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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 and add-ins using the Application
Builder as well as a quick introduction to the Model Manager.

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 Learning Center at www.comsol.com /support/learning-center, the Video
Gallery at www.comsol.com /videos, and the COMSOL Blog at
www.comsol.com/blogs.
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MODEL BUILDER —

The Model Builder window
with its model tree and the
associated toolbar buttons
gives you an overview of the
model. The modeling process
can be controlled from
context-sensitive menus
accessed by right-clicking a
node.
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RIBBON — The ribbon tabs have buttons
and dropdown menus for controlling all

steps of the modeling process. GRAPHICS WINDOW TOOLBAR
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GRAPHICS WINDOW — The Graphics window presents
interactive graphics for the Geometry, Mesh, and Results nodes.
Operations include rotating, panning, zooming, and selecting.

Auxiliary Data Table 1

INFORMATION WINDOWS — 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.
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The screenshot on the previous pages is what you will see when you first start
modeling in COMSOL Multiphysics using the Model Builder. The COMSOL
Desktop™ user interface 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 28 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 (the downward-facing arrow to the right of the toolbar).

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
macOS 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.
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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 nongraphical information. They include:

* Messages: Various information about the current COMSOL Multiphysics
session is displayed in this window.
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Progress: Progress information from the solver in addition to stop buttons.

Log: Information from the solver, such as the number of degrees of freedom,
solution time, and solver iteration data.

Table: Numerical data in table format as defined in the Results node.

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

Other Windows

The Windows dropdown menu in the Home tab of the ribbon gives you access to
all COMSOL Desktop windows. On macOS and Linux®, you will find this in the
Windows menu. In addition to the windows described earlier, you can access the
following windows:

Add Physics and Add Multiphysics: Expand the physics interfaces in a model.
Add Study: Change the type of study.

Results Templates: Add a predefined plot or evaluation associated with a
physics interface; only available for certain physics interfaces.

Add Material from Library and the Material Browser: Access the material
property libraries.

Application Libraries: Choose among the collections of MPH files containing
tutorial models and runnable applications with accompanying documentation.

Part Libraries: Load one of the predefined parameterized geometry models.

Add-in Libraries: Load one of the add-ins that provides customized
functionality.

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

Properties and Comments: View model tree node properties, where you can
also type comments.

Auxiliary Data: View auxiliary data associated with the model such as
interpolation files or CAD files.

Messages: Display information after an operation is performed.
Table: Display results in table format.

External Process: Control COMSOL Multiphysics processes running
separately.

Comparison Result: Compare the Model Builder and Application Builder
settings of two MPH files.

Find and Replace: Enter a search string for finding it in the model’s settings,
tags, labels, tables, etc.

Versions: Display model versions stored in a Model Manager database.
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* Chatbot: Command prompt for communicating with a chatbot.
* Java Shell: Command prompt for running and debugging code interactively.

+ Data Viewer: Inspect and change parameters, as well as view Application
Builder declarations and Java method variables.

* Debug Log: Display debug information for methods.
* Recovery Files: View recovery files.

¢ Physics Builder Manager: Compile user-defined physics interfaces. This is only
visible if the Physics Builder has been activated in Preferences.

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 tree
node or a window. From the Help window, you can search for other topics, such
as menu items.

The Model Builder, the Application Builder, and the
Model Manager

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

THE MODEL BUILDER

The Model Builder is the tool where you define the model and its components,
such as how to solve it, the analysis of results, and creating 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

The Application Builder allows you to quickly create an application (also called an
app) with a specialized user interface that is easy to use. An application is typically



based on a model created with the Model Builder. The Application Builder
provides important tools for creating applications including the Form Editor, the
Main Window Editor, and the Method Editor. The Form Editor includes
drag-and-drop capabilities to easily access and include user interface components,
such as input fields, graphics windows, and buttons. The Main Window Editor lets
you to add ribbon tabs with buttons and menus as well as organize your layout
using subwindows. The Method Editor is a programming environment that, for
example, allows you to modify the model represented by the model object data
structure. You can also use the Method Editor to add user interface logic and
auxiliary functionality to an application. The Java® programming language is used
to write code in the Method Editor, which means that all Java® syntax and Java®
libraries can be used.

In the Method Editor, program code is stored in methods. A method is another
name for what is known in other programming languages as a subroutine,
function, or procedure. Methods can be used to modify the model object data
structure in the Model Builder and the Application Builder. A method can be used
both for modifying the model object of the current session and for modifying the
model object in a running application. For a quick introduction to the Application
Builder, see “Building an Application with the Application Builder” on page 119.

THE MODEL MANAGER

The Model Manager is a workspace for simulation data management. It allows you
to collaborate with other users and centrally organize models and apps. The
Model Manager provides version control to track changes and updates to your
files. It will aid you in storing only relevant data of MPH file drafts and revisions.
The Model Manager includes an advanced search tool that allows you to search
the models and applications stored in a Model Manager database for contents
based on keywords or tags. Depending on your license type, you can connect to a
local or remote and centrally managed Model Manager database. For a quick
introduction to the Model Manager, see “Using the Model Manager” on page
188.

FURTHER READING

This book, Introduction to COMSOL Multiphysics, gives a detailed introduction
to using the Model Builder and a quick introduction to the Application Builder
and the Model Manager. For detailed information on how to use the Application
Builder, see Introduction to Application Builder and the Application
Programming Guide. For more information on the Model Manager, see the
Reference Manual and the Model Manager Manual.
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Applications, COMSOL Server™, and COMSOL
Compiler™

The Application Builder is included in the Windows® version of COMSOL
Multiphysics. With a COMSOL Multiphysics license, apps can be run from the
COMSOL Desktop environment. Although applications cannot be built with the

macOS or Linux® versions of the software, applications can still be run with
COMSOL Multiphysics on those platforms.

By using COMSOL Compiler™ you can compile your application (MPH file) to
an executable file for Windows®, Linux®, and macOS. You can freely distribute
the executable and it can be run without any license file.

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 (this functionality is not available when running
applications with a web browser).

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 with all major
web browsers.

To create an application based on your model,

click the Application Builder button, accessible S delie S
from the Home tab in the ribbon. A : [
For more information on creating COMSOL Application  Model Component

. . . - Build M 1e
applications, refer to the section “Building an Hieer S

Application with the Application Builder” on page
119 and the book Introduction to Application
Builder.

Waorkspace M
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Preferences

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

O Preferences X
EE Graphics
Rendering: | OpenGL o
> Application Builder o ) -
P ptimize for: | Quality o
Client-Server Antiglizsing: | Medium -
? Computing Detail: Normal >
> Email
s Files [ Enable antialiasing for on-screen transparency effects
> Geometry @] Show logo on canvas
R Gap i) Logo file: V& Browse
Default 30 View
Diplay Farmat Show mouse coordinates when drawing
Fonts 7] Use software rendering for image export
> Interaction
Sketch
Toolbars
> Help
> Libraries
> Livelink Connections
Mesh
> Model Builder
Model Manager
> Physics Builder
> Results
Save
> Security
Updates
> UserInterface
Factory Settings
Factory Settingsfor All | Import... | Export oK Cancel

In the Preferences window, you can change settings such as graphics rendering, the
number of displayed digits for results, the 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.

GRAPHICS AND PLOT WINDOWS

In the Graphics page, there are two graphics rendering options available: OpenGL®
and Software Rendering. 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/system-requirements
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COLOR THEMES

In the User Interface > Color Themes page, there are three color theme preferences:

¢ Desktop color theme: Choose between a Default, Light, or Dark theme for the
COMSOL Desktop environment.

* Graphics color theme: Choose a color theme for the Graphics window.

* Image export color theme: Choose a color theme for exported images.

Color Themes

Desktop color therme: Default -
Graphics color theme: Light
Dark

Image export color theme:  paga

When using the Dark theme in Linux®, some controls take their color from the
operating system’s theme. You will get a better user experience by picking both a
dark-looking theme in Linux® and the Dark theme in the COMSOL Desktop

environment.
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Opening and Saving Files from the File Menu

The File menu provides several options for opening and saving model files in the
COMSOL MPH file format, as well as a few other supported formats.

File Home  Definitions Geometry — Material

[ New Ctrl+N

@ Run Application

& Open.. Ctrl+0

P Open From... Ctrl+Shift+0
Recent >

[ Application Libraries

Save Ctrl+5

[ Save As..

2 saveTo.. Ctrl+Shift+5

Revert to Saved Ctrl+Shift+R

ly

Compact History

COMSOL Multiphysics Server >
Help >
T Licensed and Used Products...

Preferences...

Exit

* New lets you create a new model from scratch.

* Run Application opens and runs an application if a runnable application
definition is available in the chosen MPH file.

* Open opens an existing file

. @ Open X
from the file system using ¢ 5 v B T s v s o ol 5 semcomn
thC oPen dlalog Gerne D S )

s Quick access teme

[ This PC

& Network

e name [orenchmph ] A1 COMSOLFies s "
o
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* Open From opens an
. N K o O w =] o @ S Untitled.mph - COMSOL Muliphysics
existing file from either e
the file system or from a
Model Manager database — @
(see “Using the Model G
£ PziolPaEiem Anisotropic Heat Transfer Through Woven Carbon Fibers

Manager” on page 188). B e

Heat Transfer
Add Database

Open

v 9 ¥ =+ SofSresultsshown

* Recent opens a recently g B g‘m‘;w‘ﬁg“{nfgww
opened file from the file

Electrical Heating in a Busbar

system or from a Model S
Manager database.

* Application Libraries opens a tutorial model or a runnable application from the
Application Libraries.

» Save saves the current file.

* Save As lets you save the

@ SaveAs x
current file to the file system  |. ., s vosono » comar Te
with a new name using the gg=s iz S )
Save As dialog. SO

[ This PC

& Network

« Hide Fldr e

* Save To lets you save to
e 0w =4 v S bushar.mph - COMSOL Muttiphysics
a Model Manager e
database. s
ave
Demo Database Save new

Add Database

W& Browse

Save v

* Revert to Saved opens the last saved version of the file and reinitializes the
user interface.
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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.
e O = = v

File
New

Model Wizard

EBlank 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.

e O B Sk

File
Select Space Dimension

I
| = 9
|
2D 1D
Sb Axisymmetric HE Axisymmetric 1= iz

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

18|



Multiphysics installation, one or more branches will be populated with
additional physics interfaces.

Select Physics Review Physics Interface

Heat Transfer in Solids (ht)
(D Recently Used Dependent Variables
X AC/DC

9) Acoustics
+"+* Chemical Species Transport
£3 Electric Discharge
Tl Electrochemistry
== Fluid Flow
Heat Transfer
I Heat Transfer in Solids (ht)
Heat Transfer in Fluids (ht)
& Heat Transfer in Solids and Fluids (ht)
> |= Conjugate Heat Transfer
> (% Radiation
> /| Electromagnetic Heating
£°L Lumped Thermal System (Its)
> |[[] Thin Structures
> B4 Heat and Moisture Transport
> (8 Porous Media
> |4 Metal Processing
10 Bicheat Transfer (ht)
> %5 Curing

Temperature (K): | T

v v v ow v o

Add
Added physics interfaces:

I) Heat Transfer in Solids (ht)

Remove

@ Space Dimension eStudy
Help 0 Cancel [+ Done
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3 Select the Study type that represents the solver or set of solvers that will be used
for the computation.

Select Study

v oo General Studies
E Stationary
[V Time Dependent
v oo Preset Studies for Selected Physics Interfaces
[ Thermal Perturbation, Eigenfrequency
[== Thermal Perturbation, Frequency Domain
» b More Studies
~dt Empty Study
Added study:
[= stationary
Added physics interfaces:
) Heat Transfer in Solids (ht)

e Physics
Help Q Cancel E’/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, physics interface, or Study.
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The Ribbon, Quick Access Toolbar, and Graphics Menus

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.

File  Home Defintions Geometry Materials Physics Mesh Study Resuts Developer

[ Import A m A =~y " (T~ &

-] i o Y BA = % W " 5

ey B Add Heat Tansfer ~ Add Add Mesh | Compute Study Add | Temperature AddPlot  Result Windows ~ Reset
| T | e G Tl

.

B B
Al [} PartLibraries | Material inSolids v Physics  Mathematics  Mes) Desktop v

Geometry Materials Physics Mes study Results Layout

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
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, Results, and Developer.

Contextual tabs are shown only if 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.

Fle  Home Definions Geometry Materials Physics Mesh Study Resuls Developer Temperature (it
== Volume: W Stice ) Line E ArowLine e
= ® - | X4 =/ 8 E oo
Pt pior | D ATowVolume B bosurface P Contowr WMeh g, Mare Balste | Maker Gt Cut | Image  Anmation
Inv | [ Surface AnowSurface 32 Streamiine [ Annotation  Plots v Attributes v | Along Normal  Point  Line~  Plane v v

Plot Add Plot Graphics Interaction Bport

Modal tabs are used for very specitic 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.

File  Home Workplane Sketch Developer

Build

5 Virtual Operations v 2’

Sketch

Cleanup Sketeh

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 macOS
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.
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THE QUICK 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
and add most commands available in the File menu, including commands for
undoing and redoing recent actions, as well as 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.

s O & (2] v - i % Untitled.mph - COMSOL Multiphysics
File Home  Definitions Geometry Materials Physics  Mesh  Study Results Developer

THE GRAPHICS MENUS

As an alternative to using the model tree or the ribbon, you can right-click in the
Graphics window to access context-dependent menus. The menus shown will
depend on which node is currently selected in the model tree. By using the Go To
option, when available, you can jump to a context menu for another node in the
model tree.

Graphics
Qa@- @@ Ly dr B & a@-

Booleans and Partitions 3

Transforms b Array

Conversions v 8 Copy
[l Extract “4 Mirrar

& Explicit Selection & Move

E Delete "';:Z:: Rigid Transform
<> Zoom to Selection &) Rotate
i Measure ',_’J Scale
<@ Hide

Geometric Entity Level 3

Clipping v

Go To v

MACOS AND LINUX®

In the COMSOL Desktop environment for macOS and Linux®, the ribbon is
replaced by a set of menus and toolbars.

@rglo-c- |G| €| % 5~ - 8| componentt ~ @ | p o w-p | BE -] 5] HetTonderinsois < % 2 2 | B Ment | = Suy1 < %] Tempertwe) - & - &

sics A\ Mesh o Study [ Results [5] Developer |\ Temperature (ht) B-lean®® BOvE ED @ @a- R/ /A vanaw|@m-



The instructions in this book are based on the Windows® version of the COMSOL
Desktop environment. However, running COMSOL Multiphysics and the
COMSOL Desktop environment in macOS and Linux® is very similar, keeping in
mind that the ribbon user interface components can instead be found in the
corresponding menus and toolbars. In addition, the Application Builder is only
available in the Windows® version. However, you can run apps in all supported
operating systems.

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 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 a child node, 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 a node.

THE ROOT, GLOBAL DEFINITIONS, AND RESULTS NODES

A model tree always has a root node .
(initially labeled Untitled.mph), a Model Builder

Global Definitions nodc, and a Results FE-ES~ -8
node. The label on the root node is c
the name of the multiphysics model v @ busbar.mph (root
K > (i) Global Definitions

file, or MPH file, to which the model > [l Component 1 (camp)
is saved. The root node has settings > E Study 1

. > [E Result
for author name, default unit system, s
and more.

The Global Definitions node has a Parameters and a Materials subnode by default.
The Global Definitions node is where you can, among other things, 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 Materials subnode stores material properties that can be referenced
in the Component nodes of a model.
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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:

* Datasets, which contains a list of solutions you can v @ Unitied.mph (roct)

work with. > (@) Global Definitions
. . . > [l Component 1 {comp1)
* Derived Values, which defines values to be derived » ~o Study 1
from the solution using a number of v {El Results
: Z Datasets
postprocessing tools. 855 Do values
 Tables, which is a convenient destination for the % Tables
. Export
Derived Values or for Results generated by probes = -
E eports

that monitor the solution in real-time while the
simulation is running.

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

« Reports, which collects reports about the model in the HTML, Microsoft®
Word, and Microsoft® PowerPoint formats.

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 the Results
node and choosing from the list of plot types. In addition, you can add an
Evaluation Group node, which is similar to the Derived Values node but with tightly
associated Evaluation Group tables, and a Parameters node for parameters used
exclusively in Results.

THE COMPONENT AND STUDY NODES

In addition to the three nodes just described, there are T
. v @ Untitled.mph (root)
two additional top-level node types: Component nodes > (@ Global Definitions

and Study nodes. These are usually created by the Model > W Component 1 {comp1)
. . » ~db Study 1
Wizard when you start a new model. After using the » [ Results

Model Wizard to specify what type of physics you are

modeling and what type of Study (for example,

steady-state, time-dependent, frequency-domain, or eigenfrequency analysis) you
will carry out, the Model Wizard automatically creates one node of each type and
shows you their contents.
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» () Global Definitions

It is also possible to add
more Component and Study  ~ & Component 1 fcomp1)

nodes as you develop the ’ gz::j':;;: % Add Physics
model. A model can contain & Materials “ Add Muliphysics
multiple Component and > /B Heat Transferin So 4 Add Mathematics
Study nodes and itwould be ;i;:?h ! [ Insert Physics
confusing if they all had the [= Step 1: Stationary [ Insert Physics From
> [ Results Moving Mesh »

same name. Therefore,
these types of nodes can be
renamed to be descriptive of 12 Topelogy Optimization

Deformed Geormetry v

their individual purposes. . Shape Optimization ’
. E Parameter Estimation
If a model has multiple R
Ao Add Mesh
Component nodes, they can
Copy as Code to Clipboard 3
be coupled to form a more
.. E] Copy Ctrl+C
sophisticated sequence of I ol
. . elete — Del
simulation steps. -
=[1 Rename — F2
Note that each Study node S settings
may carry outa dlfferent Properties and Comments
type of computation, so B Hep I
each one has a separate
Compute button =. 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 another that models the coil housing. You can then rename
cach 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 Model Bu i_l_d?_r
the model is saved. The Global Definitions  * - e
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.

v Zv W~

~ @ Coil_Assembly.mph (root)
» () Global Definitions

> [l Coil (fcomp1)

> [l Coil Housing (comp2)

» rdb Stationary

» b Frequency Domain

>

& Results
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PARAMETERS, VARIABLES, AND SCOPE

Global Parameters

Global 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 (simulations that are repeated for a variety of
different values of a parameter such as a frequency or load).

A global parameter expression can contain numbers, global parameters, built-in
constants, built-in and user-defined functions with global 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 239. Because
these expressions are evaluated before a simulation begins, global parameters
cannot depend on the time variable, t. Likewise, they cannot depend on spatial
variables like x, y, or z, nor on the dependent variables for which your equations
are solving.

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

You define global parameters in the Parameters node in the model tree under
Global Definitions.

Maodel Builder Settings
— T =t v B~ Parameters
e
- Label: Parameters 1 ,%
v & busbar.mph (root)
v (1) Global Definitions v Parameters
Pi Parameters 1 o
% Default Model Inputs Name  Expression Value Description
i) Materials L 9[cm] 0.09m Length
v 1) "
] Cumpu.nentT (comp1) rad_1 §[mm] 0,006 m Bolt radius
> Definitions .
» [A] Geometry 1 thb S[mm] 0,005 m Thickness
> 5 Materials whb S[cm] 0.05 m ‘Width
> X Electric Currents ) rnh 3[mrm] 0.003 m Mazximum element size
> @ Heat Transfer in Solids (ht) hte 5[W/m*2/K] 5 W/(m*K) Heat transfer coefficient
>ty Multiphysics Viot 20[mV] 002V Applied voltage
> /A Mesh1
v oo Study 1

IZ Step 1: Stationary - .
2y = + [ =
> [r. Solver Configurations t tH +

> B Results e
Vot

Expression:

20[mV]

Description:

Applied voltage
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Note that you can add multiple Parameters nodes and they will be named
Parameters |, Parameters 2, etc. In addition, Parameters can be organized into
several cases and then swept over. For more information, see “Parametric Sweeps”
on page 169.

The following spread shows an example of a customized desktop with additional
windows.
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QUICK ACCESS TOOLBAR

SETTINGS WINDOW

CI £ 9~ v =
File Home  Definitions  Geometry Materials
Application  Model Component Add
Builder  Manager 1 Component v
MODEL BUILDER Workspace Model
WINDOW
Model Builder v B
- = Bt~ L 23
T ¢ (¢]
v @ automotive_muffler.mph (roof)
v (7 Global Definitions
Pi Parameters 1
£ Default Model Inputs
5 Materials
v [l Component 1 (comp1)
> = Definitiens
> Geometry 1
> Materials
~ (1) Pressure Acoustics, Frequency Domain (acpr]
25 Pressure Acoustics 1
MODEL TREE D Sound Hard Boundary (Wall) 1

5= Initial Values 1

> (@ Plane Wave Radiation 1
@ Plane Wave Radiation 2
i Interior Sound Hard Boundary (Wall) 1
A Mesh 1
Study 1
Results

% Derived Values
> FH Tables
Wil Acoustic Pressure (acpr)
~ il Seund Pressure Level (acpr)

™ Surface 1
> il Acoustic Pressure, lsosurfaces (acpr)
v~ Transmission Loss

[ Reports
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RIBBON
5 0 4, ¥ automotive_mufflermph - ultipHysics
[ & ffler.mph - COMSOL Mul
Physics Megh Study Results Developer Sound Pressure Levgl (acpr)
. P= Variables v = Import mh ol
Bi ’ . = \"_))/‘ e
Parameters |0 Functions Build ' bvelink~ Add Pressure Add
- Parameter Case Al Dot Lbraries | Material Acoustics, Freq... +  Physics
Def|nitions Geometry Materials Physics
Settings Graphics
Suriace AR Ly =kl |[S
Plot M= 4
freq(91)=1000 Hz
Label: Surface 1 15
v Data
Dataset:  From parent -

v Expression —+ =i~ =av
Expression:

acprlp.t

Unit:

dB -
[ Description:

Total sound pressure level
> Title
> Range

~ Coloring and Style

Coloring: Color table -
Color table: B Hranbow ~ = 0.05
Color legend
]
Color table transformation: |~ None - m
Colortable type: Continuous - -0.05
Scale: Linear -
[] Wireframe
> Quality
z
> Inherit Style M m
v
Messages Progress Log Point Ma
e 3 B0 E@ VO EI

freq (Hz) | Intensity (W/m*2), Point: 10 | Intensity (W1

10000 |-41705E-8 2353469
6917566 1.8054E-8
2714668 254189

20000 |-45304E-8 -3.2673E-9
TTTISEG 2024488



GRAPHICS WINDOW

DYNAMIC HELP — Continuously updated with online access to the
Knowledge Base and Application Gallery. The Help window enables
easy browsing with extended search functionality.

AU
+

Add
Mathematics

B A

Build  Mesh
Mesh 1~

jels)
ers) 1
Add
Study

Study
1w

Compute

Mesh Study

Lo

Q- a- EO 8-

Total scund pressure level (dB)

<)

rix Evaluation
9 F =
Intensity (W/m”2), Point: 53
1.3403E-4

142), Point: 12

[

Sound Pressure
Level (ac... ~

Results

ds

20

80

70

60

50

40

30

20

Add Plot
Group ~

& = 5

Result Windows
Templates -

Reset
Desktop ~

Layout

Help
e L

Q

COMSOL Multiphysics = COMSOL Multiphysics Reference Manual =
Results Analysis and Plots > Plot Groups and Plots > Surface (Plot)

Surface (Plot) I

Use 2 Surface plot to display 2 quantity on a domain in 20 ( [Jl] ) or on
aboundary in 30 (T)). Add Deformation, Filter, Image (Plot Attribute)
Marker, Material Appearance, Selection (Plot Attribute}, Transformation

Transparency (3D and 2D with 3 Height Expression), Visual Effects (3D

and 2D with a Height Expression), or Height Expression (20 only)
subnodes as needed. Right-click a 2D Plot Group or 3D Plot Group to
add a Surface plot. It is possible to use data from a 2D dataset to create
an embedded surface plot in 3D, on the xy-plane at z = 0. You can also
create a Surface plot from the Evaluation Group contextual ribbon

toslbar for plotting an evaluation group.

« Go to Common Results Node Settings for
links to information about these sactions:

= Data, Expression, Title, Range, Coloring -

< Previous Section Next Section »

Plot 1
RQR-HWEDE a &~

Transmission loss

Transmission loss

Transmission loss (dB)

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.

2.2030E-9

-8.4703E-10

1.2363E-4

200 400 600 800 1000

6.7715E-9
245GB|3.29GB

Frequency (Hz)

® I |

=]

INFORMATION WINDOWS

PROGRESS BAR WITH CANCEL BUTTON J
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Results Parameters

For greater flexibility, it is possible to define parameters that are only used in the
Results node. Using these parameters does not require resolving the model.

Model Builder Settings

— ® St ¥ ty B~ Parameters

iji
4

~ Parameters
v < busbarmph (root)
b3

() Global Definitions " N ; . “ . .
> @ Component 1 (comp 1) ame XPIESSIon Tz escription
» b Study 1 iso_level 309.5[K] 309.5K Isosurface level
v [E Results

Fj Parameters

Datasets

Result parameters may depend on other parameters and built-in functions.

Variables

Variables have associated Variables nodes in the model tree and can be defined
either in the Global Definitions node or in the Definitions subnode of any Component
node.

~ & busbar.mph (root)
» (1 Global Definitions

B Component 1 {comp1)
v = Definitions
2= Variables 1
» g Selections
av Average 1 (aveop )

Naturally, the choice of where to define the 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, such
as temperature T or voltage V, in addition to their space and time derivatives.

If you have a model with many Variables nodes it may be useful to group them
together by using the Node Group feature, as shown below. You access this menu
by right-clicking the Definitions node.

= Show More Options...
MNode Group

E Group by Type

Node groups can be used to group nodes in Global Definitions, Definitions under a
Component, Geometry, Materials, physics interfaces, and results.
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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, in the
application tree under the Declarations node. Such variables can also be used in
model methods.

Scope

The “scope” of a parameter or variable is a statement about where it may be used
in an expression. All global parameters are defined in the Global Definitions node
of the model tree as a Parameters subnode. 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, as a Variables
subnode, 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 instead defined under the Definitions subnode of a Component
node has local scope and is intended for use in that particular Component (but,
again, not in the 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
a Domain, Boundary, Edge, or Point.
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The figure below shows the definition of two variables, q_pin and R, for which the
scope is limited to just two boundaries identified by numbers 15 and 19.

Settings

ariables
Label: Variables 2 B

Geometric Entity Selection
Geometric entity levek  Boundary -
Selection: = Manual .

15

=a

B (5P i o
=

~ Variables

L3
Name | Expression Unit | Description
qpin | mussqr(3T(1+ mut2))(r_pin“omega)*Ybar(T[1/K[MPal"step ((T_melt-T[1/K]) | W/m® | Surface heat source, pin-warkpiece interface

R sqr(cA 2+yA2) m  Distance in xy-plane from tool center axis

Vil 55 ~ Beh~
Name:
q_pin
Expression:
mu/sqrt(3*(1+mu*2))7(r_pin*omega)™Ybar (T 1/K])[MPa]"step ((T_melt-TI[1/K]}

Description:

Surface heat source, pin-workpiece interface

Such a group of numbers is called a Selection and can be named and then
referenced elsewhere in a model. This can be useful, for example, when defining
material properties or boundary conditions that will use the variable at certain
boundaries but not elsewhere. To give a name to the Selection, click the Create
Selection button ( %) to the right of the Selection list.

Although the variables defined in the Variables node under the Component >
Definitions subnode are intended to have local scope, 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
the names are joined by a “dot”. In other words, if a variable named foo is defined
in a Component node named MyModel, then this variable can 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.
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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 (a name already used by the software) for a user-defined

variable, parameter, or function, the text you enter will get a yellow squiggly

underline (indicating a warning) or a red squiggly underline (indicating an error)

and you will get a tooltip message if you hover over the text string.

Some important examples are:

» Mathematical constants such as pi (3.14...) or the imaginary unit i or j

+ DPhysical constants such as g_const (acceleration of gravity), c_const (speed
of light), or R_const (universal gas constant)

e 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)

e Mathematical functions such as cos, sin, exp, log, 1log10, and sqrt

See “Appendix C — Language Elements and Reserved Names” on page 239 for
more information.

The Application Libraries

The Application Libraries are collections of MPH files containing tutorial models
and runnable applications with accompanying documentation. Tutorial models
show how to use the Model Builder and have documentation that includes
theoretical background and step-by-step instructions. Runnable applications have
instructions on how to use the application. You can readily inspect and 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.
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To open the Application Libraries window, select Application Libraries i from the
Windows menu in the Home toolbar or from the File menu . Then, search by
application name or browse under a module folder name.

Application Libraries

(3 Refresh [[] Update COMSOL Application Libraries () Application Gallery
Search

» 3 COMSOL Multiphysics
> ¥ AC/DC Module
» ) Acoustics Module
> @3 Battery Design Module
> [ CAD Import Module
v I CFD Module
> [[l Applications
> [ Fluid-Structure Interaction
> [l High Mach Number Flow
> [ Multiphase Flow
> [l Nonisothermal Flow
> [ Particle Tracing
> [ Shallow Water Equations
v [ Single-Phase Flow
air_filter Name

O®o0

backstep Used products
chimney
cylinder_flow_viscoelastic
O hydrocyclone Created in
O les_3d_hill Computation time
O rotating_disk
sports_car Author
O turbulent_mixing
® water_purification_reactor
> [l Thin-Film Flow Created
> [ Verfication Examples
> =1 Chemical Reaction Engineering Module
» €2 Composite Materials Module
» <y Corrosion Module
> B Design Module
» [ ECAD Import Module
> B3 Electric Discharge Module
» ] Electrochemistry Module

Physics interfaces

Last modified

Run Application ] Open

15| Open PDF Document

Help g Close

Stationary Incompressible Flow over a Backstep

This example solves the incompre]
the size of the recirculation regio

backstep
comsoL

Laminar Fl

COMSOL
28 second

COMSOL

Sep 30, 20
Sep 30, 20

Streamine: velocty feld

£

via

Figure 3: The recirculation region visualized using w velocity streamline plo.

Application Library path: CFD_Wodule/Single-Phase_Tutorials/backstep

Modeling Instructions

From the File menu, choose New.

NEW
1 In the New window, click Model Wizard.

MODEL WIZARD

1 In the Model Wizard w lick 30.

2 In the Select physics tree, sclect Fuid Flows Single-Phase Fow>Laminar Fow (spf).
3 Click Add
4 Click Study.

Click Open , Run Application » | or Open PDF Document i=| . Alternatively,
select Help > Documentation from the File menu 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.

The MPH files in the Application Libraries can have three formats — Solved

MPH files, Compact MPH files, or Preview MPH files:

* Solved MPH files, including all meshes and solutions. In the Application
Libraries window, these appear with the @ icon. If the MPH file size exceeds
25 MB, a tooltip 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 in the installation. Some MPH files
have no solutions for other reasons such that the computation time is short
and the results are easily regenerated. You can open these to study the
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settings and to mesh and re-solve. It is also possible to download the full
versions — with meshes and solutions — of most of these when you update
your Application Libraries. These appear in the Application Libraries window
with the () icon. If you position the cursor at a compact file in the
Application Libraries window, a No solutions stored message appears. A solved
version is available for download via the Application Library Update (except
in a few cases where the file is a template related to another, regular, model).

¢ Preview MPH files, with only a model description and thumbnail image
available. These appear in the Application Libraries window with the icon.
The file is a preview of an application or a model file, including the model
description and information about used products and physics interfaces and
the computation time. Solved and compact versions are available for
download. Model documentation will be available if you have specified the
use of online help (see the Reference Manual for details on how to do this).

The Application Libraries are updated on a regular basis by COMSOL. To check
all available updates, click Update COMSOL Application Libraries [7}] at the top of the
Application Libraries window. You can also find this option from the File > Help
menu (Windows® users) or from the Help menu (macOS and Linux® users). This
connects you to the COMSOL website, where you can access new applications
and the latest updates.

Application Libraries

C* Refresh |} Update COMSOL Application Libraries| () Application Gallery
| Search

b [@ COMSOL Multiphysics
b % AC/DC Module
[ 1)) Acoustics Module

If your computer has internet connection, then you can click the Application
Gallery button to access a wide range of additional examples from the COMSOL
website.
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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.

Model Builder

- S Etv Elv Siv v

v 4@ backstep.mph (root)
v () Global Definitions
Fi Parameters 1
4 Default Model Inputs
= Materials
~ [l Component 1 {comp1)

» = Definitions
» Geometry 1
¥ Materials

== Laminar Flow (spf)
s Fluid Properties 1
= Initial Values 1
= wall1
m Inlet 1
= Symmetry 1
m Outlet 1
A5 Mesh 1
» ~db Study 1
v {E| Results
Datasets
2% Derived Values
EH Tables
> Nl Velocity (spf)
» I'.’ Pressure (spf)
~ |@ Velocity, Streamlines
~ == Streamline 1

59 Color Expression 1

Export
[# Reports

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

* Mesh

e Study

* Plot Groups
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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 use the filter text field
above the model tree to display only those nodes that match the search string you

enter here. The Filter Options menu, available in the Model Builder toolbar, has
additional settings for modifying the search results.

Model Builder Settings
— ® Etv Elv - B~ backstep.mph
velocity E Show Children
v 4@ backstep.mph (root) abe Contains Word
v 7 Study ] o | Show Filter Text Field
~ [Tt Solver Configurations
v [ Solution 1 (sal) v Used Products
~ wiw Dependent Variables 1
7. Velocity field (comp1.u) COMSOL Multiphysics
v {E| Results .
i Velocity (spf) ~ Unit System

V@ Velocity, Streamlines 5
You can view the sequence of operations presented in the model tree 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. In the Application Builder, you

can use the Record Method option to view and edit program code statements in the
Method Editor.

As you work with the COMSOL Desktop interface and the Model Builder, you
will grow to appreciate the organized and streamlined approach. However, any
description of a user interface is inadequate until you try it for yourself. 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 Model Builder 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 78.
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Model Wizard

I To start the software, double-click the COMSOL
Multiphysics 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.

COMSOL

Multiphysics 6.4

If you select Blank Model, you can right-click the root node
in the model tree to manually add a Component and a Study. o
For this tutorial, click the Model Wizard button. G o]

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

Blank 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.

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

! !
- T 9 T —
| |
2D 1D
sE Axisymmetric 2E Axisymmetric
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3 In Select Physics, sclect
Structural Mechanics > Solid
Mechanics (solid) = . Click
Add.

Even without add-on
modules, the Solid Mechanics
interface is available in the
Structural Mechanics folder. In
the picture to the right, part
of the Structural Mechanics
folder is shown as it appears
when all add-on modules are
available.

Click Study © to continue.

4 Click Stationary i~ under General
Studies. Click Done & once you

have finished.

General Studies and other preset
studies have solver and equation
settings adapted to the selected

physics, which is, in this example,

Solid Mechanics. A Stationary

study is used in this case — there

are no time-varying loads or
material properties.

Select Physics

(D Recently Used
¥ AC/DC
1)) Acoustics
2% Chemical Species Transport
£ Electric Discharge
el Electrochemistry
== Fluid Flow

Heat Transfer
> e Optics
> &) Plasma
> {2 Radio Frequency
> £ Semiconductor

>
b
b
b
b
b
b
b

v E23 Structural Mechanics
=2 Solid Mechanics (solid) G

[ shell (shell)

€2 Layered Shell (Ishell
[ Membrane (mbrn)

I Beam (beam)

Truss (truss)

b Wire (wire)

@ Multibody Dynamics (mbd)

Added physics interfaces:
2= Solid Mechanics (solid)

e Space Dimension
Help e Cancel [~/ Done

Select Study

~ g General Studies
\.I_.l Eigenfrequency
[0 Frequency Domain
[= Stationary
[VL Time Dependent
Added study:
[~ Statianary
Added physics interfaces:
@ Solid Mechanics (solid)

Add

Remove

G e Study

o

Any selection from the More Studies branch = requires manual settings.
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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 214.

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\COMSOL64\Multiphysics\applications.
Now, import the ready-made geometry file as follows.

I In the Model Builder window, under Component |, right-click Geometry | » and
select Import =.

Model Builder ~voft

= T E- Elv H- ¥

~ & Untitled.mph (root)
v () Global Definitions

Fi Parameters 1

2 Materials
v @ Component 1 (comp1)
» = Definitions
G > Geometry 1
2= Materials 8 Build All s
~ ﬁ;‘ Solid Mechanics | g e
= Linear Elastic "
B Freel [Tl Block
% Initial Values 1 (=~ Cone
s idl\:?h1 ) Cylinder

As an alternative, you can use the ribbon and click Import = from the Geometry
tab.
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2 In the Settings window for Import, from the Source list, if not already selected,

select COMSOL Multiphysics file.

Settings
Import
) Build Selected » [E8 Build All Objects

Label: Import1

~ Source

Source:

COMSOL Multiphysics file G

Filename:

C\Program Files\COMSOL\COMSOLE6M\Multiphysics\applications\ COMSOL_Multiphysics\Structural_Mechanics\wrench.mphbin

W& Browse ¥ [[& Import G

~ Virtual Geometry

Include result from virtual operations

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\COMSOL64\Multiphysics\applications\
COMSOL_Multiphysics\Structural_Mechanics\wrench.mphbin

Double-click to add or click Open.
4 Click Import. The geometry is now displayed in the Graphics window.

In the Import section, there are

two options for locating a file Settings

for import: Browse and Browse mport

From. The Browse OptiOﬂ lets [ Build Selected v [E Build All Objects E&
you import a file from the file Label:  Import 1

system using the Open dialog.
The Browse From option lets
you browse from either the file
system or a Model Manager
database.

~ Source

Source:
COMSOL Multiphysics file
Filename:
wrench.mphbin
W& Browse ¥ [[& Import
& EBrowse

P= Browse From

e e

.- perations
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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 View .-, Zoom Extents i, and
Transparency & buttons in 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 and hold the mouse scroll wheel, and then drag.
- To get back to the original position, click the Go to Default View - button.

Graphics izl
Qa®- &M@l tElkK ¢y @ -G BE 28 @- (< a- el BT S-ad

Rotate: Click and drag

Pan: Right-click and drag s

Also see “Appendix B — Keyboard and Mouse Shortcuts” on page 231 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.

| 43



Geometry Cleanup

The next step is to define material properties. Before doing so, the geometry must
be prepared for analysis, which happens automatically when you click a node
under the Geometry node. This cleanup process removes unnecessary geometric
details like thin gaps, narrow surfaces, and short edges, which could otherwise
impede the analysis by requiring an overly fine mesh.

| Click the Materials node.

Geometry 1

Import 1 (imp1)
[ Form Union (fin)

G 2 Materials
The Geometry Cleanup dialog is opened.
Geometry Cleanup X

= :§ How do you want to clean up the small details

detected in the geometry?

Small details may prevent successful meshing and
simulation.

You can turn off the automatic detection in the
Settings for Geometry.

G Clean Up Automatically Open Wizard Cancel

[1 Remember my choice

The Open Wizard option guides you through each step of the cleanup process,
but in this example, the automatic option is sufficient.
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2 Click the Clean up Automatically button.
After a few seconds, the Cleanup Log window is shown.

Model Builder v 8% Settings
i 9 Cleanup Log
%, Cleanup Wizard

-~ ® El~

~ % Untitled.mph (root) Label:  Cleanup Log =
~ (3 Global Definitions
P| Parameters 1 ~ Result
%) Materials
v [l Compenent 1 fcomp 1) All detected issues were resolved.

Definitions Model modification log

Geometry 1
[ Import1 fimp )
[T Form Unien (fin) v A\ Geometry 1
Remove Details 1 (rmd1) Y, Remaove Details 1 (rmd1) Added node
Cleanup Log

53t Materials

v & Solid Mechanics (solid)

D= Linear Elastic Material 1

Node Modification

5s Freel
IS Initial Values 1
A Mesh 1
v o Study 1
[= Step 1: Stationary

» B Results

2 % of
~ Information

Cleanup detail size: 5.9E-5 m
Cleanup removed 2 faces.

Total cleanup time: < 1 second

Geometry statistics

" Type Number Feature dimensions (minimum/median)
Vertices 266 =

Edges 456 1.41E-4 / 0.00166 (m)

Faces 195 3.59E-4 / 0.00206 (m)

Domains 2 0.01170.0141 (m)

The geometry has one connected component. There are no isolated entities.

The Cleanup Log window provides information on whether the cleanup was
successful, the specific actions applied, and other details related to the geometry
model. The cleanup process added a Remove Details node to the Geometry
sequence.

In the Remove Details window, you can see which features were removed. In this
case, 4 vertices were ignored, and 6 face regions were collapsed. These operations
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improve mesh quality, reducing the number of elements and leading to more
efficient computations.

Model Builder v B % Settings
-~ @ Et~v Elv i~ le Remave Details
LG - il
e o Build Selected Build Al
v & Untitled.mph (root) Label: Remove Details 1 =
v (7 Global Definitions
P; Parameters 1 ~ Automation
5 Materials
« {@ Component 1 (comp ) Mode of operation: ~ Automatic -
> = Definitiens

Geometry 1 ~ Entities to Process

= Import 1 (imp 1)
[0 Form Union (fin)
Remove Details 1 (rmd 1)
Cleanup Log
s Materials
~ 3 Solid Mechanics (solid)

Entities:  Entire geometry -

Details to Remove

Vertices with continuous tangent

Short edges
2% Linear Elastic Material 1 .
D Freel
25 Initial Values 1 SIS
A Mesh 1 Narrow face regions
v b Study 1 Thin domains
|7 Step 1: Stationary
> I Results ~ Parameters
Detail size: Absolute -
Maximum absolute size: 5.9E-5 m
Continuous tangent tolerance: 3 deg

~ Information

** Type of removal Removed entities
Ignored vertices 4
Ignored edges 2
Collapsed face regions 6

Last build time: < 1 second
Built with: COMSOL £.4.0.293 (win64), Dec 10, 2025, 3:04:43PM
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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 the Model Builder.

I Open the Add Materials window.

You can open the Add Materials G &1 Materials

window in either of these two v & Solid Mech #ei Add Materialfrom Library
0= LinearE B Browse Materials

ways: =
a Freel .
- Right-click Component | > 25 Initialy F5° BlonkMatera
£ Mesh 1 Layers »

Materials :: in the Model Builder
window and select Add Material
from Library .

- From the ribbon, select the Home tab and then click Add Material.

. . Add Material N GX
2 In the Add Material WlndOW, Cth to () Add to Global Materials + -~ Add to Component =
expand the Built-In folder. Scroll down to Sz
find Structural steel, right-click, and i Perfect vacuum
== Polysilicon
select Add to Component 1. it Lead Zirconste Titenate (PZT-5H)
22 Rubber
== Silica glass
. . . . 2= Silicon
3 Examine the Material Contents section in % Solder, 60Sn-40Pb

25 Steel AISI 4340
Structural steel
Add to Global Materials

Link in Global Materials

the Settings window for Material to see
the properties that are available.
Properties with check marks are used by

the physics in the simulation. G (2L

Link in Component 1 (comp1)

v Material Contents

Property Variable Value Unit Property group
[ | Density rthe 7850[kg/m"3]  kg/m* Basic
G =4 Young's modulus E E(T) Pa Young's medulus and Poissen's ratio
[+ | Poisson's ratio nu nu(T) 1 Young's medulus and Poissen's ratio
Isotropic structural loss factor eta_s 0.02 1 Basic
Relative permeability mur_iso ; murii =... | 1 1 Basic
Heat capacity at constant pressure Cp AT5) (kg*K)] 1/ (kgK) Basic
Thermal conductivity k_iso ; ki = k_iso,.. | 4L5W/m* K] W/ (m-K) Basic
Electric conductivity sigma_iso ; sigm... [4.032e6[S/m] | S/m Basic
Relative permittivity epsilonr_iso ; eps.. | 1 1 Basic
Coefficient of thermal expansion alpha_iso ; alphai... | 12.3e-6[1/K] 1K Basic
L L R ' 20111021 Aiond e —— -

4 Close the Add Material window.
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Note that some properties are available as functions of temperature T. If
you have no heat transfer physics defined in a model, then this temperature
is taken from the Default Model Inputs under Global Definitions.

See the busbar tutorial sections “Materials” on page 92 and “Customizing
Materials” on page 141 to learn more about working with materials.



Global Definitions

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

Parameters

I In the Model Builder window, under Global Definitions @, choose Parameters
I ».
~ 4@ Untitled.mph (roct)
~ () Global Definitions
P Parameters 1
4% Default Model Inputs

& Materials
v [l Component 1 {comp1)

2 Go to the Settings window for Parameters |. In the Parameters 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

L . -
Mame | Expression Value Description

F 150[N] 150N Applied force G

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

The sections “Global Definitions” on page 84 and “Parameters, Functions,
Variables, and Couplings” on page 136 show you more about working with
parameters.
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So far, you have added the physics and J .
study, imported a geometry, added the Model Builder

. — ‘= =t > B~
material, and defined one parameter. The © '
e
Model Builder node sequence should now -
~ . v @ Untitled.mph (root,
match the figure to the right. The default & Global b (root)
v (i) Global Definitions
feature nodes under Solid Mechanics are Pi Parameters 1
. . . »
indicated by a D in the upper-left corner of & E:fa“!t |MDdE| Inputs
. 2 Materials
the node icon i=. « [@ Component 1 (comp1)
The default nodes for Solid Mechanics are: y 2::;‘::;‘1
Linear Elastic Material, Free, and Initial T Import 1 (imp )
values' Form Union (fin)
. Remove Details 1 {rmd 1)
The node Linear Elastic Material is the £ Cleanup Log
default material model for the Solid v &8 Materials
. . . > EpE Structural steel (mat1)
Mechanics interface. The node Free is a v &5 Solid Mechanics (solid)
boundary condition that allows all iS5 Linear Elastic Material 1
: : % Freel
boundaries to move freely without a -
. . e Initial Values 1
constraint or load. The node Initial Values A Mesh 1
is used for specifying initial displacement v ls_tudsw -
. . — Step 1: Stationary
and velocity values for a nonlinear or > B Results
transient analysis (not applicable in this
case).

The default physics nodes cannot be removed. Instead, you specify physics settings
that deviate from that of the default nodes by adding additional nodes. These
additional nodes can override or contribute to the settings of the default nodes as
well as other nodes. For more information, see “Override and Contribution:
Exclusive and Contributing Nodes” on page 153.

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 Save As. Browse to a folder where you have write
permissions and save the file as wrench.mph.
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Physics and Boundary Conditions

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

conditions.

I In the Model Builder window,

. . . . ~ # wrench.mph (root)
right-click Solid Mechanics > @ Global Definitions
(solid) = and sclect Fixed v [ Component 1 (comp)

. » = Definitions
Constraint = .

¥ Geometry 1
This boundary condition > &8 Materials
. h d l f G ~ @ Solid Mechanics (solid)
constrains the displacement o BB Lincar Elastic Materi
each point on a boundary s Freel
~ . D [
surface to be zero in all = Initial Velues |
. . A5 Mesh 1
directions. v ~b Study 1
[~ Step 1: Stationary
You can also use the ribbon > [ Results

and, from the Physics tab,
select Boundaries > Fixed
Constraint.

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

Material Models
Volume Forces
Domain Constraints
More

Boundary Load
Fixed Constraint

Prescribed Displacement

Rallar

3 Click the Go to Default View button ... in the Graphics window to restore the

geometry to the default view.

Graphics G

Qa@D~ & [l x ez k.

Go to Default View
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4 In the Model Builder window, right-click Solid Mechanics (solid) = and select
Boundary Load. A Boundary Load node = is added to the Model Builder sequence.

w @ Solid Mechanics {solid)
fi Linear Elastic Material 1
%= Freel
= Initial Values 1
m Fixed Constraint 1

G ry Boundary Load 1

A5 Mesh 1

The “warning” attribute displayed on the Boundary Load node indicates that its
boundary selection is empty. The next step will be to select a boundary.

5 In the Graphics window, click the Zoom
Box button « and then click 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.

6 Sclect the top socket face (boundary
109) by clicking the boundary to
highlight it in blue and add it to the
Selection list.

7 In the Settings window for Boundary

Load, under Force, sclect Total force as v e

the Load type and enter -F in the text SR

field for the z component. The negative Kool foece -
sign indicates the negative z direction Fror || User defined =
(downward). With these settings, the 0 A

load of 150 N will be distributed - y N
uniformly across the selected surface. 6 - -
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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 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.

ADDING A PARAMETER DIRECTLY FROM A TEXT FIELD

As an alternative to the method shown above, you can add or edit a parameter
directly from a text field. For example, in the case of the wrench model, first type
the value of the Total force in the text field for the z component. Then, right-click
the text field and select Create Parameter from the dropdown menu to open a
Create Parameter dialog, as shown in the second figure below.

v Force
Load type:
Total force =
Fiot User defined -
0 x
0 y | N
-130[N] Iz
Fi Create Parameter
Copy Ctrl+C
Paste Ctrl+V
Select All Ctrl+ A

In this dialog, you can enter a parameter Name and Description.

3 Create Parameter *

Marme: F2
Expression:  -130[N]
Value: -150N
Description:  Applied force

oK Cancel
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The parameter is now added to the list of Parameters, as shown below.

Settings

Parameters
Label: Parameters 1

~ Parameters

L . -
Mame | Expression Value Description

F 150[N] 150N

Applied force
F2 -150[M] -150 N

Applied force

To edit a parameter, select the parameter in an edit field, right-click, and choose
Edit Parameter.

v Force

Load type:
Total force

Fiot User defined

P Create Parameter

Fiy  Edit Parameter

Note that when you hover over edit fields and table cells, a tooltip shows the value
of the parameter or expression. This only works when the value is a constant.

v Force

Load type:
Total force

Fiot User defined
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As an alternative to editing parameters, you can also use the Data Viewer window,
which can be opened from the Windows menu in the Home tab.

Data Viewer

MName Value

~ P Parameters 1
v &8s F 1500 N
abe Expression  130[N]

This window remains open in the COMSOL Desktop until you choose to close it.

SELECTING BOUNDARIES AND OTHER GEOMETRIC ENTITIES

When a boundary is unselected, its color is typically gray. The exception is when
you use the material Appearance setting available in Materials; sce page 96. To
select a boundary, first hover over it. This highlights the boundary in red,
assuming the boundary was previously unselected. Now, click to select the
boundary by using the left mouse button. The boundary now turns blue. Its
boundary number will appear in the Selection list in the Settings window of the
corresponding boundary condition. Once a boundary is selected and you hover
over it again, the boundary turns green. If you click a boundary highlighted in
green, the boundary is deselected and now turns gray again. The same technique
for selecting and deselecting is applicable to geometry objects, domains,
boundaries, edges, and points.

The figure below shows the different selection states for a boundary.

Highlighted for selection Selected Highlighted for deselection

To select internal surfaces that are hidden behind the one closest to you, use one
of the following methods to cycle through the boundaries at the mouse pointer:
roll the mouse scroll wheel, use the keyboard + and - buttons, use the keyboard
arrow-up and arrow-down buttons, or use two-finger drag on a touchpad.
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When hovering over a boundary, information about the boundary number and
surface normal direction is displayed in the upper-left corner of the Graphics
window, as shown in the figure below.

Graphics
QRQR- $HL- Bk G w6

—109 | Up

Similarly, when selecting domains, edges, and vertices the corresponding
geometric entity number is displayed.

For each boundary surface, the normal vector has a “positive” and “negative”
direction, referred to as the up and down direction, respectively. When hovering
over a surface, the information display shows which normal direction is currently
pointing toward you. This information can be useful, for example, when defining
more advanced boundary conditions, especially on material interfaces.

SELECTING USING THE GRAPHICS WINDOW CONTEXT MENUS

As an alternative selection method, you can right-click in the Graphics window and
choose one of the options for domain, boundary, edge, or point selection.

56 |



For example, to assign a Boundary Load boundary condition, first right-click and
select New Boundary Selection, as shown in the figure below.

Zoom te Selection
Measure

Select Box

Zoom Box

Zoom Extents

New Domain Selection
New Boundary Selection

New Edge Selection

IR ED®a

New Point Selection

o Clipping s

Copy Image Ctrl+C

GoTe 3

- Il

Help

Click to select the boundaries to which you would like to apply the boundary
condition. (In this case, the top socket face; boundary 109.) Then, right-click
again and select Boundary Load, as shown in the figure below.

Boundary Load
Fixed Constraint

]
[~ ]
mw Prescribed Displacement
[~ ]

Roller
Connections 3
More Constraints 3
‘il Zoom to Selection
= Measure
40 Hide
Geometric Entity Level 3

; %i Show Selection for Solid Mechanics (solid)

Clipping y =

@ Copy Image Ctrl+C
GoTo 3

Help

You can also use this method to add additional boundaries to the selections of an
already created boundary condition. In the example above, you could, for
example, while having the Fixed Constraint node selected, select the menu option
Add to Boundary Selection for Fixed Constraint | (although it wouldn’t be applicable
in this example).
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SELECTING USING CLIP PLANES

For selecting geometric entities inside complicated CAD models, you can use clip
planes, clip boxes, clip spheres, or clip cylinders. You select these from the graphics
toolbar by clicking the Clipping toolbar button.

® - - @
Add Clip Plane
Add Clip Box
Add Clip Sphere
Add Clip Cylinder

HHH B

By selecting a Clip Plane, for example, you can quickly hide all parts of a model that
is on one side of the plane. The figure below shows a clip plane used to select one
of the interior boundaries of the wrench model.
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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 tetrahedra. 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. The strains are computed by differentiating the
displacement field. Then, the stresses are computed from the strains using the
material properties.

In this example, a coarser mesh is sufficient to capture the variations in the stress

field and provide reasonably accurate results. Refining the mesh to improve

computational accuracy usually comes at the cost of slower performance and

higher memory usage.

I In the Model Builder, under Component I, click Mesh | 4 . In the Settings window
for Mesh, under Mesh Settings, sclect Coarser from the Element size list.

ttings
Mesh
[E2 Build All

. LN
’]

Label:  Mesh 1 5
v Sequence Type

Physics-controlled mesh =
~ Physics-Controlled Mesh

Element size: Coarser -
Extremely fine

Extra fine
Geometric An e,

L]
Contributo

Solid Mechani Fipe
MNormal
Coarse
Coarser
Extra coarse
Extremely coarse

2 Click the Build All button = in the Settings window or in the Mesh toolbar.

With the resulting mesh, the model will require about 6 GB of RAM to solve.
If you have a computer with less memory than that you can select Extra coarse
or Extremely coarse from the Element size list (instead of Coarser.)
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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 (this may vary a bit
depending on the version you are running).
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Study

In the beginning of setting up the model, you selected a Stationary study, which
implies that a stationary solver will be used. For this to be applicable, the
assumption is that the load, deformation, and stress do not vary in time. To start
the solver:

I Right-click Study I - and select £ Mesh 1
Compute = (or press F8). G o S
> B Results == Compute F8
After a fe\fv sec'onds of (L GetInitial Value
computation time, the default plot MM Show Default Solver
is displayed in the Graphics Plots v

window. During computation, a

Progress window shows progress information from the solvers. After the
computation 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 dropdown menu in the Home tab of the ribbon.

Messages Progress Log

avVm s

————— Dependent.Variaﬁles 1 in Study 1/Sclution 1 (scll) >4
<--—— Stationary Solver 1 in Study 1/Sclution 1 (scll)

Started at Dec 11, 2025, 5:14:16FM.

Linear sclver

Number of degrees of freedom sclved for: 504279 (plus 1 internal DOFs).

Symmetric matrices found.

Scales for dependent wvariables:

Displacement Field (compl.u): 1

Orthonermal null-space function used.

Iter SolEst Damping Stepaize #Res #Jac #5cl LinErr LinRes
1 0.91 1.0000000 0.91 1 1 1 2.7e-0%9 6.5e-09

Solution time: 9 3.

Physical memeory: 5.7% GB

Virtual memory: 6.47 GB

Ended at Dec 11, 2025, 5:14:25FM.

————— Staticnary Solver 1 in Study 1/Sclution 1 (scll) >4
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Results

The von Mises stress is displayed in the Graphics window in a default Volume plot
with the dis flacement visualized using a Deformation subnode. Change the default
unit (N/m?) to the more suitable MPa as shown in the following steps.

I In the Model Builder, expand the Results > Stress

v Resu-l s
(solid) @ node, then click Volume | . & R

Datasets
Derived Values
EH Tables
~ W@ Stress (solid)
G > ) Volume 1
& Export
[# Reports

2 In the Settings window under
Expression, from the Unit list, select
MPa (or type MPa in the field). Expression:

solid.misesGp

v Expression > Ev =

Unit:

G MPa -

[] Description:

von Mises stress
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Click the Plot button & in the Settings window for the Volume plot and then
click the Go to Default View button ... in the Graphics window.

The von Mises stress distribution is shown in the bolt and wrench under an
applied vertical load.

Volume: von Mises stress (MPa)

You can add additional predefined plots by selecting from the list defined by
Results Templates under Results or by clicking the corresponding button from
the ribbon Home tab.

» ~db Study 1
~ @ Results
Data WM 3D Plot Group
2 Dern ] 2D Plot Group

i Tabl 1D Plot Group
~ il Stres
~ @\ &) Polar Plot Group

_ [El Evaluation Group

Expo

[# Repe Configurations
Fi Parameters

Plot All

Result Templates

*

8i

Show More Options...
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4 You can, for example, visualize the applied load distribution. Right-click Results
and select Results Templates. In the Results Templates window, select Solid
Mechanics > Applied Loads > Boundary Loads and click Add Result Template.

Result Templates
—+ Add Result Ternplate (™ Reload
Type filter text
~ T Study 1/Solution 1 (s0l1)
v =2 Solid Mechanics
i'i Stress (solid)
il Displacement (solid)
2 Applied Loads (solid)
il Boundary Loads (solid)
@ Total Reaction Forces and Moments (Solid Mechanics)

]

The resulting plot shows the boundary load using arrows.

Graphics =)
Qaa@-@ L wkkn o (@ G-@8

For our purposes we are not interested in the stress in the bolt. We can selectively
visualize the stress in just the wrench by adding a Selection node.
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I Right-click the Stress > Volume | node and select Selection =, .

v {E| Results
Datasets
&4z Derived Values
EH Tables
~ i'i Stress (solid)
> I Volume 1
> Nl Boundary Loar Plot
Export Plot In
[# Reports
*. Filter
& Image
= Marker
252 Material Appearance

Selection 0

.~ Transformation

m | i

2 In the Graphics window, click the wrench, domain 1.

Model Builder Settings
— =+ 1+ | T =t~ Selection
Type filter text (&) ot
v @ wrench.mph (root) Label:  Selection 1 =
» () Global Definitions
> [l Compenent 1 (comp1) v~ Selection
» ~db Study 1
v {E| Results Selection: I Manual -
Datasets " w —
2% Derived Values = hH
EH Tables El o
~ i“ Stress (solid) -
v Volume 1 =

== Deformation
:—.‘ Selection 1
» i'i Boundary Loads (solid)
= Export
[# Reports
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3 Click Plot to see the visualization.

Volume: von Mises stress (MPa)

For a typical steel used for tools like a wrench, the yield stress is about 600 MPa,
which means that we are getting somewhat 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.misesGp>200[MPa]. (The suftix Gp indicates that the stress
variables are obtained from the so called finite element Gauss points.)

I Right-click the Results node @ and add a 3D Plot Group W .

~ {E| Results
> i Datz | i

ez Derir ]

FH Tabl
v [l Stre:

& & ¢

Pi
=,
=
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2 Right-click the 3D Plot Group 3 node @ and select Volume @ .
v {E| Results

> # Datasets
2% Derived Values
EH Tables
Nl Stress (solid)
VB Boundary Loads (solid)
VB 3D Plot Group 3

oo

B Export Plot
[ Reports Plot In
a Volume G
@ Arrow Volume
™) surface
3 In the Settings window for Volume, click : L
A v Expression Eiv =iv
the Replace Expression button == and
. E ion:
select Model > Component | > Solid S
. o N solid.misesGp = 200[MPa]
Mechanics > Stress > solid.misesGp - von Ui
nit

Mises stress - N/m? by double-clicking.
When you know the variable name
beforehand, you can also directly enter
solid.misesGp in the Expression field.
Now edit this expression to:
solid.misesGp>200[MPa].

[] Description:

solid.misesGp= 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.
4 Change the Color table to RainbowLight and click the Plot button = .

5 In the Model Builder window, click 3D Plot Group 3. Press F2 and, in the Rename
3D Plot Group dialog, enter Safety Margin. Click OK. Alternatively, edit the label
at the top of the Settings window.

Note that it is sometimes quicker to right-click a Plot Group, select
Duplicate from the menu, and then make the necessary changes to the
plot settings.

The resulting plot shows that the stress in the bolt is high, but the focus of this
exercise is on the wrench. If you wish 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 by making it wider.

Volume: solid.misesGp>200[MPa]

x10°

02

‘/,\I/'x

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.
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Convergence Analysis

The results from a simulation software such as COMSOL Multiphysics can
shorten design times dramatically by, for example, reducing the number of
experiments or product tests. However, simulation software is not a substitute for
real-world testing. This is especially important if there are risks for physical or
environmental damage. One way to reduce (but not eliminate) the risk of drawing
the wrong conclusions from simulation results is to perform a 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. Note that since the mechanical
contact between the bolt and the wrench is approximated with a material
interface boundary condition, there will be stress singularities in this area.
Due to this, we will neglect the stresses there and focus on the handle. A
more detailed analysis including mechanical contact can be done with the
Structural Mechanics Module.

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 ..

2 In the Settings window for Velume Maximum, under Selection, choose Manual and
select the wrench, domain 1, by clicking the wrench in the Graphics window. We
will only consider values in the wrench domain and neglect those in the bolt. In
addition, since we are only interested in the stress values in the handle, which
we can achieve by multiplying the stress variable with the expression
(x>-0.045).

3 In the first row of the Expressions table, in the Expression column, type
solid.mises*(x>-0.045).
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4 In the Expressions table, type MPa as the Unit.

Settings
Volume Maximum

= Evaluate «

Label: Volume Maximum 1

v Data

Dataset: Study 1/Solution 1 (sol1)
v Selection

Selection: &% Manual

!

~ Expressions

L . =
Expression Unit

solid.mises*(x>-0.045) |MPa

% ‘. v Eljv
Expression:

solid.mises*(x>-0.045)

(50 [ &

@

+v e

Description

o

In addition, to get optimal accuracy, in the same settings window, in the
Configuration section, change the Point type to Gauss points.

~ Configuration

Find maximum of: Real part

Point type: Gauss points

Integration order: Mesh vertices

[] Include position Eatsspuints

Lagrange points

- @

|

> Data Series Operation

5 In the Settings window for Volume
Maximum, click Evaluate to evaluate the
maximum stress. The result will be
displayed in a Table window and will be
approximately 368 MPa. The value may G 367.58
vary slightly depending on the software
version and hardware platform.
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6 To see where the maximum value is attained, you can, for example, use a
Max/Min Volume plot. Right-click the Results node & and add a 3D Plot Group
. Next, right-click the 3D Plot Group 4 node w and select More Volume Plots
> Max/Min Volume = . Change the name of 3D Plot Group 4 to Max/Min Stress.

7 To plot values in the wrench and not in the bolt, right-click the Max/Min Volume
= node, select Selection, and then select the wrench, domain number 1.

8 In the Settings window for Max/Min Volume, in the Expression text field, type
solid.misesGp* (x>-0.045). Alternatively, you can use a Filter node: Right-click
the Max/Min Volume plot, select Filter, and change the Logical expression for
inclusion to x>-0.045.

9 In the Settings window under Expression, from the Unit list, select MPa (or enter
MPa in the field).

10 Click the Plot button & . This type of plot simultaneously shows the location of
the maximum and minimum values and also their coordinate location in the
table below (the exact values may differ depending on the version you are
running).

Graphics
| ¢ Bll-kkn o & |@e- L B0 & o-ad

Max/Min Volume: solid. misesGp*(x=>-0.045) (MPa)

max: 371.547

Y‘J/’x

Messages Progress Log Maximum and Minimum Values

= S @O VD BN REE BE-
X ¥ z solid.misesGp*x> -0.045) (MPa)

0.066827 |0.0047070 |-9.3433E-4|0.0000
-0.035885|-4.9213E-4/-0.0063864,371.55
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An alternative way of plotting the maximum and minimum stress is to
right-click the Stress > Volume plot and select Marker.

v {E| Results

Datasets
» &2 Derived Values
> E Tables
~ W@ Stress (solid)
~ I8 Volume 1
=3 Deformation

& Selection 1
= Marker 1
> | Boundary Loads (solid)
> | Safety Margin
> §@ Max/Min Stress
& Export
[# Reports

Note that the maximum and minimum values using this approach can
differ somewhat since the evaluation method is slightly different.

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 versus mesh size. First,
we define the parameters that will be used for controlling the mesh density.

I In the Model Builder window, 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.

3 Now, enter another parameter with

Name ho, Expression 0.01/3, and Settings e
Description Initial element size. parameters
This parameter will be used to Label:  Parameters 1 =

define the element size at the
beginning of the parametric sweep.

~ Parameters

. . Expressi Val Descripti
4 In the Model Builder window, under aEEe Tue s
. 150[N] 150N Applied force
Component |, click Mesh | 4. In 1 ; b —
X ement size divider
the Settings window for Mesh, select 0.01/3 0.0033333 Initial elernent size

User-controlled mesh from the
Sequence type list.
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5 Under Mesh 1, delete the Size | node 2J. This setting controls the boundary
mesh and to simplify the setup only the volume setting will be used.
6 Under Mesh 1, click the Size node Al.

7 In the Settings window for Size, under Element

. . ~ Element Size Parameters
Size, click the Custom button.

Mazximum element size:

Under Element Size Parameters, cnter: G Ho/ha
v m
- h0/hd in the Maximum element size ficld. Minimum element size:
- h0/(4*hd) in the Minimum element size ficld. hO/t*hd) m
3 . Maximumn element growth rate:
- 1.8 in the Maximum element growth rate ficld. 13

- 0.1 in the Curvature factor ficld. Curvature factor:

. . . . 01
- 0.2 in the Resolution of narrow regions ficld.

Resolution of narrow regions:

See page 106 for more information on the 02
clement size parameters.

PARAMETRIC SWEEP AND SOLVER SETTINGS
As a next step, add a parametric sweep for the parameter hd.
I In the Model Builder window, right-click Study I ~»

v o Study 1
and select Parametric Sweep A Parametric 12 Parametric Sweep
Sweep node is added to the Model Builder [ Step 1: Stationary

> [fre Solver Configurations
sequence.

2 In the Settings window for Parametric Sweep, under the table in the Study
Settings section, click the Add button + . From the Parameter name list in the
table, select hd.

3 Enter a range of Parameter values to

. Settings
sweep for. Click the Range ... button  ..metic sweep
and enter the values in the Range = Compute C' Update Solution
dialog. In the Start field, enter 1. In = tebek Paremetric Sweep =
the Step ficld, enter 1,and in the Stop | siuqy settings
ﬁeld’ enter 4. Cth Re.place' ThC Sweep type: Specified combinations -
Parameter value list will now display _

Parameter name Parameter value list | Parameter unit

range ( 1 3 1 3 4) . hd (Element size divider) * |range(1,1,4)
The settings above make sure that as e

the sweep progresses, the value of
the parameter hd increases and the
maximum and minimum element sizes decrease.

See page 169 for more information on defining parametric sweeps.

For the highest value of hd, the number of DOFs will exceed three millions.
Therefore, we will switch to a more memory-efficient iterative solver.
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4 Under Study | > Solver
Configurations > Solution I,
expand the Stationary Solver |
node =, and right-click Suggested
Iterative Solver ) and select
Enable. Selecting an iterative
solver option typically reduces
memory usage but may require
physics-specific tailoring of the
solver settings for efficient
computations.

5 Click the Study | node and select

4 o Study 1
Par,

ametric Sweep

Step 1: Stationary

4 [Tp. Solver Configurations

i

3
4

4 ([ Results

Solution 1 {soll)
5 Compile Equations: Stationary
uww Dependent Variables 1
[7% Stationary Solver 1
Direct
é. Advanced
=* Fully Coupled 1
Suggested Direct Solver (solid)

I [ Suggested Iterative Solver (solid) G

Compute =, cither in the Settings window or by right-clicking the node. You can
also click Compute in the Home or Study ribbon tabs. The computation time will
be a few minutes (depending on the computer hardware) and memory usage
will be about 10 GB. If you don’t have this amount of memory on your system,
you can instead use a parametric sweep from 1 through 3, or even 1 through 2.

RESULTS ANALYSIS

Note that after running the parametric sweep, a new default plot node is created
corresponding to the new Dataset Study |/Parametric Solutions I.

Model Builder vof
— T = =1 =4 '.v

~ & wrench.mph (root)
» () Global Definitions
> [l Component 1 {comp1)
» ~db Study 1
v {E| Results
H Datasets
% Derived Values
EH Tables
I'.’ Stress (zolid)
I'.’ Boundary Loads (solid)
& Safety Margin
i Max/Min Stress
I‘i Stress (zolid) 1
Export
[# Reports

W W W W W

Settings
3D Plot Group
Plot = 4=

Label: Stress (solid
v Data
Dataset:

Parameter value (hd

> Selection
> Title

~ Plot Settings

)1

Study 1/Parametric Solutions 1 (sol2)

): 4

View: Automatic

[] Show hidden en

tities

-

As a final step, analyze the results from the parametric sweep by displaying the
maximum von Mises stress in a table.
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I In the Model Builder window, under Results > Derived Values, sclect the Volume
Maximum | node w.

The solutions from the parametric sweep are stored in the Dataset named Study
I/Parametric Solutions I. Now, change the Yolume Maximum settings
accordingly:

2 In the Settings window for Volume Maximum, change the Dataset to Study
I/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 evaluate in a New Table. This evaluation may
take a few seconds, depending on the computer.

4 To plot the results in the Table, click the Table Graph = button at the top of the
Table window (the first few values will vary due to slight mesh variations
between versions for coarser meshes before a more mesh-converged value has
been reached).

Messages Progress Log Table 2 X

= (e Hos|m® V0D =2H >
hd solid.mises*(x>-0.043) (MPa)

1.0000(376.01

2.0000/370.48

3.0000/369.00

4,0000/368.56

solid. mises*(x>-0.045) (MPa)

o

It is more interesting to plot the maximum value vs. the number of DOFs. This
is possible by using the 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 Dataset to Study
I/Parametric Solutions |I.

7 In the Expressions ficld, enter numberofdofs.

You can type the first few characters of the variable name and then use
the keyboard shortcut Ctrl+Space to get a variable suggestion from the
list of available variables.
8 In the Settings window for Global Evaluation, click the arrow next to the Evaluate
button and select the option to evaluate in Table 2, or Table I, depending on
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which previous steps you chose to follow. This displays the DOF values for each
parameter next to the previously evaluated data.

This mesh-convergence analysis shows that the computed value of the maximum
von Mises stress in the wrench handle will decrease from the high original value,
for a mesh with about 250,000 DOFs, to about 369 MPa for a mesh with about
3,400,000 DOFs. If we further refine the mesh we will find that the results will
stay approximately around the value 369 MPa.

The figure below shows the associated Table Graph and Table Graph Settings
window.

Settinas
e Setngs
Table Graph
3755 .
375 [Za Plot
e Label: Table Graph 1 =5
374
g s v Data
5 73
S am2s Source: Table -
i
E 372 Table: Table 2 - &
E 37ms
2 [] Row-based
3705 w-axis data: Mumber of degrees of freedo
370 Plot columns: Manual -
3605
Columns:
369 e
368.5 = hd

solid.mises*(x>-0.045) (MPa)
Number of degrees of freedom (1)

Note that depending on the version of COMSOL Multiphysics that you are
running, the above values may vary slightly due to variations in the number of
elements generated by the meshing algorithm.

As an alternative to Derived Values, you can use Evaluation Groups. An Evaluation
Group shares some of the properties of Plot Groups as well as Derived Values. An

Evaluation Group comes with an integrated table whereas Derived Values outputs to
a table of your choice. In addition, Evaluation Groups allows you to automatically
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reevaluate after solving. To enable this, select the corresponding checkbox in the
Settings window of the Results node as shown in the figure below.

Model Builder Settings
— s St~ i W Results
(&
~ ~ Update of Results
~ @ wrench.mph (root)
> () Global Definitions [[] Only plot when requested
> [l Compenent 1 (comp1) Recompute all plot data after solving
> g Study 1 Reevaluate all evaluation groups after solvin
group g
> [ Results [] Run all exports after solving

~ Save Data in the Model

Save plot data:  Automatic =

In this Settings window you can also request to regenerate all plots after solving.

You add an Evaluation Group in the same way as a Plot Group: by right-clicking the
Results node. The figure below shows an Evaluation Group that performs the same
task as the Derived Values described earlier.

~ r@, Evaluation Group 1
maf Volurme Maximum 1
% Global Evaluation 1

To get optimal accuracy, in the Volume Maximum settings window, in the
Configuration section, make sure the Point type is set to Gauss points.

The figure below shows the corresponding Evaluation Group table.

Messages Progress Log Evaluation Group 1
1= | BB ) B3 B0 ngs | [ % =R EKE =
hd solid.mises®(x»-0.043) (MPa) | Number of degrees of freedom (1)
1.0000(376.01 2.5224E5
2.0000(370.438 9.4986E5
3.0000(369.00 1.9122E6
4,0000(368.56 3.3946E6

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
Multiphysics using the Model Builder. You will learn how to use one of the many
preconfigured multiphysics combinations as well as subsequently add the effects
of physics phenomena not initially included in the analysis. 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 a
high amount of direct current in an industrial setting (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. Busbar bolts are
usually made of steel, but in this example, we will assume a highly corrosive
environment. Therefore, a titanium alloy was chosen.

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 fact that there are different
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 that generates structural stresses and
strains in the busbar and the effects of cooling by an air stream.
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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.
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. A more advanced model that includes multiple busbars in an assembly,
as shown in the figure below, can be found in the Application Library, including
versions for some of the LiveLink™ products for CAD.

- o x

Caortable

B Hextmeson < 2

> Shink Hements

> nheritstyie

2416828468

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 Multiphysics. The following

topics are covered:

» “Parameters, Functions, Variables, and Couplings” on page 136, where you
learn how to define functions and nonlocal couplings.

» “Material Properties and Material Libraries” on page 141 shows you how to
customize a material and add it to your own material library.
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» “Adding Meshes” on page 143 gives you the opportunity to add and define
two different meshes and compare them in the Graphics window.

» “Adding Physics” on page 146 explores the multiphysics capabilities by
adding solid mechanics and laminar flow to the busbar model.

» “Parametric Sweeps” on page 169 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.

» “Parallel Computing” on page 181 gives you an overview of how to solve
on clusters.

¢ “COMSOL Multiphysics Client-Server” on page 185 gives you an
introduction to using the COMSOL Multiphysics client—server mode of
operation.
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Model Wizard

I To open the software, double-click the COMSOL

Multiphysics icon on the desktop.

When the software opens, click the Model Wizard button.

You can also start the Model Wizard at any time by selecting
New from the File menu. Then, choose Model Wizard.

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

o|lb T 9 T —

2D
Axisymmetric

1D
Axisymmetric

2D

3 In the Select Physics window, expand Heat
Transfer > Electromagnetic Heating. Then,
right-click Joule Heating |~ and select Add
Physics. Click the Study © button.

You can also double-click the selected physics
interface 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 window
and selecting Add Physics ;)

Note that 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.

Blank Model

oD

Select Physics

> (D Recently Used
> %} ACDC
> ) Acoustics
> sf Chemical Species Transport
> B3 Electric Discharge
> Tl Electrochemistry
> == Fluid Flow
v |I| Heat Transfer
1B Heat Transfer in Solids (ht)
Heat Transfer in Fluids (ht)
& Heat Transfer in Solids and Fluids (ht)
> |= Conjugate Heat Transfer
> (% Radiation

v | Electromagnetic Heating
= Joule Heating e
# Induction Heating

& Microwave Heating
>f] Laser Heating
X Pyroelectricity

Added physics interfaces:
X Electric Currents (ec)

S

) Heat Transfer in Solids (ht]

v s Multiphysics
! Electromagnetic Heating (emh1)

@ Space Dimension
Help 0 Cancel [+ Done
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4 In the Select Study window, click to
select the Stationary = study type.

Click the Done button.

Choosing a stationary study means
that we are solving for the
steady-state temperature of the
busbar when it has reached thermal
equilibrium with its surroundings.

82 |

Select Study

~ b General Studies
= Stationary .

[ Time Dependent
v ~b Preset Studies for Selected Physics Interfaces
> o Heat Transfer in Solids
» ~dv Electric Currents
~ ~b Preset Studies for Selected Multiphysics
[ Frequency-Stationary
Added study:
[= stationary
Added physics interfaces:
% Electric Currents (ec)
I Heat Transfer in Solids (ht)
~ iy Multiphysics
% Electromagnetic Heating (emh1)

@ Physics
[ 7 B eiar\cs\ [+ pone G



A preconfigured Study has solver and equation settings adapted to the selected
combination of physics interfaces; in this example, Joule Heating.

Note that you may have fewer study types in your study list depending on the
installed add-on modules.

A physics interface is a user interface for a specific physics area that
defines the equations together with settings for mesh generation,
solvers, visualization, and results. A multiphysics interface is a
combination of physics interfaces together with multiphysics couplings.
The Joule Heating multiphysics interface consists of two physics
interfaces, Electric Currents and Heat Transfer in Solids, together with the
multiphysics coupling Electromagnetic Heating that appear in the
Multiphysics branch. This method of mixing physics is very flexible and
makes it possible to use all the capabilities of the participating
single-physics interfaces for multiphysics purposes.

Model Builder vof
+— ® Etv Elv S @~

(&

~ & Untitled.mph (root)
v () Global Definitions
Fi Parameters 1
= Materials
~ [l Component 1 {comp1)
» = Definitions
Geometry 1

22 Materials

w

<

+\_ Electric Currents (ec)
D= Current Conservation in Solids 1

S& Electric Insulation 1
8= Initial Values 1

5] Heat Transfer in Solids (ht)
= Solid 1

8= Initial Values 1

<

5= Thermal Insulation 1

<

.{‘,’3 Multiphysics
% Electromagnetic Heating 1 (emh 1)
A Mesh 1
v oo Study 1
[~ Step 1: Stationary

> [El Results
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Global Definitions

To save time, it is recommended that you 2 xrad |
load the geometry from a file. In that case,
you can skip to “Geometry” on page 88.

On the other hand, if 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 214.

The Global Definitions node @ in the Model
Builder window 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. 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 that are defined under Global Definitions 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 Under Global Definitions @, 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

" MName Expression Value
G L S[cm] G 0.09 m

rad_1 B[mm] 0.006 m

thb 3[mm] 0.005 m

whbb 5[cm] 0.05m

mh 3[mm] 0.003 m
G htc SW/mA2K] |5 W/mEK)

Viot 20[mV] 0.02v

Click the Save button o in the Quick Access Toolbar and name the model

Description

Length

Bolt radius

Thickness

Width

Maximurmn element size
Heat transfer coefficient

Applied voltage

busbar.mph or use the corresponding File menu option. Then, go to “Appendix A
— Building a Geometry” on page 214.
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The Auto Completion and Find Tools

The model tree contains a large number of parameters and variables. To make it
easier to find them, you can use the auto completion and find tools as described
below.

AUTO COMPLETION

You can use Ctrl+Space for auto completion of parameter and variable names. For
example, in the Parameters table, if you click an empty Expression field and then
press Ctrl+Space, you will get a list of parameters and variables, as shown in the
tigure below.

mh 3[mm] 0.003 m Maximum element size
htc S5[W/m*2/K] 5 W/ m~K) Heat transfer coefficient
Vot 20[mV] 0.02V Applied voltage
my_par

~  Model

~ Parameters
L - Length - m
Vtot - Applied voltage - V
htc - Heat transfer coefficient - W/(m*K)
mh - Maximum element size - m
rad_1 - Bolt radius - m
thb - Thickness - m

. whb - Width - m
t - ~ Component 1 (compT)
Marme: > Functions
my_par ~ Builtin
. > Mathematical constants
Expression:

> Mathematical functions
> Operators
> Physical constants

This functionality is also available for other edit fields in the Model Builder window.
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FIND

To find parameters, variables, as well as other strings in the model tree, you can

click the Find button in the Quick Access Toolbar or use the keyboard shortcut

Ctrl+F. This opens the Find and Replace window.

Graphics
aAfav @~ -
Contains: current
Replace with:
Mode Type Text
}_ Electric Currents (ec) Mode label  Electric Currents
}, Electric Currents (ec) MNode type Electric Currents
v X®_Electric Currents (ec)
& Current Conservation 1 Mode label Current Conservation 1
= Current Conservation 1 Modetype  Current Conservation
\_ Electrormagnetic Heating 1 (ermh1) Setting Electric Currents (ec)
A4 Mesh 1 Table cell Electric Currents (ec)
v ~do Study 1
[= stationary Table cell Electric Currents (ec)
IZ Stationary Table cell Electric Currents (ec)

Replace

|

|

|

¥ O Search

% Replace +

Preview
Electric s

Electric Currents

Conservation 1
Current Conservation
Electric Currents (ec)

Electric Currents (ec)

Electric Currents (ec)

Electric s (ec)

The results of the search are displayed below the Contains and Replace with fields.

The results in this example are coming from the completed busbar model by

searching for the string current.

You can double-click any of the rows in this window to open the corresponding

Settings window.
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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 Seclect Application Libraries i from the

Windows dropdown menu in the Home tab. [
You can also access the Application Libraries el et
v Desktop ~

from the File menu.
1 Add Physics

Add Multiphysics
Add Study

n—li-l] n—§’ s

Result Templates
Add Material from Library
Material Browser

Application Libraries

o

SN=ME

Part Libraries

i

Add-in Libraries

2 In the Application Libraries tree
under COMSOL Multiphysics > App“cation Libraries
Multiphysics, sclect busbar_geom.

(* Refresh [] Update COMSOL Application Libraries () Application Gallery

To open the file, you can: | Serch
. v [3 COMSOL Multiphysics
- Double-click the name » [ Applicstions
> [l Acoustics
- 1 -cli : > [l Chemical Engineering
Right-click and select an option i
from the menu > ] Difusion

> [l Electromagnetics

- Click one of the buttons under I et S
> [l Geometry Tutarials
the tree > [l Geophysics
> ] Heat Transfer
H > [if] Meshing Tutarials
You can select No if prompted to L g
save Untitled.mph. ® busbar
® busbar_assembly
The geometry in this file is G R
parameterized. In the next few o e comvecn
steps, we will experiment with o temsLactutorh
. : s actustor_simplii
different values for the width ® thermalcontrolle rom

> [l Structural Mechanics

parameter, wbb. il
Run Application EOp&n

@ Open PDF Document

Help e Close
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3 Under Global Definitions @, click the

Parameters node - .

~ Parameters

L] .

In the Settings window for Parameters, Name | Expression Value

. . N L Glem] 0.09 m
click in the Expression column for the a1 S{emm] 0006 m
wbb parameter and enter 10[cm] to tob 5[mm] M

change the value of the busbar width. e whb 0.1m
4 In the Model Builder window, under mh “lmm] 0003 m

: htc SW/MA2K] |5 W/mEK
Component | > Geometry |, click the Vior 200mV] ppvey

Form Union node = and then the Build

All button in the Settings window m to

rerun the geometry sequence. You can also use the ribbon and click Build All
from the Geometry group in the Home tab.

Model Builder

- R

~ & busbar_geom.mph (root)
v () Global Definitions
Fi Parameters 1
=) Materials
v [l Component 1 (comp1)
» = Definitions
Geometry 1
¥ E Work Plane 1 (wp 1)
[E] Extrude 1 (ext?)
¥ E Work Plane 2 (wp2)
L Extrude 2 (ext2)
¥ E Work Plane 3 (wp3)
[E] Extrude 3 (ext3)
Form Union (fin)

al

=

Settings

Form Union/Assembly

" Build Selected ~ [E§ Build All G
Label: Form Union =

~ Form Union/Assembly

Action:
Form a union =
Repair tolerance:

Automatic =

~ Information
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5 In the Graphics toolbar, click the Zoom Extents button (3 to see the wider busbar
in the Graphics window.

Graphics 9

Qa @~ @@l ke

Zoom Extents

wbb = 5cm wbb = 10cm

6 Experiment with the geometry in the Graphics window:
- To rotate, click and drag anywhere in the Graphics window.
- To move, right-click and drag.

- To zoom in and out, click and hold the scroll wheel, and then drag.

- To get back to the original position, click the Go to Default View button ;...
Graphics

QQ @~ & F | [B=] izl

Go to Default View

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

. ) " .
8 In the Model Builder window, click the Rl Exprcrion palbe
. . L 9 0.09
Form Union node = and then click the feml =

~ Parameters

. rad_1 8[mm] 0.006 m
Build All button & to rerun the geometry G b pram— R
sequence. whb 0.1m

9 In the Graphics window, click the Zoom mh 3[mm] 0002 m
htc SW/mA2K] |5 WM

Extents button .
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10 If you built the geometry yourself, you are already using the file busbar.mph, but
if you opened the file from the Application Libraries window, 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.
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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 window, right-click Component | > Materials = and select
Add Material from Library :: . By default, the window will open on the
right-hand side of the desktop. You can move the window by clicking the
window title and then dragging it to a new location. While dragging the
window, you will be presented with several options for docking.

~ [l Component 1 {comp1)
» = Definitions

¥ Geormnetry 1

G = Materials

+\_ Electric Cu| “s: Add Material from Library

oo

I_ﬁ Heat Trans| B Browse Materials
e Multiphysi

oy phy:

A Mesh 1 == Blank Material

w

The Materials node will show a red x in the lower-left corner if you try to
solve without first defining a material, which we will go over in the next

few steps.
2 In the Add Material window, expand
the Built-In materials folder and Add Material v B & e
locate Copper. Right-click Copper : () Add to Global Materials ~ - Add to Component =
and select Add to Component |. Search
Alternatively, you can double-click. iz Castiron
22 Concrete
A Copper node is added to the Model G iz Copper
Builder window. + ) Add to Global Materials
3 In the Add Material window, scroll to j @ Linkin Global Materials
Titanium beta-21$ in the Built-In /T Addto Component 1 (comp)
material folder list. Right-click and iiJL'”k in Component 1 {compT)

select Add to Component |I. i Mica
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4 In the Model Builder window, collapse the Geometry | node . to getan overview
of the model.

v <@ busbar.mph (root)
v () Global Definitions
Fi Parameters 1
12 Materials
v [l Component 1 (comp 1)
» = Definitions
G » Geometry 1
~ ozs Materials
> &gz Copper (mati
» g Titanium beta-215 (matd)
> X_ Electric Currents (=c)
» |IE Heat Transfer in Solids (ht)
> i Multiphysics
25 Mesh 1
» rdb Study 1

> [E Results

At this stage, the Materials node may display one or more red x symbols
depending on the active selection. These will disappear in the next few steps.

5 Under the Materials node, click Copper :: .

v [l Component 1 {comp )
Definitions
Geometry 1
~ fzi Materials
e > = Copper (matl)
> o Titanium beta-215 (mat2)

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

Property Variable Value Unit Property group
[+ | Electric conductivity sigma_iso; si.. |5.998e7[5/m] S/m Basic
[ |Heat capacity at constant pressure Cp 383/ (kg*K)] Jf(kg-K) Basic
[ | Relative permittivity epsilonr_iso ;... |1 1 Basic
[ | Density tho 8960[kg/m*3] | kg/m* Basic
[ | Thermal conductivity k_iso ; kii = k_... | 400[W/(m*K]] W/ (m-K) Basic
Relative permeability mur_iso ; mur... | 1 1 Basic
Coefficient of thermal expansion alpha_iso ; alp... | 17e-6[1/K] 17K Basic
Young's modulus E 110[GPa] Pa Young's modulus and Peissen's ratic
Poisson's ratio nu 035 1 Young's modulus and Peissen's ratic
Reference resistivity rholl 1.72e-8[ohm*m] |Q-m Linearized resistivity
Resistivity temperature coefficient alpha 0.0039[1/K] 1/K Linearized resistivity
Reference temperature Tref 298[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 check mark . Properties
required by the physics but missing in the material are marked with a warning
sign a . A property that is available but not used in the model is unmarked.
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The Coefficient of thermal expansion, Young’s modulus, and Poisson’s ratio
properties in the table above are 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 override the copper material assignment for those parts.
7 In the Model Builder window, click
. . 4 |§ Component1 (comp1)
Titanium beta-21S$ :: .

[ = Definitions
b Geometry 1
4 EE Materials
I 228 Copper (matl)
G I* ig= 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.

Settings v B % Graphics
Material | g R &
Label:  Titanium beta-215 5

Mame: mat2

Geometric Entity Selection

Geometric entity level: Domain =
Selection: @ == All domains -
1 .
(=0
2 E |—
3 B R
4 o Remove from Selection
5

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.

@ The domains 2, 3, 4, 5, 6, and 7 are highlighted in blue.
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9% |

You can enable and disable material color and texture from the Color
toolbar button in the Graphics window. To render the copper components
using a realistic color, select Show Material Color and Texture. This will also
enable material-true rendering of other materials. Here, you can also
enable coloring of selections by selecting Show Selection Colors, as well as
change the color theme used in the Graphics window.

2 8- G-@a |
~  Default from Preferences (Default)
Basic
Classic
ClassicDark
COMSOL
Dark
DarkSelection
Default
Light
LightSelection
RYB
RYBDark
~  Show Selection Colors

Show Material Color and Texture
|

The figures below show the Settings and Graphics windows corresponding
to a selection where a color (yellow) other than the default has been used.
There is also a second selection (not shown) with another color (green).

: Graphics
Settings aqd- #me
Explicit
Label:  Tibolts =

v Input Entities

Geometric entity level: Damain

(5 )
7|+

B T S

[] &Nl domains

~ Qutput Entities
Selected domains  ~ Y
~ Color

Coler: =



Note that to see the color while creating a selection, you need to click the Suppress
Selection Highlight button in the Graphics toolbar. For more information on
Selections, sce page 149.

To further increase the level of realism in material rendering you can enable
Environment Reflections from the Scene Light menu button in the Graphics toolbar.
From this menu you can choose an environment such as Indoor, for example. You
can also enable effects such as Direct Shadows and Floor Shadows.

The corresponding image, known as a skybox image, will be reflected in

the material, thereby increasing the level of realism. This is particularly
visible when the material is a metal, as shown in the figure below.

Graphics > B
RQAR~ Ly k|G (@

~2E- (@ (e . & G-@d
3 Ambient Occlusion )
| DirectShadows

| Floor Shadows

(& Show Skybox
& Rotate Environment

By selecting the Show Skybox option you can display the corresponding
skybox image used for the environment reflection.

For best results you will need a graphics card that supports OpenGL. See
also “Graphics and Plot Windows” on page 14. Not all of these
visualization options will be used in the remainder of this example.
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9 In the Settings window

for Material, be sure to Settings

: o Material

inspect the Material

Contents section for the Label:  Titanium beta-215 5
titanium material. All of Name  mat2

the properties used by
the physics should have a

Geometric Entity Selection

Geometric entity level: Domain =
check mark .

Selection: = Manual =

: .
3 B —
9 m N
5 ‘. =
6
7

> Override

> Material Properties

~ Material Contents

9

Ry

10 Close the Add Material window
cither by clicking the icon in the
upper-right corner or by clicking
the Add Material toggle button
in the Materials group of the
ribbon Home tab.
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Property Variable | Value Unit
Electric conductivity sigma... | 7.407e5[5/m] | 5/m

Heat capacity at constant pressure | Cp TI00/ (kg*K)] | 3/ (kg-K)

Relative permittivity epsilo.. |1 1
Density rtho 4840[kg/m... |kg/m®
Thermal conductivity k_iso s | TS[W/m*K)] | W/ (me...
Relative permeability mur_i... |1 1

Cneffirient of thermal evnancinn alnha T MRe-AMTKT 117K

Add Material @

Add to Global Materials « Add to Component -
Search

» i=i Recent Materials
» [ Material Library
> [3@ Built-in



Physics and Boundary Conditions

Next, you will inspect the physics domain settings and set the boundary conditions
for the heat transfer problem and the conduction of the 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 x , Heat Transfer in Solids /=, and
Multiphysics .z, nodes to expand them.

Model Builder Settings
— ® Etv Elv - B~ Electromagnetic Heating
¢ Label:  Electromagnetic Heating 1 =

v & busbar_geom.mph (root)
v () Global Definitions
Fi Parameters 1
2 Materials
~ [l Component 1 (comp) Selection: &= All domains =
» = Definitions
> Geomnetry 1 ==

2 Materials

Mame:  emhl

~ Domain Selection

w

~ +\_ Electric Currents {ec)

s Current Conservation 1

%= Electric Insulation 1

L R e N

= Initial Values 1
5] Heat Transfer in Solids (ht)
i Solid 1 ~ Boundary Selection
= Initial Values 1
%= Thermal Insulation 1 Selection: m» All boundaries -

<

<

iy Multiphysics

% Electromagnetic Heating 1 (emh 1) E=]
A5 Mesh 1
» ~db Study 1

> [El Results

'ﬁ'@@ o

L R e N

The D in the upper-left corner of a node’s icon (=) means it is a default node.

The equations that are being solved are displayed in the Equation section of the
Settings windows of the respective physics nodes.

The default equation form, for example, whether it should be a stationary or
transient equation, is inherited from the study added in the Model Wizard. In this
case, the study is stationary and the equation form is the stationary version of the
equation system for Joule heating. For the Joule Heating multiphysics interface,
the equation system has the temperature and electric potential as dependent
variables.

| 99



To always display the equations in the Settings windows, click the Show
More Options button ( =) in the Model Builder and sclect Equation Sections
so that a check mark appears next to it.

The Heat Transfer in Solids and Electric Currents

~ @ busbar_geom.mph (root)

nodes have the settings for heat conduction v @) Global Definitions
and current conduction, respectively. Pi Parameters 1
iz Materials

Under the Electric Currents node, the Current ~ 1@ Component 1 {comp )
Conservation node represents the conservation 7 = Definitions

. . ¥ Geometry 1
of electric current at the domain level and the > ct Materials
Electric Insulation node contains the default v X Electric Currents (zc)

.. - . % Current C tion 1
boundary condition for Electric Currents. o e -ansenanon

%= Electric Insulation 1

Under the Heat Transfer in Solids node, the ITj'DE Initial Values 1
. N ~ Heat Transfer in Solids (ht)
domain level Solid node represents the 28 Solid 1
conservation of heat and the Thermal Insulation B2 Initial Values 1
. .. o 1
node contains the default boundary condition o Thermal nsulation |
. . ¥ vy Multiphysics

for Heat Transfer in Solids. The heat source for X Electromagnetic Heating 1 (emh 1)
the Joule heating effect is set in the A Mesh 1

. . » ~db Study 1
Electromagnetic Heating node under the s [ Results

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 im. In the second section of the
context menu — the boundary = section — select Heat Flux.

> igi Materials

~ +\_ Electric Currents {ec)
&= Current Conservation 1
%= Electric Insulation 1
= Initial Values 1

) Heat Transfer in Solids (ht)

<

o

2= Solid 1 = Solid —— Domain section
= Initial Values 1 = Fluid

o .

s Thermal Insulation 1 = Heat Source

v iy Multiphysics -
* Electromagnetic Heatin (= Initial Values

A Mesh 1 Specific Media
» ~db Study 1 i . .
> B Rewuts ) Tmpm Section divider
m Thermal Insulation
== Heat Flux — Boundary section
= Symmetry
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2 In the Settings window for Heat Flux,

. A ~ Boundary Selection
select All boundaries from the Selection

list. Selection: mw All boundaries -

. . q Manual |
Assume that the circular bolt boundaries 5[ All boundaries | G
are neither heated nor cooled by the 3 B =
surroundings. 4 =
In the next step, you will remove the 2

selection of these boundaries from the

heat flux selection list, which leaves them

with the default Thermal Insulation boundary condition for the Heat Transfer in
Solids interface.

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, in
the Heat Flux section, sclect Convective
heat flux as the Flux type. Enter htc in RIS
the Heat transfer coefficient ficld, /. Convective heat flux v

~ Heat Flux

Heat transfer coefficient:

This parameter was either entered in
the Parameter table in “Global
Definitions” on page 84 or imported
with the geometry.

User defined =
Heat transfer coefficient:
h hte /(m*K)
External temperature:
T et User defined =

293.15[K] K

More advanced boundary conditions for heat transfer analysis are
available with the Heat Transfer Module. Examples include the
capability to give the total deposited power or to set boundary
conditions for common natural convection scenarios such as for a
horizontal or vertical wall.

Continue by setting the boundary conditions for the electric current according
to the following steps:

5 In the Model Builder window, 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.

~ [l Component 1 {comp1)
> Definitions

> |4 Geomnetry 1
> igs Materials
v X Electric Currents (ec) = Current Conservation
D .
wmw Current Conservation X
. . I= External Current D
%= Electric Insulation 1 - SO (RN
= Initial Values 1 = Force Calculation
~ | Heat Transfer in Solids (h{ (@8 Current Conservation, Piezoresistive

= Solid 1
Initial Values 1
S Thermal Insulation 1 | I Terminal

= Current Source

= Heat Flux 1 = Initial Values

<

iy Multiphysics

| Electromagnetic Heat ™= Ground

A5 Mesh 1 = Electric Potential G
>~ Study 1 m  Electric Insulation
> [El Results
= MNormal Current Density
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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 g ElectiiclBolential

potential field. Electric potential:

. Vo Wi
The last step is to set the surfaces of the o [hot !

two remaining bolts to ground.

8 In the Model Builder window, 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 tree. The model tree node sequence should now match this
figure.

v ®_ Electric Currents {ec)

o~
&= Current Conservation 1

(=]

Jw Electric Insulation 1

= Initial Values 1

mw Electric Potential 1

rp Ground 1 @
~ | Heat Transfer in Solids (ht)

= Solid 1

= Initial Values 1

%= Thermal Insulation 1

o Heat Flux 1
~ .{;], Multiphysics

x| Electromagnetic Heating 1 {femh 1)

The “warning” attribute displayed on the Ground node indicates that its
boundary selection is empty. The next step will be to select boundaries.
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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.

10In the Graphics window, click the Go
to Default View button ...

raphics
aa-e@ BExr= @

Go to Default View

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.

G
@

COMBINING PHYSICS INTERFACES MANUALLY

As an alternative to using the preconfigured Joule Heating multiphysics interface,
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
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