Definitions
‘\ Geometry| a=  Variables
25 Materials .
®_ Electric C "L View
B Heat Tran| 8 Mass Properties
“uty Multiphys Functions r
A\ Mesh1
4~ Study 1 Probes 3
=:: Parametri Component Couplings b | "7 General Extrusion
E Step 1: 54 o N Extrusi
P Solver Co elections = Linear Extrusion
@ Results Pairs 3 I] | Boundary Similarity
Coordinate Systems v | [H] Identity Mapping
M}f Perfectly Matched Layer EQ“:» General Prajection
E. Infinite Element Domain % Linear Projection
Group by Type Jdu Integration
A Update Probes A Average @
B Help F1 M Maximum

M pMinimum

5 In the Settings window for Average select All domains from the Selection list.

Model Builder Settings

- = v

4

4 busbar.mph (root)

Global Definitions Label: Averagel
4w Component 1 (compl) Operator name:  aveopl
4 = Definitions
v Averagel (aveopl) Source Selection
9 =/ Boundary Systern 1 (sys1)
[ view1 Geometric entity level: | Domain -
\\ Geometry 1 e Selection: All domains -
25 Materials
+\_ Electric Currents {ec) 1 W
@ Heat Transfer in Solids (ht) g |§—'|§| -_—
iy Multiphysics Active | E:'E‘l 'F]
A5 Mesh1 5 5
4 ~do Study 1 6 i
arametric Sweep 7
t Step 1: Stationary
@-"-\. Solver Configurations v  Advanced
Results

This creates an operator called aveop1. This operator is now available to
calculate the average of any quantity defined on the selected domains. A little
later this is used to calculate the average temperature, but it can also be used to
calculate average electric potential, current density, and so forth.
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6 Seclect File>Save As to save the model with the new name, busbar_III.mph.

7 Right-click Study 1 ~» and select Compute = to run the sweep or click
Compute in the Home tab.

PARAMETRIC SWEEP RESULTS

Click the Temperature (ht) 1 node located under 4 (B Results
Results in the Model Builder. 3 Data Sets
. . . . ez Derived Values
The plot that displays in the Graphics window shows B Tables _
the temperature in the wider busbar using the last ?{ Blectric Potentlal (ec)
b Temperature (ht)
parameter value, wbb=0.1[m] (10[cm]). Select Wi Isothermal Contours (ht)

Wi 20 Plot Group 4
VB Electric Potential (ec) 1
r. Temperature (ht) 1

Zoom Extents [# from the Graphics window toolbar
so that you can see the entire plot. The resulting plot

is rather uniform in color, so we need to change the E‘){”:::"”a' Contours (ht] 1
maximum color range. 5 Reports
o

wbb(6)=0.1 Surface: Temperature (k)

312

311

310

I Under the Temperature (ht) 1 node, click the Surface node ™.
VB Electric Potential (ec) 1

4 @ Temperature (ht) 1
0 ™ Surfacel
l’."‘ Isothermal Contours (ht) 1
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2 In the Settings window for Surface click i —
Range to expand the section. Select the 0
Manual color range check box. Enter -

. i Minimurm: 30919499
309.4 in the Maximum field (replace N
the default). al

3 The Temperature (ht) 1 plot is updated e Madmum: | 3094
in the Graphics window for R
wbb=0.1[m] (10[cm]).

Manual color range

whb(6)=0.1 Surface: Temperature (K)

308.3

Compare the wider busbar plot to the temperature for wob=0.05[m] (5[cm]).
I In the Model Builder, click the first Temperature (ht) node @ .
4 @ Results

#: Data Sets

#32 Derived Values

B Tables

ﬁ Electric Potential (ec)

‘ Temperature (ht)

ﬁ Isothermal Contours (ht)

i 30D Plot Group 4

‘ Electric Potential (ec) 1
4 ‘ Temperature (ht) 1

™ surfacel

ﬁ Isothermal Contours (ht) 1

& Export

EE‘ Reports
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2 In the Settings window for -
3D Plot Group select G ‘eﬁ 1182 ot
Study 1/Parametric S
Solutions 1 from the Data

Plot
i i ; Label: T ture (ht
set list. This data set contains abek: | Temperature (ht)

the results from the v Data
parametrlc SWCCP. Data set: Study 1/Parametric Solutions1 = | |E
3 In the Parameter value list, 9 Parameter value (wbb): | 0.05 v

select 0.05 (which represents

wbb=5 cm). Click the Plot

button @ . Click the Zoom Extents button [ on the Graphics window toolbar.
The Temperature (ht) plot is updated for wbb=0.05[m] (5[cm]). Note that if
you have updated the color range for this plot already, your plot should look
similar to the one below. If not, follow the subsequent steps.

whb(1)=0.05 Surface: Temperature (K} o

z

y_\L,x

322.68

Like the wider busbar, the plot may be quite uniform in color, so change the
maximum color range.

I Under the first Temperature (ht) node, click the Surface node ™.

2 In the Settings window for Surface click Range to expand the section (if'it is not
already expanded). Select the Manual color range check box.
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3 Enter 323 in the Maximum field (replace the default) to plot wbb at 5 cm.

The Temperature (ht) plot is updated in the Graphics window for
wbb=0.05[m] (5[cm]).

Click the first and second Temperature plot nodes to compare the plots in the
Graphics window. The maximum temperature decreases from 331 Kto 318 K
as the width of the busbar increases from 5 cm to 10 cm.

ADDING MORE PLOTS

To further analyze these results, you can plot the average temperature for each
width.

I Right-click Results @ and add a 1D Plot Group ~ .

3D Plot Group

2D Plot Group

1D Plot Group

Polar Plot Group

Smith Plot Group

[ca Plot All

Close All Plot Windows

Copy as Code to Clipboard 3
Help F1

2 In the Settings window for 1D Plot Group select Study 1 /Parametric
Solutions 1 from the Data set list.

Settings
1D Plot Group
Plot

Label: 1D Plot Group 8

¥ Data
G Data set: Study 1/Parametric Solutions1 |
Parameter selection (wbb): | All -
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3 In the Model Builder, right-click 1D Plot Group 8 and add a Global & node.
g

L f.ﬁ— PQS

Model Builder

- ® v =t

4 3 busbar_IL.mph [root) Plot

() Global Definitions

Il Component 1 {compl)

~db Study 1 Bl

v
4 @, Results 2k
#: Data Sets
: | F t -| |
#3 Derived Values Salatey fom paren =
B Tables
- - -

T.‘E Electric Potential (ec) ¥ y-Axis Data + -

[ ] Temperature (ht) N
™ surfacel Expression Unit Description

& Lsothermal Contours (ht) K

Wi 20 Plot Group 4
T.‘E Electric Potential (ec) 1
[ ] Temperature (ht) 1
™ surfacel
T.‘E Isothermal Contours (ht) 1
~% 1D Plot Group 8
(& Global 1
= Export
E Reports < |

Label: Globall

h

h

h

©

n | »

4 In the Settings window for Global under y-Axis Data, click the first row in the
Expressions column and enter aveop1(T). This operator is the one we defined
on page 126 for later use. You use a similar syntax to calculate the average of

other quantities.
To use a coupling operator without solving, you can select the option
Update Solution that is available by right-clicking a Study node.

~db Study }
B Resultt = Compute

' Update Solution F5

il

Parametric Sweep

5 Click to expand the Legends section. Select the Expression check box.
This adds a legend at the top right corner of the graph.
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6 Click the Plot button = and save the busbar_III.mph model with these

additional plots that use the parametric sweep results.
Global: (k) 2

\ | — aveopl (T
32l N ]

310+

L L L L L L L L L L ™
0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
whb

In the plot, the average temperature also decreases as the width increases. This
indicates that the goal of a lower operating temperature would be fulfilled by using
a wider busbar.

The subject of parametric sweeps raises the question of parallel computing; it
would be efficient if all parameters were solved simultaneously.

Parallel Computing

COMSOL supports most forms of parallel computing including shared memory
parallelism for multicore processors and high performance computing (HPC) for
clusters and clouds. All COMSOL licenses are multicore enabled. For cluster or
cloud computing, including parallelized sweeps, a Floating Network License is
needed.

You can use clusters or clouds either for Cluster Sweep or for Cluster Computing.
If you have a Floating Network License, these two options are available by
right-clicking the Study node. However, you first need to enable Advanced Study
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Options by clicking the Show button = on the Model Builder toolbar and

selecting Advanced Study Options.

-
Builaer T

Model Builde
- = . o=
4 @ busbar Il v Equation Sections
) Global

4

Equation View

Il Compyq
~db Study] ¥ Override and Contribution
(B Results Discretization

Stabilization
Advanced Physics Options
v Advanced 5tudy Options

Advanced Results Options

CLUSTER SWEEP

Cluster Sweep is used for solving several models in parallel where each model has
a different set of Parameters. This can be seen as a generalization of Parametric
Sweep. Right-click the Study 1 node to add a Cluster Sweep node.

Settings

Model Builder

- = . =

4

Compute & Update Selution [2]

4 & busbar [L.mph (root) =
'D Global Definitions
Il Component1 (comp1)
4 ~db Study 1
Y] Cluster Sweep

Label:  Cluster Sweep

~  Study Settings

Parametric Sweep
Step 1: Stationary
[ Solver Configurations

El Job Configurations

@, Results

Sweep type: | Specified combinations

"
Parameter name Parameter value list

whbb (Width) -

+ S5 L
Batch Settings
Remote and Cloud Access

Study Extensions

Pararmeter unit

The Study Settings for Cluster Sweep are similar to that of Parametric Sweep, but
additional settings are required for the cluster or cloud being used. The picture
above shows how the top of the Settings window for Cluster Sweep would look
for the same sweep as defined in “Parametric Sweeps” on page 123.
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CLUSTER COMPUTING

You can also utilize a cluster or cloud to solve a single large model using
distributed memory. For maximum performance, the COMSOL cluster
implementation can utilize shared-memory multicore processing on each node in
combination with the Message Passing Interface (MPI) based distributed memory
model. This is also known as hybrid parallelism and brings a major performance
boost by making the most out of the computational power available.

Right-click the Study node to add a Cluster Computing node. A Cluster
Computing node cannot be used in combination with a Cluster Sweep. You will
be asked if you want to remove the Cluster Sweep before proceeding, select Yes.

The Settings window for Cluster Computing, shown below, helps to manage the

simulation with settings for the cluster or cloud.

Model Builder

- ® v =t

4

4 busbar_ILrph (root)
() Global Definitions
4 Il Component1 (compl)
= Definitions
by Geomnetry 1
25 Materials
4 +\_ Electric Currents {ec)
& Current Conservation 1
T Electric Insulation 1
T Initial Values 1
mm Electric Potential 1
= Ground 1
4 |[E Heat Transfer in Solids (ht)
T Heat Transfer in Solids 1
T Initial Values 1
T Thermal Insulation 1
m Heat Flux1
iy Multiphysics
A5 Mesh1
4 ~ob Study 1
% Cluster Computing
Parametric Sweep
t Step 1: Stationary
[ Solver Configurations
EJ Job Configurations

@, Results

etting -1

LA

= Compute ' Update Solution []

Label: Cluster Computing

¥ Batch Settings

Scheduler type: General v
[C] MPD is running

Host file:

Bootstrap server

Rsh:

Mumber of nodes: 1

Filename: batchmodel.mph

Directory: Ch\Users\ COMSOL\Docu Browse...

Specify server directory path
Directory:  C:\Program Files\COMSOL Browse...

Specify external COMSOL batch directory path
Directory:  C\Users\COMSOL\Documen | Browse..,

Specify external COMSOL installation directory path
Directory:  C:\Program Files\COMSOL Browse...

7] Use batch license

Cluster Settings
Remote and Cloud Access

Study Extensions
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You choose the type of cluster job you want to perform from the Cluster type list.
COMSOL supports Windows® Compute Cluster Server (WCCS) 2003,
Windows® HPC Server (HPCS) 2008, Open Grid Scheduler/ Grid Engine
(OGS/GE), SLURM, or Not distributed.

To learn more about running COMSOL in parallel, see the COMSOL
Multiphysics Refevence Manual.
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Appendix A—Building a Geometry

This section details how to create the busbar geometry using the built-in geometry
tools in COMSOL. The step-by-step instructions take you through the
construction of the geometry using the parameters set up in the Global Definitions
section. Using parameterized dimensions helps to produce what-if analyses and
geometric parametric sweeps.

As an alternative to building the geometry in COMSOL, you can import a
geometry from a CAD package. The optional CAD Import Module supports
many CAD file formats. Moreover, several add-on products are available that
provide bidirectional interfaces to common CAD software packages. See
“Appendix E—Connecting with LiveLink™ Add-Ons” on page 174 for a list.

If you have not done so already, start with “Example 2: The Busbar—A
Multiphysics Model” on page 53. Follow the steps under the Model Wizard to
add the physics and study and then follow the steps under Global Definitions to
add the parameters. Return to this section to learn about geometry modeling. The
first step in the geometry sequence is to draw the profile of the busbar.

I Under Component 1, right-click
Geometry 1 » and select
Work Plane .. In the Settings

Settings -
VOrk

o (T

% Build Selected « [E8 Build All Objects

(5]

window for Work Plane: Label: | Work Plane1

- Select xz-plane from the Plane list. *  Plane Defintion

- Click the Show Work Plane Planetype: | Quick -
button g on the Settings window G Plane: 2 plane M

Offset type: Distance -
for Work Plane toolbar. e

z-coordinate: 0 m
Continue by editing the axis and grid
settings in Work Plane 1.

Local Coordinate System

¥ Unite Objects
Unite objects
Relative repair tolerance:  1E-6
w Selections of Resulting Entities

Contribute to: | Mone - New

[T Resulting objects selection

Show in physics: | Boundary selection

| 137



2 In the Model Builder, expand the View 2 node 1 and click Axis 1.

a A
P

eometry 1

% Work Plane 1 (wpl)

A\ Plane Geometry

4[] View 2 G
[ Axis

* Form Union (fin)

3 In the Settings window for Axis:
Under Axis:
- In the x minimum and y minimum
fields, enter -0.01.
- In the x maximum and y maximum
fields, enter 0.11.
Under Grid:
- Select the Manual Spacing check box.
- In the x spacing and y spacing fields,
enter 5e-3.
4 Click the Update button ¢ on the
toolbar.

Note that the values you type will
automatically adjust slightly after you click
Update to adapt to the screen aspect ratio.

©

You can use interactive drawing to create a

@Update
Label:  Axis
> Axis

-0.01

* minimurm:

xmaximum: 011

y minimum:  -0.01
y maximum: 011

View scale: None -

~ Grid

Manual spacing
xspacing:  5e-3

y spacing:  5e-3
m k]

m |k

Extra x:

Extra y:

geometry using the drawing tools from the Work Plane tab in the ribbon while

pointing and clicking in the Graphics window.

'ork Plane Tab

=/ Quadratic ’:I Y
A Cubic ) ~
Line . Rectangle Circle
= Point - -
Draw

Geometry Primitives

Primitive: Operations

Primitives

Primitives

You can also right-click the Plane Geometry node » under Work Plane 1 & to

add geometry objects to the geometry sequence.

In the next few steps we create a profile of the busbar.
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5 In the Model Builder under Work Plane 1, right-click Plane Geometry » and

select Rectangle .

In the Settings window for Rectangle
under Size, enter:

- L+2*tbb in the Width field.
- 0.1[m] in the Height field.
Click the Build Selected button & .

Create a second rectangle. Under Work
Plane 1, right-click Plane Geometry »
and select Rectangle =.

Under Size, enter:

- L+tbb in the Width field

- 0.1[m]-tbb in the Height field.
Under Position, enter:

- tbb in the yw field.

Click the Build Selected button .

Use the Boolean Difference operation
to subtract the second rectangle from
the first one.

Under Work Plane 1, right-click Plane
Geometry % and select Booleans and

[® Build Selected = [E§ Build All

Label: Rectanglel
~ Object Type
Type: | Solid

¥ Size and Shape

Width:  L+2%tbb
Height: 0.1

¥ Position
Base: | Corner
oz 0

e 0

~ Rotation Angle

uild Selected ~ [ Build Al

Label: Rectangle 2
~ Object Type
Type: | Solid
¥ Size and Shape

Width: | L+tbb
Height:  0.1-tbb

¥ Position
Base: | Corner
w0

ywe thb

= Rotation Angle

Partitions > Difference . In the Graphics window, click r1 (the larger of the
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two rectangles) to add it to the Objects to add list in the Settings window for

Difference.

To help select the geometry you can display geometry labels in the

Graphics window. In the Model Builder under Geometry
1>WorkPlane 1, click the View 2 node. Go to the Settings window for
View and select the Show geometry labels check box.

Click the Difference node. In the
Settings window for Difference, click
the Active selection button to the left of
the Objects to subtract list. Select the
smaller rectangle, r2, by using the
mouse scroll wheel or arrow keys to
cycle through the overlapping
rectangles to first highlight it, and then
click on it to select it.

Click Build Selected & .

Another way to select r2 in the Graphics
window is to use the Selection List
feature. Go to the Home tab in the
ribbon and select Windows > Selection
List. In the Selection List click to
highlight r2 (solid). Then, right-click r2
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Settings

= Build Se\ectedl = | [E Build Al
Label: Differencel
~ Difference

Objects to add:

o) | |11

Active

Objects to subtract:

onp | |2

Active

bl



(solid) in the list and select Add to Selection to add it to the Objects to subtract
list. Right-click on the Selection List window title and select Close.

After building the selected geometry, you should have a backward-facing,
L-shaped profile. Continue by rounding the corners of the L-shaped profile.

S L)
I ~sEEE> a8

QaReE - ESSSN B
01 ™ or

o L
T T T T T T T T T T T T T T T
@ 002 001 0o 00l 002 003 004 005 006 007 008 009 01 011 012

9 Under Work Plane 1, right-click Plane Geometry # and select Fillet 7.

Select point 3 to add it to the Vertices to fillet list. There are different ways to
add points:

- In the Graphics window, click point 3 (in the inner right corner) to add it to
the Vertices to fillet list.

- From the Home tab, select Windows > Selection List. In the Selection List
window, click 3. The corresponding point is highlighted in the Graphics
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window. Click the Add to Selection button + in the Settings window for
Fillet or right-click in the Selection List.

Settings -

% Build Selected ~ [E§ Build All
Label:  Fillet1

~ Points

Wertices to fillet:

o -
3 -

Active

¥ Radius

@ Radius:  tbb m

10 Enter tbb in the Radius field. Click Build Selected g .
This takes care of the inner corner.

Il For the outer corner, right-click Plane S .
Geometry % and select Fillet 1.

12In the Graphics window, click point 6,
the outer corner, to add it to the Vertices
to fillet list. ~ Paints

Vertices to fillet:

I3 Enter 2*tbb in the Radius field. Click
Build Selected . @ ‘ mﬁ

] Build Selected = [E} Build All

Label:  Fillet2

Active

~ Radius

G Radius:  2*tbb m
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The result should match this figure:

Graphics

Q Q @ L

¥ ~EEE> @@

o . ol

Next you extrude the work plane to create the 3D busbar geometry.

I In the Model Builder, right-click Work Plane 1 & and select Extrude =. In the
Settings window for Extrude enter wbb in the Distances from Plane table
(replace the default) to extrude to the width of the profile.

~ Distances from Plane

"

0 -

Distances (m)

The table allows you to enter several values in order to create sandwich

structures with different materials. In this case, only one extruded layer is
needed.
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2 Click Build Selected ® and then click the Zoom Extents [ button on the
Graphics toolbar. Click the Save button & and name the model busbar.mph (if
you have not already done so).

Next, create the titanium bolts by extruding two circles drawn in two work
planes.

3 In the Model Builder, right-click Geometry 1 » and add a Work Plane . A
Work Plane 2 node is added. In the Settings window for Work Plane, under
Plane Definition, select Face parallel as the Plane type.

Model Builder Settings v

= 1 = Bt i~ Wark Plane
4 4@ busbar.mph [root) E ] Build Selected ~ [E8 Build All Objects

4 () Global Definitions
Fi Parameters

Label: Work Plane 2

i) Materials o
4 W Component1 (compl) ¥ Plane Definition
4 : g::ﬁ:;:sl Plane type: Face parallel - e
E Work Planel (wpl) Planar face:
[EL Extrude fext) )
on [T
e 4 WorkPIaneZ(pr} .
‘\ Plane Geornetry e
[ View3 ctive .%:,". &

* Form Union (fin)
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4 In the Graphics window, click face 8 as shown in the figure below, to add it to
the Planar face list in the Settings window for Work Plane.

Face number 8 is now highlighted in blue and the work plane is positioned on
top of the face.

Face 8

5 Click the Show Work Plane button & to draw the first circle representing the
position of the first bolt. Click the Zoom Extents button [# on the Graphics
toolbar.

6 Under Work Plane 2, right-click
Plane Geometry % and select
Circle ®.

In the Settings window for Circle:
- Under Size and Shape, in the

Settings v

Circle

Radius ﬁeld, enter r‘ad_1 . = é;ild Selected » [5 Build All
- Under Position, the default xw Label: | Circlel
and yw coordinates (0, 0) are ~ ObjectType
good.
Click Build Selected g . R .
G ¥ Size and Shape
Radius: rad_1 m
Sectorangles 360 deg
G * Position
Base: Center -
e |0 m
yw: 0 m

¥ Rotation Angle
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Continue creating the bolt by adding an extrude operation.

I In the Model Builder, right-click Work Plane 2 & and select Extrude =. In the
Settings window for Extrude, in the first row of the Distances from Plane table,

enter -2*tbb to extrude the circle.

Model Builder
- 1 = v =t
4 busbar.mph (root)
4 () Global Definitions
Pi Parameters
'-él' Materials
4 Il Component1 (compl)
= Definitions
4 )‘;\ Geormetry 1
& Work Plane1 fwpl)
[E) Bxtrude1 fext1)
4 & Work Plane 2 (wp2)
4 )‘;\ Plane Geornetry
Circle1 (cl)

124 View 3
0 Extrude 2 (ext2)

* Form Union (fin)
“zs Materials
+\_ Electric Currents (ec)
|8l Heat Transfer in Solids (ht)
.{‘E Multiphysics
A5 Mesh1

~db Study 1

@ Results

] Build Selected ~ [E8 Build All Objects
Label: Extrude2

¥ General

Extrude from: | Work plane

Work plane: | Work Plane 2 (wp2)

Input objects:

Active

Unite with input objects

* Distances from Plane

L .
Distances (m)

-] 3]

-]

[-2*tbb

o

2 Click the Build Selected button m to create the cylindrical part of the titanium

bolt that runs through the busbar.

Draw the two remaining bolts.
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3 Right-click Geometry 1 % and select Work Plane & . A Work Plane 3 node is
added. In the Settings window for Work Plane, for Work Plane 3, select Face
parallel as the Plane type.

4 In the Graphics window, click Face 4 as shown in the figure, to add it to the
Planar face list in the Settings window for Work Plane.

5 Click the Show Work Plane button & on the Settings window for Work Plane
and the Zoom Extents button [ on the Graphics toolbar to get a better view
of the geometry.

To parameterize the position of the two remaining bolts, add the circles that
form the cross sections of the bolts.
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6 Under Work Plane 3, right-click Plane Geometry A and select Circle o .

In the Settings window for Circle:

- Under Size and Shape, enter rad_1 in
the Radius field.

- Under Position, enter -L/2+1.5[cm]
in the xw field and -wbb/4 in the yw
field.

Click Build Selected .

Copy the circle that you just created to
generate the third bolt in the busbar.

7 Under Work Plane 3, right-click Plane
Geometry % and select
Transforms>Copy Eg.

8 In the Graphics window, click the circle
c1 to select and add the circle to the
Input objects list in the Settings
window for Copy.

9 In the Settings window for Copy under
Displacement, enter wbb/2 in the yw
field.
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©

."' éuild Selected ~ [E8 Build All
Label: Circlel

¥ Object Type

Type: Solid

~ Size and Shape

Radius: rad 1

Sector angle: 360
~ Position

Base: | Center
oW -Li2+1.5e-2

yw: -whbb/d

¥ Rotation Angle

[® Build Selected ~ [E§ Build All
Label: Copyl
* Input

Input ohjects:

il

Active

Keep input objects
~ Displacement
o 0

yws  whb/2



10 Click Build Selected = and click the Zoom Extents button [ on the Graphics
toolbar.

Your geometry, as shown in the work plane, should match this figure so far.

Gre s
Qe v sEecseN SE8E ~EEE> &=
oo . \ . \ \ . =

@ 70027 i
+0.0257 —F

Continue by extruding the circles.
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I In the Model Builder, right-click Work Plane 3 & and select Extrude &. In the
Settings window for Extrude, in the first row of the Distances from Plane table,
enter -2*tbb (replace the default). Click Build All Objects @ .

Model Builder Settings T
- 1 = v STE = Extrude

4 4# busbar.mph (root) [ Build Selected + | (&8 Build All Objects|

4 (F) Global Definitions
Pi Parameters
=) Materials
4 Component 1 {compl)
= Definitions
\ ;| Work pl
M X\Genmetryl Extrude from | ork plane
4 E Work Planel fwpl) Work plane: | Work Plane 3 {wp3)
4 )‘)\ Plane Geometry
=] Rectanglel (r1) Inputichiects

17 Rectangle 2 (r2) [on ) | |wp3
Difference 1 (dif1) -
] Fillet1 (filn) Active 5
Fillet 2 (fil2)
4 XY View2
[ Axis
(5 Extrude (extl)
“ E ,ka Plane 2 (wp2) Unite with input objects
- )‘)\ Plane Geometry
Circlel (1) ~ Distances from Plane
[ View3
[E) Extrude 2 (ext?) w o
4 [B] Work Plane 3 (wp3) m B S
- Y\P\aﬂeGEometry [-Zthb |
(® Circlel (cl) |
Copy1 fcopyd)
w View 4
Extrude 3 (ext3)
* Form Union (fin)
Sz Materials Keep cross-sectional faces

>

Label:  Bxrude3

¥ General

=%

The geometry and geometry sequence should match the figures below. Click
the Save button & and name the model busbar.mph.
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CREATING PARTS AND USING THE PART LIBRARIES

After setting up the busbar or other geometry, it’s convenient to be able to save
it for future use, avoiding unnecessary work. In the steps you’ve just completed,
the geometry was stored directly in the COMSOL model file that will also be
used to set up the complete busbar model. Instead, you can also create a
reusable part that can serve as a building block of a more complex COMSOL
model geometry, which is stored in a separate file accessible through the Part
Libraries.

While building the busbar geometry, you were using features from the
Geometry and Workplane tabs. A Parts menu is located in the Other group in
these tabs.

— Gt

Parts | Programming Measure

o\ Create Part

&% Load Part

= m]] Part le.ra.rles . .Flj .

Through the Parts menu, you can choose to create or load a part, or add a part to
the model geometry by selecting one from the Part Libraries. Several Part
Libraries are already provided with the software by default. When new parts are
created, they are added under a Part’s parent node in the Global Definitions
section of the model tree. For additional information on working with Parts and
the Part Libraries, see the COMSOL Multiphysics Reference Manual.

To continue with the busbar tutorial, return to the section “Materials” on
page 61.
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Appendix B—Keyboard and Mouse Shortcuts

SHORTCUT (WINDOWS, LINUX) SHORTCUT (OS X) ACTION

Fl Fl Display help for the selected node
or window

Ctrl+Fl Command+F| Open the COMSOL
Documentation front page in an
external window

F2 F2 Rename the selected node, file, or
folder

F3 F3 Disable selected nodes

F4 F4 Enable selected nodes

F5 F5 Update the Data Sets Solutions with
respect to any new Global
Definitions and Definitions without
re-solving the model

Fé6 Fé6 Build the preceding node in the
geometry branch

F7 F7 Build the selected node in the
geometry and mesh branches,
compute the selected study step, or
compute the selected node in the
solver sequence

F8 F8 Build the geometry, build the mesh,
compute the entire solver sequence,
update results data, or update the
plot

Del Del Delete selected nodes

Left arrow (Windows); Shift +  Left arrow Collapse a branch in the model tree

left arrow (Linux)

Right arrow (Windows); Shift Right arrow Expand a branch in the model tree

+ right arrow (Linux)

Up arrow Up arrow Move to the node above in the

Down arrow

Alt+left arrow

Down arrow

Ctrl+left arrow

model tree

Move to the node below in the
model tree

Move to the previously selected
node in the model tree
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SHORTCUT (WINDOWS, LINUX)

SHORTCUT (OS X)

ACTION

Alt+right arrow

Ctri+A

Ctrl+C
Ctrl+D

Ctrl+F
Ctrl+N
Ctrl+O
Ctrl+P

Ctrl+S
Ctrl+V
Ctrl+Y
Ctrl+Z

Ctrl+up arrow

Ctrl+down arrow

Ctrl+Tab

Ctrl+Shift+Tab

Ctri+Alt+A
Ctrl+Alt+M

Ctri+Alt+left arrow

Ctrl+Alt+right arrow

Ctrl+right arrow

Command—+A

Command+C

Command+D

Command+F [[check]]
Command+N
Command+O

Command+P

Command+S
Command+V
Ctrl+Shift+Z
Command+Z

Command+up arrow

Command-+down
arrow

Ctrl+Tab

Ctrl+Shift+Tab

Not available
Not available

Command+Alt+left
arrow

Command+Alt+right
arrow

Move to the next selected node in
the model tree

Select all domains, boundaries,
edges, or points; select all cells in a
table

Copy text in fields

Clear the selection of domains,
boundaries, edges, or points

Find a search string

New model

Open a model file

Print the contents of the plot
window

Save a model file

Paste copied text

Redo the last undone operation
Undo the last operation

Move a definitions node, geometry
node, physics node (except default
nodes), material node, mesh node,
study step node, or results node up
one step

Move a definitions node, geometry
node, physics node (except default
nodes), material node, mesh node,
study step node, or results node
down one step

Switch focus to the next window on
the desktop

Switch focus to the previous
window on the desktop

Go to Application Builder
Go to Model Builder

Switch focus to the Model Builder
window

Switch focus to the Settings window

| 153



SHORTCUT (WINDOWS, LINUX) SHORTCUT (OS X) ACTION

Ctrl+Alt+up arrow Command+Alt+up Switch focus to the previous section
arrow in the Settings window

Ctrl+Alt+down arrow Command+Alt+down  Switch focus to the next section in
arrow the Settings window

Shift+F10 or Ctrl+FI10 Open the context menu

(Windows only) Menu key

Ctrl+Space Ctrl+Space Open list of predefined quantities

Left-click and hold down the
mouse button while dragging
the mouse.

Right-click and hold down the
mouse button while dragging
the mouse.

Middle-click and hold down the
mouse button while dragging
the mouse.

Press Ctrl and left-click. While
holding down the key and
button, drag the mouse.

Press Ctrl and right-click. While
holding down the key and
button, drag the mouse.

Press Ctrl and middle-click.
While holding down the key
and button drag the mouse.

Press Ctrl+Alt and left-click.
While holding down the keys
and button, drag the mouse.
Press Alt and left-click. While
holding down the key and
button, drag the mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

for insertion in Expression fields for
plotting and results evaluation

Rotate the scene around the axes
parallel to the screen X- and Y-axes
with the origin at the scene rotation
point.

Move the visible frame on the image
plane in any direction.

The scene is zoomed in/out around
the mouse position where the
action started.

Tilt and pan the camera by rotating
about the X- and Y axes in the
image plane.

Move the camera in the plane
parallel to the image plane.

Move the camera into and away
from the object (dolly infout).

Rotate the camera around the axis.

Rotate the camera about its axis
between the camera and the scene
rotation point (roll direction).
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SHORTCUT (WINDOWS, LINUX)

SHORTCUT (OS X)

ACTION

Press Alt and right-click. While
holding down the key and
button, drag the mouse.

Press Alt and middle-click.
While holding down the key
and button, drag the mouse.

Same as for Windows,
only available for
two-button mouse.

Same as for Windows,
only available for
two-button mouse.

Move the scene in the plane
orthogonal to the axis between the
camera and the scene rotation
point.

Move the camera along the axis
between the camera and the scene
rotation point.
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Appendix C—Language Elements and Reserved Names

Building a model tree in COMSOL is equivalent to graphically programming a
sequence of operations. Saving as model file for MATLAB® or for Java® outputs
the sequence of operations as a list of traditional programming statements. In this
section we will give an overview of the following element categories as defined by
the underlying COMSOL language:

» Constants
e Variables

e Functions
» Operators

» Expressions

These language elements are built-in or user-defined. Operators cannot be
user-defined. Expressions are always user-defined.

ABOUT RESERVED NAMES

Built-in elements have veserved names, names that cannot be vedefined by the
user. If you try to use a reserved name for a user-defined variable, parameter, or
function, the text where you enter the name will turn orange and you will get a
tooltip error message if you select the text string. Reserved function names are
resevved only for function names, which means that such names can be used for
variable and parameter names, and vice versa. In the following pages, we list the
most commonly used built-in elements and hence those reserved names. A more
exhaustive list of built-in elements can be found in the COMSOL Multiphysics
Reference Manual.

VARIABLES USED IN APPLICATIONS

Model parameters and variables can be used in applications. For example, you can
let the user of an application change the value of'a parameter. In addition, variables
to be used in applications can be defined in the Application Builder under the
Declarations node. Such variables are available globally in form objects and
methods but cannot be used in the Model Builder.

Constants and Parameters

There are three different types of constants: built-in mathematical and numerical
constants, built-in physical constants, and parameters. Parameters are user-defined
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constants which can vary over parameter sweeps. Constants are scalar valued. The
tables below list the built-in mathematical and numerical constants as well as
built-in physical constants. Constants and parameters can have units.
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BUILT-IN MATHEMATICAL AND NUMERICAL CONSTANTS

DESCRIPTION NAME VALUE

Floating point relative accuracy for double eps 232 (~2.2204- 10"6)

floating point numbers, also known as

machine epsilon

The imaginary unit i,j i, sqrt(-1)

Infinity, oo inf, Inf A value larger
than what can be
handled with
floating point
representation

Not-a-number NaN, nan An undefined or
unrepresentable value
such as the result of 0/0
orinf/inf

T pi 3.141592653589793

BUILT-IN PHYSICAL CONSTANTS

DESCRIPTION NAME VALUE

Acceleration of gravity g_const 9.80665[m/s"2]
Avogadro constant N_A_const 6.02214129e€23[1/mol]
Boltzmann constant k_B_const 1.3806488e-23[J /K]
Characteristic impedance  Z0_const 376.73031346177066[ ohm]
of vacuum (impedance of

free space)

Electron mass me_const 9.10938291e-31[kg]
Elementary charge e_const 1.602176565e-19[C]
Faraday constant F_const 96485.3365[C/mol]

Fine-structure constant
Gravitational constant

Molar volume of ideal gas
(at 273.15 Kand | atm)

Neutron mass

Permeability of vacuum
(magnetic constant)

alpha_const
G_const
V_m_const

mn_const
muO_const

7.2973525698e-3
6.67384e-11[m"3/(kg*s~2)]
2.2413968e-2[m"3/mol]

1.674927351e-27[kg]
4*pi*1e-7[H/m]
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DESCRIPTION NAME VALUE

Permittivity of vacuum epsilon0_const 8.854187817000001e-12[F/m]
(electric constant)

Planck's constant h_const 6.62606957e-34[J*s]

Planck’s constant over 2 pi  hbar_const 1.05457172533629¢-34[J*s]
Proton mass mp_const 1.672621777e-27[kg]

Speed of light in vacuum  c_const 299792458[m/s]
Stefan-Boltzmann sigma_const 5.670373e-8[W/(m"2*K"4) ]
constant

Universal gas constant R_const 8.3144621[J/ (mol*K) ]

Wien displacement law b_const 2.8977721e-3[m*K]

constant

PARAMETERS

Parameters are user-defined constant scalars in the Global Definitions branch in
the model tree. Example uses are:

» Parameterizing geometric dimensions

» Parameterizing mesh element sizes

* Defining parameters to be used in parametric sweeps

A parameter can be defined as an expression in terms of numbers, parameters,

built-in constants, and built-in functions of parameters and built-in constants.
Parameters should be assigned a unit, using [ ], unless they are dimensionless.

Variables

There are two types of variables: built-in and user-defined. Variables can be scalars
or fields. Variables can have units.

Note: There is a group of user-defined variables of special interest. Spatial
coordinate variables and dependent variables. These variables have default names
based on the space dimension of the geometry and the physics interface
respectively. As a result of the names chosen for these variables, a list of built-in
variables will be created by COMSOL.: the first and second order derivatives with
respect to space and time.
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BUILT-IN VARIABLES

NAME DESCRIPTION TYPE
t Time Scalar
freq Frequency Scalar
lambda Eigenvalue Scalar
phase Phase angle Scalar
numberofdofs Number of degrees of freedom Scalar
h Mesh element size (length of the longest edge of Field
the element)
meshtype Mesh type index for the mesh element; thisisthe Field
number of edges in the element.
meshelement Mesh element number Field
dvol Volume scale factor variable; this is the Field
determinant of the Jacobian matrix for the
mapping from local (element) coordinates to
global coordinates.
qual A mesh quality measure between O (poor quality) Field

and | (perfect quality)

USER-DEFINED VARIABLES THAT GENERATE BUILT-IN VARIABLES

DEFAULT NAME DESCRIPTION TYPE

X, ¥,z Spatial coordinates (Cartesian) Field
r, phi, z Spatial coordinates (Cylindrical) Field
u, T, etc. Dependent variables (Solution) Field

Example: T is the name for the temperature in a 2D, time-dependent heat transfer
model, x and y are the spatial coordinate names. In this case, the following built-in
variables will be generated: T, Tx, Ty, Txx, Txy, Tyx, Tyy, Tt, Txt, Tyt, Txxt,
Txyt, Tyxt, Tyyt, Ttt, Txtt, Tytt, Txxtt, Txytt, Tyxtt, and Tyytt. Here, Tx
corresponds to the partial derivative of the temperature T with respect to x, and
Ttt corresponds to the second-order time derivative of T, and so on. If the spatial
coordinate variables have other names—for example, psi and chi—then Txy
would be Tpsichi, and Txt would be Tpsit. (The time variable t is built-in; the
user cannot change its name.)

160 |



Functions

There are two types of functions: built-in and user-defined. Functions can be
scalar valued or field valued depending on the input argument(s). Some functions

can have units for both input and output arguments.

BUILT-IN MATHEMATICAL FUNCTIONS

These functions do not have units for their input or output arguments.

NAME DESCRIPTION SYNTAX EXAMPLE
abs Absolute value abs(x)

acos Inverse cosine (in radians) acos(x)
acosh Inverse hyperbolic cosine acosh(x)
acot Inverse cotangent (in radians) acot(x)
acoth Inverse hyperbolic cotangent acoth(x)
acsc Inverse cosecant (in radians) acsc(x)
acsch Inverse hyperbolic cosecant acsch(x)

arg Phase angle (in radians) arg(x)

asec Inverse secant (in radians) asec(x)
asech Inverse hyperbolic secant asech(x)
asin Inverse sine (in radians) asin(x)
asinh Inverse hyperbolic sine asinh(x)
atan Inverse tangent (in radians) atan(x)
atan2 Four-quadrant inverse tangent (in radians) atan2(y,x)
atanh Inverse hyperbolic tangent atanh(x)
besselj Bessel function of the first kind besselj(a,x)
bessely Bessel function of the second kind bessely(a,x)
besseli Modified Bessel function of the first kind besseli(a,x)
besselk Modified Bessel function of the second kind besselk(a,x)
ceil Nearest following integer ceil(x)

conj Complex conjugate conj(x)

cos Cosine COS(Xx)

cosh Hyperbolic cosine cosh(x)

cot Cotangent cot(x)

coth Hyperbolic cotangent coth(x)
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NAME DESCRIPTION SYNTAX EXAMPLE

csc Cosecant csc(x)
csch Hyperbolic cosecant csch(x)
erf Error function erf(x)
exp Exponential exp(x)
floor Nearest previous integer floor(x)
gamma Gamma function gamma (X)
imag Imaginary part imag(u)
log Natural logarithm log(x)
log10 Base- 10 logarithm log10(x)
log2 Base-2 logarithm log2(x)
max Maximum of two arguments max(a,b)
min Minimum of two arguments min(a,b)
mod Modulo operator mod(a,b)
psi Psi function and its derivatives psi(x,k)
range Create a range of numbers range(a,step,b)
real Real part real(u)
round Round to closest integer round (x)
sec Secant sec(Xx)
sech Hyperbolic secant sech(x)
sign Signum function sign(u)
sin Sine sin(x)
sinh Hyperbolic sine sinh(x)
sqrt Square root sqrt(x)
tan Tangent tan(x)
tanh Hyperbolic tangent tanh(x)

BUILT-IN OPERATOR FUNCTIONS

These built-in functions behave differently than the built-in mathematical
functions. They may not belong in an introductory text but are listed to complete
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the list of reserved names. For more information see the COMSOL Multiphysics

Reference Manual.

NAME NAME NAME NAME
adj dtang linsol sens
at emetric lintotal shapeorder
ballavg env lintotalavg side
ballint error lintotalpeak sphavg
bdf fsens lintotalrms sphint
bndenv fsensimag linzero subst
centroid if mean sum
circavg integrate noenv test
circint isdefined nojac timeavg
circumcenter pd timeint
d isinf ppr try_catch
depends islinear pprint up
dest isnan prev var
diskavg jacdepends reacf with
diskint lindev realdot
down linper residual

linpoint scope.ati

| 163



USER-DEFINED FUNCTIONS

A user-defined function can be defined in the Global Definitions or Component
Definitions branch of the model tree by selecting a template from the Functions
menu and entering settings to define the name and detailed shape of the function.

TEMPLATE NAME

ARGUMENTS AND DEFINITION

SYNTAX EXAMPLE

Analytic

Elevation

Gaussian Pulse

The function name is its identifier;
for example ant.

The function is a mathematical
expression of its arguments.

Example: Given the arguments X
and y, its definition is
sin(x)*cos(y).

The function has an arbitrary
number of arguments.

The function name is its identifier;
for example elev1.

Used to import geospatial elevation
data from digital elevation models
and map the elevation data to a
function of x and y. A DEM file
contains elevation data for a portion
of the Earth'’s surface. The resulting
function behaves essentially like a
grid-based interpolation function.

The function name is its identifier,
for example gp1.

The Gaussian pulse function defines
a bell-shaped curve according to the
expression

—(x = x,)°

1 26°
e

)= oJ2n

[t is defined by the mean parameter,
xg, and the standard deviation, .

The function has one argument.

The name of the function with
comma-separated arguments within
parenthesis. For example:

ani1(x,y)

The name of the function with
comma-separated arguments within
parenthesis. For example:

elevi(x,y)

The name of the function with a
single argument within parenthesis.
For example:

gp1(x)
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TEMPLATE NAME

ARGUMENTS AND DEFINITION

SYNTAX EXAMPLE

Image

Interpolation

Piecewise

Ramp

The function name is its identifier;
for example im1.

Used to import an image (in BMP,
JPEG, PNG, or GIF format) and map
the image's RGB data to a scalar
(single channel) function output
value. By default the function’s
output uses the mapping
(R+G+B)/3.

The function name is its identifier;
for example int1.

An interpolation function is defined
by a table or file containing the
values of the function in discrete
points.

The file formats are the following:
spreadsheet, grid, or sectionwise.

The function has one to three
arguments.

The function name is its identifier,
for example pw1.

A piecewise function is created by
splicing together several functions,
each defined on one interval. Define
the argument, extrapolation and
smoothing methods, and the
functions and their intervals.

This function has one argument with
different definitions on different
intervals, which must not overlap or
have any holes between them.

The function name is its identifier;
for example rm1.

A ramp function is a linear increase
with a user-defined slope that begins
at some specified time.

The function has one argument. It
can also be smoothed.

The name of the function with
comma-separated arguments within
parenthesis. For example:

im1(x,y)

The name of the function with
comma-separated arguments within
parenthesis. For example:

int1(x,y,z)

The name of the function with a
single argument within parenthesis.
For example:

pw1 (x)

The name of the function with a
single argument within parenthesis.
For example:

rmi(x)
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TEMPLATE NAME

ARGUMENTS AND DEFINITION

SYNTAX EXAMPLE

Random

Rectangle

Step

Triangle

Waveform

The function name is its identifier;
for example rni.

A random function generates white
noise with uniform or normal
distribution and has one or more
arguments to simulate white noise.

The function has arbitrary number
of arguments.

The function name is its identifier;
for example rect1.

A rectangle function is 1 in an
interval and O everywhere else.

The function has one argument.

The function name is its identifier;
for example step1.

A step function is a sharp transition
from 0 to some other value
(amplitude) at some location.

The function has one argument. It
can also be smoothed.

The function name is its identifier;
for example trit.

A triangle function is a linear
increase and linear decline within an
interval and O everywhere else.
The function has one argument. It
can also be smoothed.

The function name is its identifier;
for example wv 1.

A waveform function is a periodic
function with one of several
characteristic shapes: sawtooth, sine,
square, or triangle.

The function has one argument. It
can also be smoothed.

The name of the function with
comma-separated arguments within
parenthesis. For example:
rni(x,y)

The arguments x and y are used as a
random seeds for the random
function.

The name of the function with a
single argument within parenthesis.
For example:

rect1(x)

The name of the function with a
single argument within parenthesis.
For example:

stepi(x)

The name of the function with a
single argument within parenthesis.
For example:

trit(x)

The name of the function with a
single argument within parenthesis.
For example:

wv1(X)
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TEMPLATE NAME

ARGUMENTS AND DEFINITION

SYNTAX EXAMPLE

External (Global
Definitions only)

MATLAB®
(Global
Definitions only)

An external function defines an
interface to one or more functions
written in the C language (which
can be a wrapper function
interfacing source code written in
for example Fortran). Such an
external function can be used, for
example, to interface a user-created
shared library. Note that the
extension of a shared library file
depends on the platform: .dll
(Windows), .so (Linux), or .dylib
(OS X).

A MATLAB® function interfaces
one or more functions written in
the MATLAB® language. Such
functions can be used as any other
function defined in COMSOL
provided LiveLink™ for MATLAB®
and MATLAB® are installed.
(IVIATLAB® functions are evaluated
by MATLAB® at runtime.)

The name of the function and the
appropriate number of arguments
within parenthesis. For example:

myextfunc(a,b)

The name of the function and the
appropriate number of arguments
within parenthesis. For example:

mymatlabfunc(a,b)
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Unary and Binary Operators

PRECEDENCE LEVEL SYMBOL DESCRIPTION

I () {3} . Grouping, Lists, Scope

2 . Power

3 -+ Unary: Logical Not, Minus, Plus

4 [1 Unit

5 * Multiplication, Division

[ + - Binary: Addition, Subtraction

7 < <= > >= Comparisons: Less-Than, Less-Than or
Equal, More-Than, More-Than or Equal

8 == |= Comparisons: Equal, Not Equal

9 && Logical And

10 || Logical Or

Il s Element Separator in Lists

Expressions

PARAMETERS

A parameter expression can contain: numbers, parameters, built-in constants,
built-in functions of parameter expressions, unary and binary operators.
Parameters can have units.

VARIABLES

A variable expression can contain: numbers, parameters, constants, variables,
functions of variable expressions, unary and binary operators. Variables can have
units.

FUNCTIONS

A function definition can contain: input arguments, numbers, parameters,
constants, functions of parameter expressions including input arguments, unary
and binary operators.
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Appendix D—File Formats

COMSOL File Formats

The COMSOL Model file type, with the extension .mph, is the default file type
containing the entire model tree. The file contains both binary and text data. The
mesh and solution data are stored as binary data, while all other information is
stored as plain text.

Files with the extension .mph also contain an application that can be run in
COMSOL Multiphysics, the COMSOL client for Windows®, or through a web
browser. See the COMSOL Multiphysics Refevence Manual and the Application
Builder Refevence Manual for more information.

The COMSOL binary and text file types, with the extension .mphbin and
.mphtxt, respectively, contain either geometry objects or mesh objects which can
be imported directly to the Geometry or Mesh branches in the model tree.

The Physics Builder file type, with the extension .mphphb, contains one or more
physics interfaces that you can access from the Model Wizard. See the Physics
Builder Manual, for more information.

See “Supported External File Formats” for more information about all the other
formats supported by COMSOL.

FILE TYPE EXTENSION READ WRITE
COMSOL Model and Application .mph Yes Yes
Binary Data .mphbin Yes Yes
Text Data .mphtxt Yes Yes
Physics Builder .mphphb Yes Yes

Supported External File Formats

CAD

The CAD Import Module, Design Module and LiveLink products for CAD allow
for import of a range of industry-standard CAD file types. Additional file types are
available through the bidirectional functionality of the LiveLink products for CAD
as well as with the File Import for CATIA® V5 add-on.
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The DXF (2D), VRML (3D), and STL (3D) file types are available for import with
COMSOL Multiphysics and don’t require any add-on products. Unless noted
otherwise in the table below, import of the listed file types is available on all by
COMSOL supported versions of Linux®, Mac OS X, and Windows® operating
systems.

FILE TYPE EXTENSION READ  WRITE
AutoCAD®12:3 dwg Yes  Yes®
Inventor®1’2’3 Jipt, .iam Yes Ye59
Nx@! 4 prt Yes No
PTC® Creo® Parametric™ 1,3 prt, .asm Yes Yes9
PTC® Pro/ENGINEER®L>3 prt, asm Yes  Yes
Revit® Architecture®® rvt Yes”  Yes®
Solid Edge®3’6 par, .asm Yes”  Yes®
SOLIDWORKS®1:2:3 sldprt, sldasm Yes  Yes
DXF (3012 and 2D) dxf Yes  Yes!O
I:’arasolid(")1 X_t, xmit_txt, x_b, xmt_bin Yes Yes
ACIS®! sat, .sab, .asat, .asab Yes Yes
STEP! step, .stp Yes No
IGES! iges, .igs Yes No
CATIA® V527 (CATPart, CATProduct Yes  No
VRML, vI8 v, wrl Yes  No
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FILE TYPE EXTENSION READ WRITE

sTL8 stl Yes  Yes

1Requires one of the LiveLink™ products for AutoCAD®, Revit®, PTC® Creo® Parametric™,
Inventor® PTC® Pro/ENGINEER®, Solid Edge®, SOLIDWORKS®; or the CAD Import Module;
or the Design Module

2Import supported on Windows® operating systems only

3Synchronization of files between COMSOL and a linked CAD program supported on
Windows® 7, 8, and 8.1 operating systems only

4Import supported on Windows® and Linux operating systems only
5Requires LiveLink™ for Revit®
6Requires LiveLink™ for Solid Edge®

7Requires the CAD Import Module (or the Design Module, or one of the LiveLink™ products
for AutoCAD®, PTC® Creo® Parametric™, Inventor®, PTC Pro/ENGINEER®, Solid Edge®, or
SOLIDWORKS®) and the File Import for CATIA® V5

8Limited to a single geometric domain

From/To file using linked CAD package provided the original CAD geometry is created in the
CAD package

eriting to file is supported for 2D geometry only

ECAD

The ECAD Import Module allows for import of 2D layout files with automatic
conversion to 3D CAD models. The Touchstone file type is used for exporting
S-parameters, impedance, and admittance values from simultaneous port and
frequency sweeps. The SPICE Circuit Netlist file type is converted at import to a
series of lumped circuit element nodes under an Electrical Circuit node.

FILE TYPE EXTENSION READ  WRITE
NETEX-G! .asc Yes No
ODB++! Zip, tar, gz, targz Yes No
ODB++(X)! xml Yes  No
GDS! gds Yes  No
Touchstone? s2p, .s3p, s4p, .. No Yes
SPICE Circuit Netlist3 r Yes No

IRequires the ECAD Import Module
2Requires one of the AC/DC, RF, MEMS, or Wave Optics Modules
3Requires one of the AC/DC, RF, MEMS, Plasma, or Semiconductor Modules
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MATERIAL DATABASES

The Chemical Reaction Engineering Module can read CHEMKIN® files to
simulate complex chemical reactions in the gas phase. The Plasma Module can
read LXCAT files for sets of electron impact collision cross sections.

FILE TYPE EXTENSION READ WRITE
CHEMKIN®! dat, xt, inp3 Yes  No
CAPE-OPEN! (direct connection) n/a n/a n/a
LXCAT file? Ixcat, txt Yes  No

IRequires the Chemical Reaction Engineering Module
2Requires the Plasma Module

3 L .
Any extension is allowed; these are the most common extensions

MESH

The NASTRAN® Bulk Data file types are used to import a volumetric mesh. The
VRML and STL file types are used to import a triangular surface mesh, and cannot
be used for creating a volumetric mesh. If imported as a Geometry, VRML and
STL files can be used as a basis for creating a volumetric mesh for a single
geometric domain.

FILE TYPE EXTENSION READ  WRITE
NASTRAN® Bulk Data .nas, .bdf, .nastran, .dat Yes Yes
VRML, vi vrml, wrl Yes No
STL stl Yes Yes

IMAGES AND MOVIES

Results visualization can be exported to a number of common image file types, see
the table below. Images can also be read and used as interpolation functions for
physics modeling. Animations can be exported to one of the Animated GIF,
Adobe® Flash®, and AVI file types.

FILE TYPE EXTENSION READ  WRITE
JPEG JPg jpeg Yes Yes
PNG png Yes Yes
BMP bmp Yes Yes
TIFF tif, tiff No Yes
GIF gif Yes Yes
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FILE TYPE EXTENSION READ WRITE

EPS (1D graphs only) .eps No Yes
Animated GIF gif No Yes
Adobe® Flash® swf No Yes
Avi! ai No  Yes

! Available for Windows® only

PROGRAMMING LANGUAGES AND SPREADSHEET

Model files for Java® are editable script files, with the extension .java, that contain
sequences of COMSOL commands as Java® code. Edit the files in a text editor to
add additional commands. You can compile these Java® files into Java® Class files,
with the extension .c/ass, and run them as separate applications.

Model files for MATLAB® are editable script files (M-files), similar to the model
files for ]ava®, for use with MATLAB®. These model files, which have the
extension .z, contain a sequence of COMSOL commands as a MATLAB® M-file.
You can run the model files in MATLAB® like any other M-file scripts. It is also
possible to edit the files in a text editor to include additional COMSOL
commands or general MATLAB® commands. Running model files in the M-file
format requires the COMSOL LiveLink™ for MATLAB®.

FILE TYPE EXTENSION READ  WRITE
MATLAB®: model file for MATLAB® m No  Yes
MATLAB®: Function' m Yes No
Java®: model file forJava® Jjava No Yes
Java®: compiled model file forJava® class Yes No
C: Function diB, so* dylib® Yes  No
Excel®? Xlsx Yes Yes

IRequires LiveLink™ for MATLAB®

2Requires LiveLink™ for Excel®, available for Windows® only
3 Available for Windows® only

4Available for Linux® only

> Avallable for OS X only

NUMERICAL AND INTERPOLATION DATA FORMATS

The grid, sectionwise, and spreadsheet file types can be read for defining
interpolation functions. The sectionwise and spreadsheet file types can
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furthermore be read and used for defining interpolation curves and written for
exporting results. In addition, tables can be copy-pasted on spreadsheet format.

Parameters and variables can be imported and exported to the plain text,
comma-separated values, or data file types.

The continuous and discrete color table text file types are used for user-defined
color tables for results visualization.

Digital elevation model (DEM) files can be read and used as a parametric surface
for defining a geometry.

FILE TYPE EXTENSION READ WRITE
Copy and paste spreadsheet format n/a Yes Yes
Excel® spreadsheetl Xlsx Yes Yes
Table txt, .csv, .dat Yes Yes
Grid xt Yes Yes
Sectionwise txt, .csv, .dat Yes Yes
Spreadsheet Ixt, .csv, dat Yes Yes
Parameters txt, .csv, .dat Yes Yes
Variables xt, .csv, .dat Yes Yes
Continuous and Discrete color table Ixt Yes No
Point data for Cut Point data sets Ixt Yes No
DEM .dem Yes No

IRequires LiveLink™ for Excel®, available for Windows® only
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Appendix E—Connecting with LiveLink™ Add-Ons

The following table shows the options to start COMSOL and the different linked
partner software using the LiveLink add-ons.

COMSOL® Can Start COMSOL Can Start Partner Software Can Connect
Software from Partner Software  from COMSOL Running Sessions
LiveLink™ Yes! Yes? No

for Excel®

LiveLink™ Yes3 Yes* Yes®

for MATLAB®

LiveLink™ No No Yes

for AutoCad®

LiveLink™ No No Yes

for Revit®

LiveLink™ No No Yes

for PTC®Creo®
Parametric™

LiveLink™

for Inventor®

- Bidirectional No No Yes
Mode

- One Window Yes No No
Mode

LiveLink™ No No Yes
for PTC®
Pro/ENGINEER®

LiveLink™ No No Yes
for Solid Edge®

LiveLink™
for SOLIDWORKS®

- Bidirectional No No Yes
Mode
- One Window Yes No No
Mode

'When you open a COMSOL model from Excel®, a COMSOL model window starts and a link is
established automatically. The COMSOL model window is an output window that displays
geometry, mesh, and results.
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2 COMSOL model that includes a table reference to an Excel® spreadsheet automatically starts
an Excel® process in the background when the model is run in COMSOL Desktop environment.
3 You can start a COMSOL Multiphysics Server from a MATLAB® session using the system
command and then connect to it using mphstart in the MATLAB® command prompt.

“The - COMSOL 5.2 with MATLAB®” desktop shortcut starts a COMSOL Multiphysics Server
and MATLAB® , then connects them automatically. When you run a COMSOL model in the
COMSOL Desktop interface that includes a MATLAB® function (Global Definitions>Functions), a
MATLAB® engine and connection is started automatically.

3You can connect a MATLAB® session to a running COMSOL Multiphysics Server using the
COMSOL command mphstart in the MATLAB™ command prompt.
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A AC/DC Module 54

accuracy
convergence analysis 47
recover option 44
Add Material window
busbar model 62
opening 35, 61
add-on modules
AC/DC 54
Application Libraries, and 26
CAD Import 136, 168
CFD 109
Chemical Reaction Engineering 7/
ECAD Import 170
MEMS 102
physics list, and 31, 55
Plasma 171
Structural Mechanics 30, 40
study types, and 56
advanced study options 32
advanced topics 94
analysis
convergence 47
example, parametric sweep 5/

application I/, 82

Application Builder 6, 8, 10, 11, 21, 82,

155
Application Libraries
examples 26
file types 27
MPH-files 26
opening 26
Application Library Update 27

average temperature /26

blank model, creating 13, 15

boundaries 68
adding to selection 70
variables scope 2/
boundary condition 66
automatically defined 40
boundary load 39
busbar, setting 66
electric current 66, 69
fixed constraint 38
free 37
ground, electrical 71
heat transfer 66
insulating 68
material interface 40
settings window, and 8
boundary load 40
boundary section
context menu, and 67
boundary selection, busbar model 68
Build All button
geometry 59
meshes 40, 73
built-in
constants, functions, and variables 22
materials 35, 6/
variables 77

button object 85

CAD Import Module 136, 168

cancel button 10

CFD Module 109

Chemical Reaction Engineering Module
171

cloud computing 132

Cluster Computing node |32

Cluster Sweep node 132

Index | |77



command sequence 88
Compact MPH-files 27
component coupling /26
Component node, adding materials 62
computing studies 51
COMSOL Client 1
COMSOL Desktop environment
customizing 23
on Linux 17
on OS X 17
overview 6
COMSOL Muttiphysics |/
native CAD format 33
opening 3/
COMSOL Server ||
constants
mathematical and physical types 22
context menu
domain and boundary sections 67
contextual tab 16
convergence analysis 47, 52
Convergence plot 9, 73
cooling
air stream 53
natural convection 57
coupling operator 126
Create Selection button 105
custom studies 56

customized desktop 23

data sets, defined /8
default feature 66
Definitions node 29
degrees of freedom 47, 52
derivatives 23
Derived Values
defined 18
Global Evaluation 52
Volume Maximum 47, 51, 81

Direct solver 42
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DirectX 2
discretize 40
documentation, models 26
domain level 67
domain section
context menu, and 67
domains
materials 64
physics 38
remove from selection 64
variables scope 2/

dynamic help 10

ECAD Import Module 170
edges
variables scope 21/
Editor Templates window 87
eigenfrequency analysis /8
Electric Currents interface
defining boundary conditions 67
multiphysics, and 56, 71
overview 66
electric potential 54
physics node 69
voltage drop, parameter 57
electrical heating 53
equation
built-in 66
user-defined 45
error message, insufficient memory 42
evaluating
volume maximum 48, 79, 81
von Mises stress 48
example
advanced, electrical heating 53
basic, structural mechanics 30
Excel® 174
Export node, defined 18
exporting images 8/

expressions



Boolean 46 Global Definitions node |7

manual entry 48, 57 functions 57
replacing 46, 77, 79 parameters 57
units, specifying 48 scope 21, 57
user-defined 45 variables 20
External Process window 10 global parameters 20, 36, 49
graphics

finite element

mesh 40 rendering and hardware /2

preconditioning 5/ graphics object 84, 86
Graphics toolbar

default view button 38, 45, 71, 78

sparse matrix 42

tetrahedrons 40

Fixed Constraint node 38 image snapshot button 62

Floating Network License /32 zoom extents button 60, 75
Form editor 10, 85

form objects 82

Graphics window 9
geometry, and 34

form union, geometry 59 plot 43

frequency response |9 rotate geometry 38, 74, 76

selecting boundary 38, 39, 71
using 34, 61

frequency-domain study /8
Full MPH-files 27

: zoom box 39
functions

advanced topics 94 Ground, boundary condition 70

built-in 22 H Heat Transfer in Solids interface
mathematical 23 defining boundary conditions 67

ppr(), recover option 48
scope 57

Functions node 57

geometric dimensions
parameters, and 20
parametric sweep 57
geometry
building 57
CAD format 32
importing 32
in Application Libraries 58
loading from file 57, 58
parameterized 20, 57, 59
settings window 8

Geometry node 28

multiphysics, and 56, 71
overview 66
Heat Transfer Module 109
Help window
defined 10
opening 17

high performance computing 132

Home tab 15
HPC 132
hybrid parallelism |34

Image Snapshot button 82
images, creating thumbnails 81
importing geometry 32, 33
infinite elements 29

information windows 9
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initial conditions 8
Initial Values node
Electric Currents interface 67
Heat Transfer in Solids interface 67
Solid Mechanics interface 37
input fields 83
Insert Object menu 87
Isosurface plot 74
iterative solver
multigrid 51

preconditioning 51

) Java 172
Java-file 29
Joule heating
equations 66
multiphysics coupling 71
Joule Heating multiphysics interface 55

L Laminar Flow interface |13
Linux version |7
LiveLink™ add-ons 74
Log window 9, 43
LU factorization 42

M Material Browser

defined 10

material contents section 35, 63
material interface

mechanical contact 40

visualization accuracy 44
materials

copper 53

domains, assigning 63

model tree 28

settings window 8

steel 35, 45

titanium alloy 53
Materials node 35, 61
mathematical constants and functions

22
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MATLAB® |72
matrix 42
matrix equation system 42
Max/Min Volume plot 48
Maximum and minimum values table 80
memory requirements (RAM) 4/
MEMS Module
thermal expansion, and 102
mesh
convergence analysis, and 47
density 49
finite element 40
model tree, and 29
parameterizing 49, 7|
physics-controlled, default 71
refining 49
settings 40
unstructured tetrahedral 7/
user-controlled 50, 72
mesh element size
parameters, defining 20, 72
settings 40
Message Passing Interface |34
Messages window 9, 43
method 91
Method editor 10, 91
M-file 29
modal tab /6
Model Builder 82
defined 10
example 28
expanding sections 66
geometry import 33
node sequence example 37
the ribbon, and 16
model history 29
model tree
building 17
defined 57



example 28
geometry 28
Global Definitions node 17, 3¢, 57
Materials node 28, 35
Model Builder, and /0
nodes, and 7
Results node /8
root node |7
Study node 18, 29
the ribbon, and 16
Model Wizard
adding physics 18, 31, 55
Component node, and 18
creating a new model /3
custom studies 32, 56
opening 31, 54
preset studies 32, 56
space dimension 31, 55
study 18 56
models
defining 10
discretization 40
documentation 26
saving 6/
structural mechanics 30
symmetry 76
workflow 28
MPH-files
full and compact 27
saving 61, 82
MPI 134
multicore processors |32
multiphysics models 53
Multiphysics node 66, 67, 71, 104
multiphysics phenomena 53

Multislice plot 74

New Form wizard 82
nodes |7

default feature 37

reordering 29

O OpenGL 12

OS X version |7

parallel computing |32
Parameter settings

expression 49

name 49
parameters 20, 84

defining 49, 57

editing 59

expression 20

global 20

meshes, and 49

range of values 5/

scope 57

using, referencing 69
Parameters node 57, 94
parametric study 57
parametric sweep 20

example 50

meshes, and 49

range, defining 5/

Perfectly Matched Layer (PML) 29

physics

adding 55

boundary conditions 66

electromagnetic heating 55

heat transfer 55

Joule heating 53, 66

laminar flow 13

model tree, and 28
physics interface /3

Electric Currents 56

Heat Transfer in Solids 56

Joule Heating 55

Laminar Flow 113

Solid Mechanics 31
Plasma Module 171
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Plot Group 18
3D, adding 45
plots 45
expression, user-defined 45
max/min volume 48
model tree, and 29
regenerating 45, 49
surface 43, 46
windows 9
points, variables scope 21
polynomial functions 40
polynomial-preserving recovery 48
preconditioning 5/
preferences |2
preset studies 56
principal stress 109
program code
model file for Java 29
model M-file 29
progress bar 10

Progress window ¢
Quick Access Toolbar 8, 16

Record Code 92
renaming plot groups 46
rendering options /2
reports, defined /8
reserved name 22
resolution of curvature, mesh 72
results
color table range 74, 77
derived values 47, 51, 81
displaying 43
quality, accuracy 44
recover option 44, 46, 48
surface settings, modify 74
units, changing 43
Results node
3D plot group 48, 76
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busbar defaults 74

subnodes /8

surface node, adding 76
ribbon

Add Material 35, 65, 112

Build All 60

Build Mesh 73
Compute 51, 107, 122
defined 8, 15

example 6

importing geometry 33

Model Builder, and 16
Physics tab 38, 104
Windows 10, 43, 139
Work Plane 137

root node
default units, and 125
defined 17
model thumbnails, and 8/
Model Wizard, and 3/

running simulations 73

saving files 61, 82
scope
global definitions 57

parameters and variables 2

parameters and variables, defined 20

variable name 22
Select Study window 15
Selection 105
Selection List window 10, 139

selection of multiple boundaries 105

Settings windows 8, 17

shared memory parallelism 32

simulation, running 73

Software Rendering /2

Solid Mechanics interface 31
add-on modules, and 102

solvers

configurations 42, 51



default settings 4/ settings 46

default settings, changing 42 updating 75, 77
direct 42 T table
iterative 50, 5/

Maximum and minimum 80

memory requirements 4/ Table window 10

memory-limited settings 42 graph plot 52
stationary 4/, 51 wrench results 48

using 4/ Tables node 18

space dimension /3 tables, evaluating 52
sparse matrix equation system 42

Stationary study 32, 41

temperature 74, 123
temperature, average 26

steady-state study /8 Test Application 86

structural analysis 30 tetrahedron, polynomial functions 40

structural displacement field 40 thermal expansion 53, 63

structural mechanics thumbnail image 81

design 47 time-dependent study /8

plastic deformation 45

stresses and strains 53, 63

torque, applied 30

von Mises stress 43 U unit, changing 43, 108
user interface
COMSOL Desktop 6

overview 6

Structural Mechanics Module
application library 30
mechanical contact, and 40

thermal expansion, and /02 user-controlled mesh 50

studies V  variables
computing solutions 51, 73 advanced topics 94
defining 41 built-in 22
example, multigrid iterative 5/ example, built-in 52
example, stationary 4/ expression 2/
model tree, and 29 scope 57
preset 56 scope, limit 21
types 18 Variables node 20, 57
Study node 18 visualization 9
solution sequence 73 accuracy 44
Surface plot color table 74, 77
busbar results 74 Volume Maximum, evaluating 48, 79, 81
color table range 77 von Mises stress 43, 109

deformation 43 W Windows list 43, 139

electrical current density 76 .
wizard

replace expression 77 New Form 82
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workflow 26
Y yield stress 30, 45

Z zoom |23

Zoom Extents command 89

|84 | Index



	Contents
	Introduction
	COMSOL Desktop®
	The Model Builder and the Application Builder
	Running Applications and COMSOL Server
	Preferences
	Creating a New Model
	The Ribbon and Quick Access Toolbar
	The Model Builder and the Model Tree
	Built-In Constants, Variables, and Functions
	The Application Libraries
	Workflow and Sequence of Operations

	Example 1: Structural Analysis of a Wrench
	Model Wizard
	Geometry
	Materials
	Global Definitions
	Domain Physics and Boundary Conditions
	Mesh
	Study
	Displaying Results
	Convergence Analysis

	Example 2: The Busbar—A Multiphysics Model
	Electrical Heating in a Busbar
	Busbar Model Overview
	Model Wizard
	Global Definitions
	Geometry
	Materials
	Physics
	Mesh
	Study
	Results
	Creating an Application using the New Form Wizard

	Advanced Topics
	Appendix A—Building a Geometry
	Appendix B—Keyboard and Mouse Shortcuts
	Appendix C—Language Elements and Reserved Names
	Constants and Parameters
	Variables
	Functions
	Unary and Binary Operators
	Expressions

	Appendix D—File Formats
	COMSOL File Formats
	Supported External File Formats

	Appendix E—Connecting with LiveLink™ Add-Ons
	Index


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


