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Introduction

Computer simulation has become an essential part of science and engineering.
Digital analysis of components, in particular, is important when developing new
products or optimizing designs. Today a broad spectrum of options for simulation is
available; researchers use everything from basic programming languages to various
high-level packages implementing advanced methods. Though each of these
techniques has its own unique attributes, they all share a common concern: Can you
rely on the results?

When considering what makes software reliable, it's helpful to remember the goal:
you want a model that accurately depicts what happens in the real world. A
computer simulation environment is simply a translation of real-world physical laws
into their virtual form. How much simplification takes place in the translation process
helps to determine the accuracy of the resulting model.

It would be ideal, then, to have a simulation environment that included the possibility
to add any physical effect to your model. That is what COMSOL is all about. It's a
flexible platform that allows even novice users to model all relevant physical aspects
of their designs. Advanced users can go deeper and use their knowledge to develop
customized solutions, applicable to their unique circumstances. With this kind of
all-inclusive modeling environment, COMSOL gives you the confidence to build the
model you want with real-world precision.

Certain characteristics of COMSOL become apparent with use. Compatibility stands
out among these. COMSOL requires that every type of simulation included in the
package has the ability to be combined with any other. This strict requirement
actually mirrors what happens in the real world. For instance in nature, electricity is
always accompanied by some thermal effect; the two are fully compatible. Enforcing
compatibility guarantees consistent multiphysics models, and the knowledge that,
even as the COMSOL family of products expands, you never have to worry about
creating a disconnected model again.

Another noticeable trait of the COMSOL platform is adaptability. As your modeling
needs change, so does the software. If you find yourself in need of including another
physical effect, you can just add it. If one of the inputs to your model requires a
formula, you can just enter it. Using tools like parameterized geometry, interactive
meshing, and custom solver sequences, you can quickly adapt to the ebbs and flows
of your requirements.
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COMSOL Multiphysics also has several problem-solving benefits. When starting a
new project, using COMSOL helps you understand your problem. You are able to
test out various geometrical and physical characteristics of your model, so you can
really hone in on the important design challenges. The flexible nature of the
COMSOL environment facilitates further analysis by making “what-if" cases easy to
set up and run. You can take your simulation to the production level by optimizing
any aspect of your model. Parameter sweeps and target functions can be executed
right in the user interface. From start to finish, COMSOL is a complete
problem-solving tool.

As you become a more experienced user of COMSOL, your confidence in computer
simulation will grow. You will become a more efficient modeler, and the results will
show it. The remainder of this introduction is dedicated to give you a strong start
toward this goal. After a general introduction to the user interface, several tutorials
will take you step by step through sample models that highlight important features.
The informative charts give you an idea of COMSOL's capability by associated files,
functions, and built-in options. By the end you will be well on your way to reaping all
the benefits that COMSOL has to offer.
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Capture the Concept

COMSOL Multiphysics version 4.2a brings an unprecedented level of clarity to your
simulation work by giving you both an organized model overview and a streamlined
model-building process. The COMSOL user interface reduces clutter and redundant
tasks, so your attention can be focused on the substance of your design studies
resulting in increased productivity. Naturally COMSOL continues in its tradition of
powerful solvers and flexibility in physics, but it is the new user interface that stands
out the most.

Organize
The COMSOL Desktop helps you organize your simulation by presenting a clear
overview of your model at any point. It uses functional form, structure, and aesthetics
as the means to achieve simplicity for modeling complex realities. For instance,
task-specific tools appear on the Desktop right when you need them; showing only
what is currently possible, which removes uncertainty from model building and brings
order to your simulations. The Desktop is made up of several windows, which may
or may not be displayed depending on the need. These windows include the Model
Builder, Settings, Graphics, Messages, Progress, Help, and others.

Main Menu  Main Toolbar Settings Window Graphics Window

'-'\"\+-0'- [Ty — [R————
Fn e Ve Oy ey

o Gupacy 3, G, AL 4 - |[[F]. [m
Surtacn: Tamperatur (K Arrow b Veiscdy teid

o0 0 41

Model Builder with Model Tree Messages, Progress, and Numerical Results
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Customize

You can easily customize the layout of these windows on the Desktop to suit your
particular work habits: All windows can be positioned and sized in any way. They can
be detached from the Desktop and moved back and forth between computer
displays. These settings can be saved as preferences for the next time COMSOL
Multiphysics is opened.

Dynamic Help Model Builder and Settings Graphics Window

Model Library Material Browser

Streamline

The user interface streamlines the modeling workflow with the Model Builder.
Containing a Model Tree, the Model Builder does much more than outline your
model. It is a graphical programming environment that gives you dynamic control of
your procedures and simulations. By following along the nodes within the Model
Builder, you will experience a smoother, more direct, and less cumbersome way to
specify your models.
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Look at this example of the Model Builder. Notice how every step of the modeling
process, from defining global variables to the final report of results, is easy to see.

4

7 Model Builder
4 '3 busbar.mph (root)

b 52 Study 1
i+ i) Results

€ s =

5 =0

= Global Definitions
Pi Parameters
Model 1 (mod1)
= Definitions
ef\ Geometry 1
@8 Materials

-

4 |[\% Joule Heating (jh)|
T2 Joule Hea] -
T Electromd -

o

"5 ElectricIn

"5 Thermal I

£ Initial Val
o' Heat Flux
o Electric P
= Ground1

 E58 Meshl

o' Boundary| _

9 8O X

Joule Heating Model

Electromagnetic Heat Source

Infinite Elements
Initial Values
Heat Transfer in Solids

Electric Currents

Boundary Electromagnetic Heat Source

Periodic Condition
Heat Transfer in Solids
Electric Currents

Pairs
Edges
Points

Delete
Disable

Rename
Properties

Dynamic Help

When you right-click any node in the tree, a context menu displays all the available
features. The options in the menu include everything you need to build and
document a model. So you just right-click for various settings (like geometry, physics,

mesh, or results) instead of opening separate windows.
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If you choose an action that requires specification, the matching Settings window
displays next to the Model Builder:

Selected Node and its Settings Window

T Model Builder @l =T Bt Bl T O|[kd settings @ =0
4 % busbar.mph (root)
4 = Global Definitions
Pi Parameters
4 A Modell (modl)
» = Definitions Identifier:  jh
> A\ Geometry1 - -
. 8 Materials Domain Selection

* Joule Heating

« Interface Identifier

> |1% Joule Heating (jh)
- E58 Mesh1
4 255 Studyl
|7 Step1: Stationary
> [Fr. Solver Configurations
4 g1 Results
. i Data Sets
5% Derived Values
Tables
4 [E] Temperature (jh) » Equation
) surface1
4 [F1 3D Plot Group 2 ~ Physical Model
) surface1

Export
% Repports [] Radiation in participating media

Selection: | All domains v]

8 & &

P R STTIAT

[T Surface-to-surface radiation

[T Porous media and mixtures
~ Port Sweep Settings

[T Activate port sweep

Click any associated node to return to a specific Settings window. There is no longer
the need to open multiple windows, resulting in a streamlined workspace.

As you create the model, each step is recorded in the Model Builder. If, for example,
your model required a certain sequence of steps to get the right geometry, these are
all listed in the order you set. (See the Geometry section in the figure above.) Even
better, this series of steps can be edited and rerun without having to repeat the entire
simulation. Complicated solver sequences you may need for different studies also
benefit greatly from this feature.

As you work with the COMSOL Desktop and the Model Builder, you will grow to
appreciate the organized and streamlined approach. But any description of a user
interface is inadequate until you try it for yourself. So in the next few sections, you
are invited to work through some examples to familiarize yourself with the next
generation of simulation software.
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Thorough Example: The Busbar

Electrical Heating in a Busbar

In order to get acquainted with COMSOL Multiphysics, it is best to work through a
basic example step by step. These instructions describe the essential components of
the model building procedure, highlighting several features and demonstrating the
common simulation tasks. At the end, you will have built a truly multiphysics model.

The model that you are about to create analyzes a busbar designed to conduct direct
current to an electric device (see below). The current conducted in the busbar, from
bolt | 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. The choice of materials is important because titanium has a lower

electrical conductivity than copper and will be subjected to a higher current density.
Titanium Bolt 2a

Titanium Bolt 2b  Titanium Bolt |

The goal of your simulation is to precisely calculate how much the busbar heats up.
Once you have captured the basic multiphysics phenomena, you will have the chance
to investigate thermal expansion yielding structural stresses and strains in the busbar
and the effects of cooling by an air stream.

The Joule heating effect is described by conservation laws for electric current and
energy. Once solved for, the two conservation laws give the temperature and electric
field, respectively. All surfaces, except the bolt contact surfaces, are cooled by natural
convection in the air surrounding the busbar. You can assume that the bolt
cross-section boundaries do not contribute to cooling or heating of the device. The
electric potential at the upper-right vertical bolt surface is 20 mV, and that the
potential at the two horizontal surfaces of the lower bolts is O V.

Thorough Example: The Busbar | 7



MODEL WIZARD

Open COMSOL by double-clicking its icon on
the desktop. When the Model Wizard opens,
select a space dimension; the default is 3D.
Click the Next button = .

In the Add Physics window, click the Heat
Transfer>Electromagnetic Heating folder; then
right-click Joule Heating jx and choose Add
Selected. You can also double-click or click the
Add Selected button 4+ to add the interface.

Click the Next button =».

In the Select Study Type window, click to select
the Stationary |~ study type. Click the Finish
button = . Any selection from the Custom Studies
branch == needs manual fine-tuning.
Preset Studies are studies that have solver and
equation settings adapted to the selected
physics, in this example, Joule heating.

8 | Thorough Example: The Busbar

3 Model Wizard @ =0

Select Space
Dimension % #

@ 3D
() 2D axisymmetric
02D
() 1D axisymmetric
1D
2 oD

3 Model Wizard @ =0

Add Physics EER |

> ) Acoustics -
> 2% Chemical Species Transport
. LT Electrochemistry F
» === Fluid Flow
4 Heat Transfer
& Heat Transfer in Solids (ht)
22 Heat Transfer in Fluids (ht)
¥4 Heat Transfer in Porous Media (ht)
I Bicheat Transfer (ht) 3
L;] Heat Transfer in Thin Shells (htsh)
> | Conjugate Heat Transfer
Radiation
4 %)) Electromagnetic Heating
i, Induction Heating (ih) B

% Joule Heatina (ih
[ Microy dF  Add Selected
5% Heat Transfer in Pipes (Rtp

. €3 Dlacma i
4 i

3 Model Wizard @ =0

Select Study Type &
Studies

4 Z5 Preset Studies
= Frequency-Stationary
¥ Frequency-Transient
[l Frequency Domain
|7 Stationary
[, Time Dependent

» 2 Custom Studies



GLOBAL DEFINITIONS

If you want to draw the geometry yourself, the
Global Definitions brnch is where you define the

2xrad_|

parameters. If you would prefer to load the
geometry from a file, you can just browse
through this section and then skip to
“Geometry" on page 10.

The Global Definitions node = in the Model
Builder stores Parameters, Variables, and
Functions with a global scope. You can use these
operations in several models. In this case, there
is only one Model | node where the parameters
are used.

Since you will run a geometric parameter study tbb

later in this example, define the geometry using

parameters from the start. In this step, enter parameters for the length for 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

. it Setti @ =0
the mesh, mh, a heat transfer coefficient for e
cooling by natural convection, hte, and a P Parameters
value for the voltage across the busbar; Vtot. Sabarameters
. N Ex i Val
Under Global Definitions = click the e g
L 9[cm] 0.09 m
Parameters node P . In the Parameters table, rad 1 6[mm] 0.006 m
click the first row under Name and enter L. tbb 5[mm] 0.005 m
. whbb 5[em] 0.05m
Click the first row under Expression and mh §mm] T
enter the value of L, 9[cm]. You can enter htc SIW/mA2/K] 5 W/(mPK)
any unit inside the square brackets. Vot 0Ly DLZY
Continue adding the other parameters: L, P —r— ,
rad_1, tbb, wbb, mh, htc, and Vtot t+ & e
according to the Parameters list. Name:

It is a good idea to enter descriptions for Veot

. . Expression:
variables, in case you forget or share the 2;[ v
m
model with others. Description:

Bushar voltage

Thorough Example: The Busbar | 9



GEOMETRY

In “Global Definitions” you learned how to enter parameters in preparation for
drawing the busbar geometry. To learn how to use the COMSOL geometry tools
and draw the busbar, go to “Geometry Sequences” on page 66. To save time, you
can also load the model geometry from the Model Library. Once you have created
or imported the geometry, you can then experiment with different dimensions and
update the values of L, tbb, or wbb, and rerun the geometry sequence.

Select Model Library [ from the main View
menu.

In the Model Library, select
COMSOL Multiphysics>Multiphysics>
busbar_geom. To open, double-click,
right-click and select Open, or click the Open
button.
Now you can experiment with different
dimensions.

I 0 | Thorough Example: The Busbar

Material Browser
Model Library

Model Library Update
Selection List
Messages

Progress

Log

mE eSS EE S

Results

Model Builder Node Label

Desktop Layout

Settings | [l Model Library 52

cAhABi=E

Model Library

4 '3 COMSOL Multiphysics
- [P Acoustics
> [P Chemical Engineering
- [P Diffusion
> [ Electromagnetics
> [P Equation-Based Models
> [ Fluid Dynamics
> [P Geophysics
- [P Heat Transfer
> [P Multidisciplinary Models
a [= Multiphysics
&€ busbar
€ busbar_box
€ busbar_geom

»

m

@ free_conv Open

® marango Model PDF
€ thermal_d
% st ha o Dynamic Help

Open Model PDF |



Under Global Definitions = click the

#i Settings =08
Parameters node F; .
Pi Parameters
In the Settings window, select the wbb
parameter’s Expression column and enter v Parameters
10[cm] to change the value of the width Name Expression Value
wbb. L 9[cm] 0.09 m
rad_1 B6[mm)] 0.006 m
tbh 5[mm] 0.005 m
whb 0.05m
mh B6[mm)] 0.006 m
htc S[W/m#2/K] 5W/(m*K)
Vtot 20[mV] 0.02v
4 L 3
4 O e
Mame:
whbb
Expression:
5[em]
Description:
Busbar width

In the Model Builder, click the Form Union node ## and then the Build All button
rerun the geometry sequence.

7 Madel Builder = kid Settings =
4 '3 busbar.mph (root) Finali =
inalize
4 = Global Definitions # Euildall
Pi Parameters « Finalize

4 v Modell (modl)

> = Definitions Finalization method:

4 ef\ Geometry 1 Form a union ']
& . Work Plane (wpl)
&y Extrudel (extl) Relative repair tolerance:
& s Work Plane 2 (wp2) le6

By Extrude 2 (ext3)
& Work Plane 3 (wp3)
By Extrude 3 (ext3)

|ﬁ Form Union (fin)|

In the Graphics toolbar click the Zoom Extents button @ to see the wider busbar in the
Graphics window.

(dl Graphics % ® ¢ & v| Q 5 o & @b @@ &

EEERE =Y

EEEI)
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wbb=5cm wbb=10cm

To rotate the busbar, left-click and drag it in the Graphics window. To move it, right-click
and drag. To zoom in and out, center-click (and hold) and drag. To get back to the
original position, click the Go to Default 3D View button ... on the Graphics toolbar.

¢l Graphics % ® G & v| @ Q g E |]_ lyz ];‘| LT::_"jL'_) 7 ] .'?:"| B | &

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

In the Model Builder, click the Form Union

#i Settings @ =g
Pi Parameters

~ Parameters

node # and then the Build All button ] to
rerun the geometry sequence. hlarme ExprEccion plalug
. L Yem] 0.09 m
On the Graphics toolbar, click the Zoom rad 1 §imm] T
Extents button . tbh 5[mm] 0.005 m
whb 5[cm]] 005m
Save your work as busbar.mph. = slmm] T
htc S5[W/m*2/K] 5 W/(m*K)
Vot 20[mV] 0.02Vv
Experienced users of other CAD programs
4 [ | +

are already familiar with this approach since

. . t+t = E

all major CAD platforms include N

ame:
parameterized geometries. To support this whb
class of users and to avoid redundancy, Expression:
COMSOL offers the LiveLink™ family of sleml
products. These products connect Deseription:

Busbar width

COMSOL Multiphysics directly with a

| 2 | Thorough Example: The Busbar



separate CAD program, so that all parameters specified in CAD can be interactively
linked with your simulation geometry. The current product line includes LivelLink™
interfaces for SolidWorks®, Inventor®, Pro/ENGINEER®, Creo™ Parametric,
AutoCAD®, and SpaceClaim®.

It is also worth noting that the LiveLink™ interface for MATLAB® is available for
those who want to incorporate a COMSOL Multiphysics model into an extended
programming environment.

After completing the geometry for your model, it is time to define the materials.

MATERIALS

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

I In the Model Builder, right-click Materials # and

a4 |8 Materials
select Open Material Browser # (or select . ®d g Materal
View>Material Browser). \’ ®T #  Open Material Browser
> 1% Joule
5 Mesti  [ZL  Dynamic Help F1
2 |n the Material Browser, expand the Built-In i Settings (@ Materil Browser 53 =5

materials folder; locate Copper, right-click and 0|+
select Add Material to Model .

Material Browser

Materials

#8 Brick -
#8 Castiron
#8 Concrete

- #8 Copper = |
6 #8| 4 Add Material to Model
&
&

Remove Selected

#E High-strength alloy steel

# Iron
#8 Magnesium AZ31B

3 Click the Material Browser tab, and scroll to
Titanium beta-21S in the Built-In material folder, [ Settings "% Material Browser| [ = 5
Right-click to Add material to model <. & Material

Thorough Example: The Busbar | I 3



4 Inthe Model Builder, collapse the Geometry |1 node
#, to get an overview of the model. 4 1% busbar.mph (roof)
> = Global Definitions
4 A Modell (modl)
> = Definitions
o > ‘F\ Geometry 1
a4 #B Materials
. B Copper
. @B Titanium beta-215
> \% Joule Heating (jh)
. 55 Mesh1
> 2 Study 1
> ig1 Results

5 Under the Materials node &, click Copper. 4 V9 busbar.mph (roct)
> = Global Definitions
4 A Modell (modl)
> = Definitions
> \F\ Geometry 1
a4 #B Materials

6, - | %8 Copper

. @8 Titanium beta-215

6 In the Settings window, examine the Material » 1% Joule Heating (jh)
Contents section. > & Mesh1
G ~ Material Contents
Property MName Value Unit Property group
+" Electrical conductivity sigma 5898e7[S/m]  5/m Basic
+ Heat capacity at constant pr... Cp 38500/ (kg*K)]  )(kg.. Basic
+ Relative permittivity epsilonr 1 1 Basic
+" Density rho 8700[kg/m"3]  kg/.. Basic
+" Thermal conductivity k A00[W/Im K] W/ Basic
Relative permeability mur 1 1 Basic
G Coefficient of thermal expa...  alpha 17e-6[1/K] /K Basic
Young's modulus E 110e9[Pa] Pa Young's modulus and P...

Poisson's ratio nu 0.35 1 Young's modulus and P...

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

G The Coefficient of thermal expansion property is not used, but it is needed later
when heat induced stresses and strains are added to the model. Because the
copper material is added first, by default all parts have copper material assigned.
In the next step you will assign titanium properties to the bolts, which overrides
the copper material assignment for those parts.

| 4 | Thorough Example: The Busbar



7 In the Model Builder, click Titanium beta-21S.
4 V8 busbar.mph (root)

8 Select All Domains from the Selection list and then click b : Global Definitions
; : X Model 1 {mod.
domain 1. Click the Remove from Selection button . 4 B8 Modell (madl)
i = Definitions
[> y—\ Geometry 1
@Slzﬂings % Material Bmwseq @ =8 a % Materials
. - & Copper
U] [ 7
Geometric Entity Selection I+ 1% Joule Heating (jh)
Geometric entity level: [Dnmain v]
Selection: A1l domains -

b= 1 4
2

unwhwm‘

e Cross-check: Domains 2, 3,4, 5, 6, and 7.
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9 Be sure to inspect the Material Contents

SR . . P54 Setti Material B =0
section in the Settings window. All the 1 setings 8 Materi Browser| (L

properties used by the physics interfaces % Material
should have a green check mark .. Geometric Scope
10 Close the Material Browser. Geometric entity level:
i3 Settings | %% Material Browser 52 =0
0 Close
e

Material Browser

0 kg

» Material Properties

@ « Material Contents

Property MName =
+" Electric conductivity sigma
+ Heat capacity at consta... Cp
+ Relative permittivity epsil.. |
+" Density rtho r
+" Thermal conductivity k
Relative permeability mur
Coefficient of thermal ...  alpha
Young's modulus E
Poisson's ratio nu

PHYSICS

The domain settings for the Joule Heating physics interface are complete now that
you have set the material properties for the different domains. Next you will set the
boundary conditions for the heat transfer problem and the conduction of electric

current.
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In the Model Builder, expand the Joule
Heating node x to examine the default
physics interface nodes.
The equations that COMSOL solves are
displayed in the Equation section of the
Settings window. The equations change
based on the Equation form selected.
The default equation form is inherited
from the study added in the Model
Wizard. For the Joule Heating node,
COMSOL displays the equations solved

for the temperature and electric potential.

The domain level Joule Heating Model | node
has the settings for heat conduction and
current conduction. The contribution of
the Joule Heating Model | node to the entire
equation system is underlined in the
Equation section.

The heating effect for Joule heating is set in
the Electromagnetic Heat Source | node. The
Thermal Insulation 1 node contains the
default boundary condition for the heat
transfer problem and Electric Insulation 1
corresponds to the conservation of
electric current. The Initial Values | node
contains initial guesses for the nonlinear
solver for stationary problems and initial
conditions for time-dependent problems.

4 % Joule Heating (jh)
T2 Joule Heating Model 1
Electromagnetic Heat Sourcel
o' Boundary Electromagnetic Heat Source 1
o Electric Insulation 1
w' Thermal Insulation 1
Initial Values 1

R I

~ Equation

Equation form:

’ Study controlled - ]

Show equation assuming:

’Study 1, Stationary v]

PCMtans VT =V - (kVT) + 0

V=0,
J=0cE+),
E=-Vv

4 % Joule Heating (jh)
" Joule Heating Model 1
Electromagnetic Heat Sourcel
o' Boundary Electromagnetic Heat Source 1
o Electric Insulation 1
w' Thermal Insulation 1
Initial Values 1

SR NI )

~ Equation

Show equation assuming:

’Study 1, Stationary -
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Right-click the Joule Heating node |x. In the second section of the context menu—the
boundary = section—select Heat Transfer in Solids>Heat Flux.

I7 Model Builder PERCE =g
4 Y3 busbarmph (root)
© = Global Definitions
4 U Model1 (mod2)
» = Definitions
b ¥\ Geometry1
» & Materials
% Joule Heatina (ib1l
T Jg T Joule Heating Model
PUEl 4 Blectromagnetic Heat Source
2
o B+ Infinite Elements
5
- # Initial Values
5 T
Ty Heat Transfer in Solids
i £ Mesh Electric Currents
b 22 Studyl
(& Results % Boundary Electromagnetic Heat Source
"5 Periodic Condition
Heat Transfer in Solids *i@ Temperature
Electric Currents */  Thermal Insulation
Pairs @ Outflow
e #  Symmetry
*@ Convective Cooling
LELES * g Heat Flux
3 Delete Delete | *&  Surface-to-Ambient Radiation -

Boundary Section Domain Section

In the Heat Flux Settings window, select All

X Settings = B8
boundaries from the Selection list.
) ) = Heat Flux
Assume that the circular bolt boundaries are
neither heated nor cooled by the Boundary Selection
surroundings Selection: [All boundaries ~|
g5 1 Manual

.
In the next step these boundaries are 5 < — =
removed from the heat flux selection list, . Lapy
which leaves them with the default insulating ?
boundary condition for the Heat Transfer 8 2

¥ Override and Contribution

interfaces.
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Rotate the busbar to view the back.
Click one of the circular titanium bolt
surfaces to highlight it in green.

Right-click anywhere in the Graphics
window to remove this boundary
from the Selection list.

Repeat this for the other two bolts.

~ Cross-check: Boundaries 8, 15, and 43
" are removed from the Selection list.

To display the boundary labels,

click the View I node .i.. under Definitions = in the Model Builder and then select
the Show geometry labels check box. To view a list of all boundaries, choose
Selection List %, from the View menu.

In the Settings window, click the Inward heat
flux button. Enter htc in the Heat transfer
coefficient field, A.

+ Heat Flux
() General inward heat flux
@ Inward heat flux

qo=h(TeyT)

Heat transfer coefficient:

h htc Wim2K)

External temperature:

Text 293.15[K] K

Continue by setting the boundary conditions for the electric current.

Thorough Example: The Busbar | I 9



In the Model Builder, right-click the Joule Heating node ix. In the second section of the
context menu—the boundary = section—select Electric Currents>Electric Potential.

fl

T Model Builder & o
4 V% busbarmph (root)
» = Global Definitions
4 U Model1 (modl)
& = Definitions
b A, Geometry1
&8 Materials
4 [\% Joule Heatina fih)|
P lo *J Joule Heating Model

)

PUEN ) Electromagnetic Heat Source

80 BS 4 Infinte Elements
& B
o g 0 el Values
P Heat Transfer in Solids
5 H Electric Currents
i+ £ Mesh|

» 22 Studyl | 78 Boundary Flectromagnetic Heat Source
i IS Results | *(& Periadic Condition
Heat Transfer in Solids

Electric Currents ' Boundary Current Source

Pairs ! Ground
Edges ! Electric Potential

! Normal Current Density “
Points I ‘

Click the circular face of the upper

titanium bolt to highlight it and L/
right-click anywhere to add it to the

Selection list.

Cross-check: Boundary 43.

In the Settings window, enter Vtot in
the Electric Potential field.

« Hectric Potential

Electric potential:
Vo | Vitot] v

The last step is to set the two remaining bolt surfaces to ground.
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9 In the Model Builder, right-click the Joule Heating node x. In the boundary @ section of
the context menu, select Electric Currents>Ground.

17 Model Builder G o5 =5
4 V8 busbar.mph (root)
» = Global Definitions
4 U Model1 (mod1)
= Definitions
b 5 Geometry1

:uﬁw

b H Materials
41 Joule Hestinn Ghl

53| * Joule Heating Model

P E * Electromagnetic Heat Source

Infinite Elements

*(J Initial Values

Heat Transfer in Solids >
Electric Currents >

K Boundary Electromagnetic Heat Source
» 2 Study1 | *7@ Periodic Condition

v U Results Heat Transfer in Solids »
| Electric Currents » | *75 Boundary Current Source '
Pairs »| *@ Ground c/
e #75  Electric Potential

101n the Graphics window, click one of
the remaining bolts to highlight it.
Right-click anywhere to add it to the
Selection list.

@ Cross-check: Boundaries 8 and 15.

Repeat this step for the last bolt.

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

x® ¢ &~-QaREHLHIrkzR2coEeaa|[Eu
cConsoL

MULTIPHISICS * o

¢l Graphics
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MESH

The simplest way to mesh is to create an unstructured tetrahedral mesh, which is
perfect for the busbar. Alternatively, you can create several mesh sequences as shown
in “Mesh Sequences” on page 37.

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

| In the Model Builder, click the Mesh | node &:.
In the Settings window, select User-controlled
mesh from the Sequence type list.

2 Click the Size node 23 under Mesh 1. ~ Mesh Settings
Sequence type:

G. 1 Physics-controlled mesh =

User-controlled mesh
Physics-controlled mesh k |
| Miorral Ml

= 4 B Mesh1
6 ....%3 Size

Free Tetrahedral 1

#i Settings

&5 Mesh

3 In the Settings window, click the Custom

k¢4 Settings e | @m =g
button under Element Size. The stars that i P —
display in the upper-right corner of the &l Size
icons indicate that these nodes are being Element Size
edited. Calibrate for:
’General physics -

Enter mh in the Maximum element size field.
Enter mh-mh/3 in the Minimum element size © Predefined | Normal
field, and enter 0.2 in the Resolution of € @ Custom

curvature field. Notice that mh is 6 mm—
the value entered earlier as a global Madimum clement size

parameter. c | mh "
By using the parameter mh, the variations in Minimum element size:

mh-mh;/3 m

~ Eement Size Parameters

element size are limited. The Minimum

Maximumn element growth rate:

element size is slightly smaller than the s

maximum size. Resolution of curvature:

. . 02
The resolution of curvature determines the

Resolution of narrow regions:
number of elements on curved edges: the s
larger this resolution value is, the more

elements are used. The Maximum element
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growth rate determines how fast the elements should grow from small to large over
a domain. The larger this value is, the larger the growth rate. A value of 1 does not
give any growth. The resolution of narrow regions works in a similar way to the

resolution of curvature.

4 Click the Build All button

in the Size Settings window to create the mesh as shown

in this figure:

¢l Graphics

[ @ Q3
x ® O = ov | & Qi
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I To run a simulation, in the Model Builder,
right-click Study 1 = and choose Compute

The Study node == automatically defines a
solution sequence for the simulation based
on the selected physics and the study type.
The simulation only takes a few seconds to

solve.

4 22 Study ]
|7~ St§ = Compute
> fre 50| & Update Solution F5

- g1 Result

Parametric Sweep

Study Steps
Show Default Solver

Rename F2

H]
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RESULTS

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

| Left-click and drag the image in
the Graphics window to rotate 0
and view the back of the busbar. Surface: Temperature (K

2 On the Graphics toolbar, click the
Go to Default 3D View button ...
You can now manually set the
colortable range to visualize the
temperature difference in the
copper part.

A 33075

© 1330

- 1329

- {328

327

326

325

324

323

¥ ¥ 32272

E | @

¢!\ Graphics % @ ¢ @] @ Q9
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3 Underthe Results>Temperature node [F, click 9
the Surface | node . In the Settings window,

click Range, and then select the Manual color LT -
range check box. Enter 323 in the Maximum T Surface
field. ———

Click the Plot button .#. Data set:

~ Expression = B~
Expression:

T

Unit:

K -

[T] Description:

Temperature

© -

Manual color range

Minimum: 3226174

U

Maximum: 323

I

4 On the Graphics toolbar, click the Zoom Extents button .

v

ERET S CEEEE AT )

(d'; Graphics ® ® ¢ @ '| Q ¢
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¢!\ Graphics R Q g ‘§’| RER O L T | | @ =g

A 33075

330
329
328

1327

326

223

324

223

¥ 322,72

5 Left-click and drag in the Graphics -
window to rotate the busbar and G
VieW the back. Surface: Temperature (K)

A 330.75

Create a Thumbnail Image for the Plot
With any solution, you can create an
image that is displayed by COMSOL
when browsing for model files.

From the File menu, select Save Model
Thumbnail.

There are two other ways to create
images from this plot. One way is to

click the Image Snapshot button @ in y v e
the Graphics toolbar to directly

create an image. You can also add an Image node i@ to a Report by right-clicking the
plot group of interest. The second option means you can reuse the Image Settings if

you update the model.
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The temperature distribution is symmetric with a vertical mirror plane running
between the two lower titanium bolts and running across the middle of the upper
bolt. In this case, the model does not require much computing power and you can
model the whole geometry. For more complex models, you can consider using
symmetries in order to reduce the size of the model.

The next Surface plot generated shows the current density in the device.

4
]

6 In the Model Builder, right-click Results & = —
and add a 3D Plot Group F. R|ght—c||cl< 3D 4 V8 busbar.mph (root)

. = Global Definitions
Plot Group 2 & and add a Surface node . » ¥ Model 1 (modl)
s 52 Study 1
4 I Results
» i Data Sets
35 Derived Values
Tables
» NE Temperature (jh)
" % » (] 3D Plot Group 2
o @ Epot | uF Plot Fs
B Reports PlotIn v

sEtE =8

Volume

(=]

[E] Arrow Volume
M Surface
] Slice

1]

Isosurface

7 In the Settings window, under Expression, click the Replace Expression button = -. Select
Joule Heating (Electric Currents)>Currents and charge>Current density norm (jh.norm]).
This is the variable for the magnitude, or absolute value, of the current density vector.

8 Click the Plot button .#. The
resulting plot is almost
uniform due to the high
current density at the contact
edges with the bolts. Left-click
and drag the busbar in the
Graphics window to view the
back of the busbar.

On the Graphics toolbar; click
the Go to Default 3D View
button .[..

Surface: Current density norm am?)

A 5.6735x10°
=108

Manually change the colortable

range to visualize the current

0
¥ 8,7983

density distribution.
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9 Click Range and select the Manual color range

. + Range
check box. Enter 1e6 in the Maximum field. Q

[#] Manual color range
Click the Plot button .# and save the model
as busbar.mph.

Minimum: 0

U

Maximum: 1e6

The resulting plot shows how the -
, A 5.6735x10
current takes the shortest path in x10°
the 90-degree bend in the busbar. '
Notice that the edges of the

busbar outside of the bolts are

0.9
0.8
hardly utilized for current 7
conduction. 0.6
0.5
0.4
0.3
0.2

01

0
¥ 8.7983

I0Rotate the image to view the
back of the busbar where you can
see the high current density around
the contact surfaces of the bolts.
Continue the exercise by adding
your own plots to investigate ways
to generate cross section plots and
cross section line plots.

Now you have completed a basic
multiphysics simulation. The next

sections are designed to increase @
your understanding of the steps you

implemented up to this point as well
as to extend your simulation to
include other relevant effects, like
thermal expansion and fluid flow.
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Parameters, Functions, Variables, and Model Couplings

This section explores working with Parameters, Functions, Variables, and Model
Couplings. For this purpose you can continue working with the same model from the
previous section. Locate and open the file busbar.mph if it is not already open on the
COMSOL Desktop.

Global Definitions and Definitions contain functionality that helps you to prepare
model inputs and model couplings and to organize simulations. You have already used
the functionality for adding Parameters to organize model inputs in “Global
Definitions” on page 9.

Functions, available as both Global Definitions and Definitions, contain a set of
predefined functions that can be useful when you set up multiphysics simulations. For
example, the Step function can create a smooth step function for defining different
types of switches. To illustrate using functions, assume that you want to add a time
dependent study to the busbar model by applying an electric potential across the
busbar that goes from 0 V to 20 mV in 0.5 seconds. For this purpose, you could use
a step function to be multiplied with the parameter Vtot. Add a function that goes
smoothly from 0 to | in 0.5 seconds to find out how functions can be defined and
verified.



DEFINING FUNCTIONS

Right-click the Global Definitions node = and select Functions>Step I .

T Model Builder & T =) = EI)
4 '3 busbar.mph (root) i
> | £ Global Definitions

4 *a=  Variables

Functions

AT T T

T Joule Heating Model 1
T Electromagnetic Heat Source 1
"5 Boundary Electromagnetic Heat Source

"8 Electric Insulation 1

"8 Thermal Insulation 1
T Initial Values 1
o' Heat Flux1
1w Electric Potential 1
= Ground1

» B8 Meshl

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

Click Smoothing and enter 0.5 in Size of the
Transition zone to set the width of the
smoothing interval.

Click the Plot button .#.

xi
s}

g,
N
*fie
‘0
*fie
.,

Analytic
Interpolation

Piecewise

External
Gaussian Pulse
MATLAB
Ramp

Random
Rectangle
Step

Triangle
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#i Settings

Fe-=o

I Step
* Function Name
Function name:  stepl
~ Parameters
Location: 0.25
From: 0
To: 1
~ Smoothing

Size of transition zone: [¥] 0.5




If your plot matches the one below, this confirms that have defined the function
correctly.

step1it)

09

08

. /
- /

04 /
03 /
02

01

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

Right-click the Step I node r inthe 4 19 busbar.mph (root)

Model Builder and select Properties . 4 & Global Definitions
Pi Parameters

I Step1 (stepl)

4 A Modell| [ Copy
g _E Defin ] Duplicate
> ‘F\ Geon % Del Del
. 88 Mate| °° elete elete
4 % Joule @ Disable
Pld <@ Rename F2
g -
oo B i Properties
WEH @ perance Heln =]
In the Properties window, enter the =
. P . i Properties n -'3| @ =0
required information.
I Step

The Global Definitions = and Definitions = nodes

: . ~ : ~ Node Properti
can contain Variables ==, which are expressions e

of the dependent variables—the variables that Name: tepl
are solved for in a simulation. You can define TAZiLm: stepl
global variables that can be used in several Date crested: 2011-sep-14 14:44:55
models. Version: 4.2a
Comments: | Created for COMSOL -
Multiphysics tutorial
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For the purpose of this exercise, assume that you want to introduce a second model
to represent an electric device connected to the busbar through the titanium bolts.

A first step would be to rename Model | to specify that it represents the busbar

RENAMING NODES

Right-click the Medel I node % and select Rename <.

7 Model Builder @ =2 E'FE
4 '3 bushar.mph (root)

> = Global Definitions

4%} Model1 (modl)|
i Add Physics

TN

Mesh
Delete Delete
. Rename F2
[ =
Properties
. %% Rename Model g .

New name: | Busbar]

In the Rename Model window, enter Busbar. Click OK and save the model.
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DEFINING MODEL COUPLINGS

The next steps are for information only and you do 4 E Global Definitions
not need to reproduce them unless you want to. o Sa'.amae“
a= Variables1
. L. 4 N Busbar (modl)
Click the Definitions node = under Busbar (modl) to . = Definitions
introduce a Model Coupling that integrates any Jau Integration 1 (intop1)
. . . 1 Boundary System 1 (s5ysI)
Busbar (modl) variable at the bolt boundaries facing [ View1
the electric device. You can use this coupling to : Q ::”t"”_e"lﬁ‘l
3 atenals
define a Variable—in Global Definitions—that . 1% Joule Heating (jh)
calculates the total current. This variable is then S Meshl
) 4 | Electric Device (mod2)
globally accessible and could, for example, form a . £ Definitions
I . - A Geometry2
boundary condition for the current that is fed to Q o
the electric device in the Electric Device (mod2) node.  L—w 1 #¢ Heat Transfer (h)

- % Electrostatics (es)

The Model Couplings in Definitions have a wide

range of use. The Average %, Maximum 7, and Minimum “y; model couplings have
applications in generating results as well as in boundary conditions, sources, sinks,
properties, or any other contribution to the model equations. The Probes ,# are for
monitoring the solution progress. For instance, you can follow the solution in a critical
point during a time-dependent simulation or at parameter value in a parametric
study.

You can also use Model Couplings to map variables from one face in a model to
another (extrusion couplings) or to integrate a variable along curves and map from
one entity to another (projection couplings).

You can find an example of using the average operator in “Parameter Sweeps and
Parallel Computing” on page 59. Also see "Built-in Functions” on page 90, for a list
of available COMSOL functions.

To learn more about working with definitions, in the Model Builder click the
Definitions = or Global Definitions = node and press F| to open the Dynamic Help
window @. This window displays help about the selected item in the COMSOL
Desktop and provides links to the documentation. You can also open it from the Help
menu. It could take up to a minute for the window to load the first time it is activated
but the next time it will load quickly.
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Material Properties and Libraries

Up to now, you have used the functionality in Materials to access the properties of
copper and titanium in the busbar model. In this section you define material
properties and create your own material library.

In Materials, you are also able to create your own materials and save them in your
own material library. You can also add material properties to existing materials. In
cases where you define properties that are functions of other variables, typically
temperature, the plot functionality helps you to verify the property functions in the
range of interest.

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

Locate and open the file busbar.mph if it is not already open on the COMSOL
Desktop.

CUSTOMIZING MATERIALS

| In the Model Builder, under Materials, click Copper .
4 % busbar.mph (root)
> = Global Definitions
4 A Modell (modl)
> = Definitions
> \F\ Geometry 1
_ # Materials
@ - | %8 Copper
. @8 Titanium beta-215
> 1% Joule Heating (jh)

. 55 Mesh1
2 In the Settings window, the Materials o [ o
Properties section contains a list of all the : :
. > Basic Properties
definable properties. Expand the Solid + Gas Models
Mechanics>Linear Elastic Material Model node. 4 Solid Mechanics
R. h | | a4 Linear Elastic Material Model
ight-click Bulk Modulus and Shear Modulus . Young's Modulus and Poisson’s Ratio
and select Add to Material dh. _ > Lamé Constants
Th | d f h b ”< d | d @v 4| Bulk Modulus and Shear Modulus
Is lets you define the bu mp ulus an &  Addto Materia
shear modulus for the copper in your model. L
> Pressure-Wave and Shear-Wave Speeds
> Orthotropic
Anisotropic
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3 Locate the Material Contents section. Bulk
modulus and Shear modulus rows are now
falval|lab|e in the table. The warning sign 4 o | EE— ¢
indicates the values are not vet defined. e'

« Material Contents

Property MName | Value

!\ Shear modulus G
To define the values, click the Value ' Electric conductivity dgma  5998e..
column. In the Bulk modulus row, enter v icat capacityaticoretimlcp 3850/(...
140e9 and in the Shear modulus row, + Relative permittivity epsil.. 1
enter 46e9. + Density rhe 8700k...
+" Thermal conductivity k 400[W...

Relative permeability mur 1

By adding these material properties, you have changed the Copper material.
However, you cannot save this in the read-only Solid Mechanics material library.
However, you can save it to your own material library.

4 In the Model Builder, right-click Copper and select Add Material to “User Defined
Library” [ .

4 & Materials
. [ Copper
> Tl *$  User-Defined Property Group

> 1% Joule
. &5 Mesh [ Add Material to Library "User-Defined Library" 0

%5 Studyl

Move Down Ctrl+Down
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5 Right-click Materials # and select Open Material Browser . In the Material Browser,
right-click User Defined Library i and select Rename Selected <.

Enter My Materials in the Enter New Name dialog box.

Materials

'

¢ $%8 Recent Materials

i [ Material Library

> % Built-In

» ¥ AC/DC

[ ]ﬂ Batteries and Fuel Cells
|» #= Liquids and Gases
o MEMS

1 %, Piezoelectric

o [§ User-Defined Library |
[l Add Material Library

@ <¥ Rename Selected

Phase % Remove Selected

3 Enter New Name i

Narme: | My Materials]
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Mesh Sequences

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

In the busbar model, a second mesh node is added to create a mesh that is refined
in the areas around the bolts and the bend. You do this by increasing the mesh
resolution on curved surfaces.

Locate and open the file busbar.mph if it is not already open on the COMSOL
Desktop.

ADDING A MESH

I To add a second mesh node, right-click the Model |1 node @ and select Mesh .

This creates a Meshes parent node that s

. 4 '3 bushar.mph (root
contains Mesh I and Mesh 2. o )
> = Global Definitions

a4 |\ Model1 (modl)
> = Defi| &2 Add Physics
> “g\ Geo B Mesh

> &8 Mat

4 |% Joull 3 Delete Delete
P00 @ Rename F2
=
51| EE Properties

2 Click the Mesh 2 node. In the Settings window,
under Mesh Settings, select User-controlled b2l Settings
mesh as the Sequence type.

& Mesh
w Mesh Settings

Sequence type:

’User-controlled mesh -
P

| =

3 In the Model Builder, under Mesh 2, click
Size 2. The stars in the upper-right corner of Mesh 1

the icons indicate that these nodes are being € bt
edited. A o

Free Tetrahedral 1

4 B Meshes

4 Inthe Settings window, under Element Size, click
the Custom button.
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5 Under Element Size Parameters, entermh/2 in
the Maximum element size field and
mh/2-mh/6 in the Minimum element size field. |** Settings
Enter 0.2 in the Resolution of curvature field. | 21 Size

Click the Build All button

Element Size

6 In order to keep this model in a separate Calibrate for:
file for later use, save the model with a [General physics -
new name, busbar_I.mph. O Predefined [Normal -]
@ Custom

~ EHement Size Parameters

Maximum element size:

mh/2 m

Minimum element size:

mh/2-mh/& m

® 6 0

Maximumn element growth rate:

15

Resolution of curvature:

0.2

Compare Mesh | and Mesh 2 by clicking the

Resolution of narrow regions:

respective node. The mesh is updated in the 03
Graphics window. An alternative for using

many different meshes is to run a parametric

sweep of the parameter for the maximum mesh size, mh, that was defined in Global
Definitions.

. 3
s‘ VX
AR
a.“ o
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Adding Physics to a Model

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

STRUCTURAL MECHANICS

After completing the Joule heating simulation, you now know that there is
temperature rise in the busbar. So it is logical to ask: What kind of mechanical stress
is induced by thermal expansion? To answer this question, COMSOL Multiphysics
makes it easy for you to expand your model to include the physics associated with
structural mechanics. If you are more interested in adding cooling by fluid flow, you can
skip to the section, “Fluid Flow"” on page 45.

ADDING SOLID MECHANICS

The Structural Mechanics Module (which enhances the Solid Mechanics
interface) is required to complete these steps.

Open the model busbar.mph that was created
earlier. In the Model Builder, right-click the Busbay /" Busbar (modl)

: : > = Definitic s Add Physi
node 0 and SeleCt Add PhySICS s, . ‘F\ Geomet ., —. Yo ysIcs
‘i MMateria Te &
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In the Model Wizard, select Structural

. ¥ ; @ =8
Mechanics>Solid Mechanics ==. To add this %, Model Wizard —
node, you can double-click it, right-click Add Physics @ > H
and select Add Selected, or click the Add . %% Chemical Species Transport o
Selected button . . LT Electrochemistry

> === Fluid Flow

Click the Finish button ﬂ and save the > Heat Transfer
model with a new name, busbar_II.mph. » @ Plasma

> '&' Radio Frequency
4 5= Structural Mechanics
== Solid Mechanics (solid)
% Thermal Stress (ts)
] Poroelasticity (poro)
[ Shell (shel)
;3\ Electromechanics (emi)
\.‘7: Beam (beam)
1 Truss (truss)
== Joule Heating and Thermal Expans

When adding additional physics

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

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

In the Model Builder, under Solid Mechanics, 4 1% Joule Heating ()
right-click the Linear Elastic Material Model | P Joule Heating Model 1

node — and select Thermal Expansion Electromagnetic Heat Source 1
o' Boundary Electromagnetic Heat Source 1

w! Electric Insulation 1

w' Thermal Insulation 1
Initial Values 1

o' Heat Flux1

1w Electric Potential 1

= Ground1

4 5= Solid Mechanics (solid)
a U Linear Elastic Material Model 1

Thermal Expansion 1
"5 Freel
Initial Values 1

R I

With the Structural Mechanics Module,
the Thermal Stress == predefined multiphysics interface is also available to define
thermal stresses and strains.
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On the Thermal Expansion Settings
window, under Model Inputs, select
Temperature (jh/jh1) from the
Temperature list.
This is the temperature field from the
Joule Heating interface (jh/jhml) and
couples the Joule heating effect to the
thermal expansion of the busbar.

Next, fix the busbar at the position of
the titanium bolts.

In the Model Builder, right-click the
Solid Mechanics node == and select
Fixed Constraint .

Settings =8
< Thermal Expansion
Domain Selection
Selection: ’AII domains v]
¥+
1

%
&
in|

00 = O N 4= Lo ha

» Override and Contribution
~ Equation

Show equation assuming:

Study 1, Stationary v]

Ejnel = (T - T of)

s-5=C:(¢- e‘o—_r:_‘i_,:,_e_L),

4 g1 Results

5% Derived Vz
[ Tables |
b Wl Temperat! + ) [nitial Values
1+ N1 30 Plot Gr
& Export
B@ Reports | + &

+ Model Inputs @
-
Temperature:
T ‘Useldeﬂned v'
- |
User defined
[ |% Solid Mechanics (solid)|
b £ Mesh1 # Linear Elastic Material Model
=]
b s Studyl #( Hyperelastic Material Model

0 Viscoelastic Material Model
*  Cam-Clay Material Model
Body Load

More 3

Free

“ & Fixed Constraint

“ @ Prescribed Displacement
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Click the Fixed Constraint node. In

the Graphics window, rotate the @
busbar to view the back. Click one

of the bolts to highlight it and
right-click to add the bolt to the
Selection list.

Cross-check: Boundaries 8, 15, and 43.

Repeat this procedure for the
remaining bolts.

You can now update the Study to
take the added effects into account.

RUNNING A STUDY SEQUENCE—)JOULE HEATING AND
THERMAL EXPANSION

The Joule heating effect is independent of the stresses and strains in the busbar,
assuming small deformations and ignoring the effects of electric contact pressure.
This means that you can run the simulation using the temperature as input to the
structural analysis. In other words, the extended multiphysics problem is weakly
coupled. As such, you can solve it in two separate study steps—one for the strongly
coupled Joule heating problem and a second one for the structural analysis.

I In the Model Builder, right-click Study 1 == and select Study Steps>Stationary [~ to add a
second stationary study step.

T Model Builder ® o E'F EtE 0
4 '3 busbar.mph (root)
> = Global Definitions
4 W Modell (modl)
> = Definitions
b A Geometryl
@8 Materials
> V% Joule Heating (jh)

|+ E5 Meshl
4 |§55 Studw 1!

=9 = Compute
b d Update Solution F5
3 Resu

v

*|7 Stationary
#l¢.,  Time Dependent
*11.  Eigenfrequency

Rename F2 =

szz  Parametric Sweep

Study Steps 3

[fre  Show Default Solver
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When adding study steps you need to manually connect the correct physics
with the correct study step. Start by removing the structural analysis from the

first step.

2 Under Study I, click the Step I: Stationary
node ~.

4 2 Study 1
|7 Step 1: Stationary
|7 Step 2: Stationary 1
» [Fr. Solver Configurations

3 In the Settings window, under Physics
Selection, click the Solid mechanics (solid)
row in the Physics interface table.

=

Settings
7= Stationary

4 In the Use column, click to change the RSyt

check markto an  to remove Solid
mechanics from Study |.

» Results While Solving
» Mesh Selection

* Physics Selection

©

Then remove Joule heating from the

second Step. Physics interface Use  Discretization
Joule Heating +"  Physics settings
0 Solid Mechanics b4 Physics settings

5 Under Study I, click Step 2:

. _ a4 &% Studyl

Stationary | Iz |7 Step1: Stationary
|7 Step 2: Stationary 1

» [Fr. Solver Configurations

©

6 In the Settings window, under Physics
Selection, click the Joule heating (jh) row in
the Physics interface table.

Settings
7= Stationary

7 In the Use column, click to change the
check mark to an 3 to remove Joule
Heating from Study 2. Save the model.

(6

» Study Settings
» Results While Solving
¥ Mesh Selection

* Physics Selection

Physics interface Use  Discretization
Joule Heating b 4 Physics settings
Solid Mechanics +"  Physics settings
| —ch =
8 Right-click the Study I node == and [ Suad B
select Compute = to solve the 6 = = Compute
problem. g @  Update Solution F5
> V@l Ref
“22 Parametric Sweep
Study Steps 3

e Show Default Solver
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RESULTING DEFORMATION

I Under Results>Plot Group 2, click the

) #i Settings of | @ T O
Surface | node . In the Settings window,
click the Replace Expression button % - and © Surface
from the context menu, select Solid ~ Data
Mechanics>Displacement>Total Data set:
Displacements. You can also enter
solid.disp in the Expression field. « Expression s
Click to clear the Manual color range check Eoresi
. pression:
box if it is selected. G oliddisp
The local displacement, due to thermal Unit:
expansion, is displayed by COMSOL as a m M
surface p|OT. [T] Description:
Total displacement
~ Range
0 [T Manual color range

Next add exaggerated deformation information.

2 |n the Model Builder, under Results>3D Plot Group 2, right-click the Surface | node [ and
add a Deformation =¢. Save the model.

% bustadLmph - COMSOL Mubiphysiics b=
Bie fan View Opens Mep
D288 s« 0 |
| Model Duiider HF QQE o m=8
Surface [Materiall o
L A 5158910
wig

s
£ Initiel Vahoes L
# Fed Comtrat 1
5 Mesh1

- Seale \r\l/ I 1
Seate factor: [7] | 167 99551137 a6

1B Tempersture (h) L i

a T IO Pt Goowp 1
» T Surtacel - . T =0
e e Mestages Bragress| = Lag (5]
COMSOLA2011E
B Expost Opervd ik buskelangh

[E] Repens

547 MB | 651 ME

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

After analyzing the heat generated in the busbar and possibly the induced thermal
stresses, you might want to investigate ways of cooling it by letting air flow over its
surfaces.

When you have the CFD Module or the Heat Transfer Module, the Conjugate
Heat Transfer = multiphysics interface is available. This automatically defines
coupled heat transfer in solids and fluids including laminar or turbulent flow.

Adding fluid flow to the Joule heating model forms a new multiphysics coupling. To
simulate the flow domain, you need to create an air box around the busbar. You can
do this manually by altering the geometry from your first model.

Alternatively, you can load a file including the geometry and the solution to the Joule
heating problem. To load the geometry, select View>Model Library [, browse to
COMSOL Multiphysics>Multiphysics>busbar_box and click Open.

Having loaded or created the geometry, now simulate the air flow as in this figure:.

Air Outlet

Air Inlet

Start by adding a new parameter for the inlet flow velocity.
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DEFINING INLET VELOCITY

Under Global Definitions, click the
4 '3 bushar_box.mph (root)

Parameters node °; . 4 E Global Definitions
Fi Parameters

In the Settings window, click the last row in

. 2l Setti &l
the Parameters table. Enter Vin in the Name Seftings —
column and 1e-1[m/s] in the Expression P Parameters
column. Enter a description of your choice. ~ Parameters
The next step is to add the material Neme  Expression Value
properties of air. tbb 5[mm] 0.005 m
whbb 5[em] 0.05m
mh B6[mm)] 0.006 m
htc SIW/mA2/K] 5 Wimd|
Vtot 20[mv] 0o2v |~
Jvin] le-1[m/s] 01m/s

4 | i | b

t+t 4= E

MName:

Vin
Expression:

le-1[m/s]
Description:

Inlet velocity

ADDING AIR

| In the Model Builder, right-click the Materials - .
\a | #E Materials
node # and select Open Material Browser s @0+ Material

&
(OI" select View>Material Browser). ; j& IT &  Open Material Browser
> 1% Joule
a

58 Mesl Dynamic Help
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2 In the Material Browser, expand the Built-In tree. @
Right-click Air and select Add Material to

Model =-. #3% Settings | %% Material Browser =0
L—?
O Close

e —

3 Close the Material Browser.
. Material Browser
4 |n the Model Builder, under Materials, click the Air

node. Materials
a4 #B Materials
- %8 Copper 4 ¥ Built-In -
;- &8 Titanium beta-215 &8 Air =
@ » |48 Air e %) 4k Add Material to Model
@
& Remove Selected

# Aluminum 6063-Ta3

# Aluminum

#8 American red oak

#8 Beryllium copper UNS C17200
5 Brick

5 In the Graphics window, click the air box to
highlight it and right-click to add it to the
selection list. 5l Settings @~

Now you can add the physics of fluid flow. | & Material

@ Cross-check: Domain |.

Geometric Entity Selection

Geometric entity level: [ Domain -

Selection: [Manual -

1 L
F =
B A
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ADDING FLUID FLOW

I In the Model Builder, right-click Model 1 @ and ﬁﬂ i @-o

select Add Physics .

Add Physics EER |
7 In the Model Wizard, select Fluid
Flow>Single-Phase Flow>Laminar Flow = then ; igz‘é'y Used =
click the Add Selected button 4= and the Finish 1) Acoustics
button . %% Chemical Species Transport
# T Electrochemistry
Save the model with a new name, == Fluid Flow
busbar_box_I.mph =< Single-Phase Flow
— = ' == Laminar Flow (spf)
2 Turbulent Flow
== Creeping Flow (spf)
3¢ Rotating Machinery, Fluid Flow
S5 Pipe Flow (pfl)

[&] Thin-Film Flow

= Multiphase Flow

[ Porous Media and Subsurface Flow
== Mon-Isothermal Flow

55 High Mach Number Flow

4% Rarefied Flow

+§®

2 On the Graphics toolbar, click the Wireframe rendering button = to look inside the box.

©

bz klegeco@E@e|Fue|m=8

x® ¢ @ Q Q4
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Now that you have added fluid flow to the model, you need to couple the heat
transfer part of the Joule Heating physics interface to the fluid flow.

In the Model Builder, right-click Joule Heating x . In the first section of the context menu
(at the domain  level), select Heat Transfer in Solids>Heat Transfer in Fluids.

4 [} Joule Heating (jh)| B
P Joul + Joule Heating Model

o . ;
;_’ Eleq i Electromagnetic Heat Source
o Bou | -

S Elec i Infinite Elements

o
Do Thel T Initial Values
o

o Initi Heat Transfer in Solids v | * Heat Transfer in Solids

5 Hea Electric Currents »
o Elec
& Groi “i@  Boundary Electromagnetic Heat Source

#  Heat Transfer in Fluids &

# Heat Source

Mezh 1 Darimdim Fom el o

The Settings window for Heat Transfer in Fluids

displays. b
Py Seﬁings =0

< Heat Transfer in Fluids

Domain Selection

Selection: ’ Manual

» Override and Contribution

¥ Eouation

In the Graphics window select the air domain to .
highlight it (in red) and right-click to add it to the ([, Cross-check: Domain .
Selection list (which changes the color to blue).
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Now couple fluid flow with heat transfer.

In the Settings window, under Model Inputs,
select Velocity field (spfifpl) from the
Velocity field list.

This identifies the flow field from the

and couples it to

Laminar Flow interface
heat transfer.

Settings = B8

< Heat Transfer in Fluids

Domain Selection

Selection: ’Manual v]

1

%
&
in|

» Override and Contribution
» Equation

+ Model Inputs
Temperature:

T | Temperature (jh/jh)

Absolute pressure:

P | User defined -
1[atm] Pa
Velocity field:

u ‘Vel.acity field (spf/fpl) v'

»  User defined

Moving on to the boundary conditions, specify the inlet and outlet for the heat

transfer in the fluid domain.

In the Model Builder, right-click Joule Heating (. In the second section of the context
menu (the boundary @ section) select Heat Transfer in Solids>Temperature.

4 |[|% Joule Heatina (ih)| l
P Joul| ¥ Joule Heating Model

T Elec] # Electromagnetic Heat Source
o

DD. Bou #( Infinite Elements
w0 Eleq | -
s The “i  Initial Values
P Initi Heat Transfer in Solids
o' Hea Electric Currents
o Eleq)
& Grol B Boundary Electromagnetic Heat Source
() Heal “i@ Periodic Condition
b £ Mesh1 Heat Transfer in Solids
=]
b s Studyl Electric Currents

{51 Results
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9 In the Graphics window, click the inlet
boundary, boundary number 2, and
right-click to add it to the Selection list
in the Settings window. This sets the
inlet temperature to 293 K the

default setting.

Continue with the outlet.

c, Cross-check: Boundary 2.

101n the Model Builder, right-click Joule Heating 1x. In the second section of the context

menu, select Heat Transfer in Solids>Outflow & .

4% Joule Heatina (ih) [

=)
=]
T g
T g
w1
(=
(@ H
(@ H
@
o H

@

I+ E55 Mes
b 552 Study 1
[ Results

=
=
=
=

*
*

Joule Heating Model
Electromagnetic Heat Source
Infinite Elements

Initial Values

Heat Transfer in Solids
Electric Currents

Boundary Electromagnetic Heat Source

Periodic Condition

Heat Transfer in Solids

Electric Currents

Pairs

Edges

-

©

*
*

Temperature

Thermal Insulation

Outflow

* @

Symmetry

Convertive Conling
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In the Graphics window, click the outlet
boundary, boundary number 5, and -
right-click to add it to the Selection list
in the Settings window.

Cross-check: Boundary 5.

The settings for the busbar, bolts,

and for the Electric Potential 1 and Ground | boundaries have retained the correct
selection, even though you added the box geometry for the air domain. To see
this, click Electric Potential 1 and then Ground I in the Model Builder to verify that
they have the correct boundary selection.

Continue with the flow settings. You need to indicate that fluid flow only takes place
in the fluid domain and then set the inlet, outlet, and symmetry conditions.

In the Model Builder, click the Laminar Flow Settings =5
node =-. In the Settings window, click the
Clear Selection button .

== Laminar Flow

« Interface Identifier

In the Graphics window, click the air box

(domain number 1) and right-click to add it Identifier:  spf
to the Selection, jUSt list like in ’ . Domain Selection
o
Selection: | All domains v]

52 | Adding Physics to a Model



You can also verify that Air in Materials has all the properties that this
multiphysics combination requires. In the Model Builder, under Materials, click Air.
In the Settings window's Material Contents list, verify that there are no missing
properties, which are marked with a warning sign A..

Continue with the boundaries.

kil Settings @ =8
In the Model Builder, right-click Laminar = Inlet
Flow =. From the context menu’s '
Boundary Selection

boundary section, select Inlet .

Selection: ’Manual

2

» Override and Contribution
» Equation
 Boundary Condition

Boundary condition:

Velocity M
« Velocity
@ MNormal inflow velocity
() Velocity field
Uy [T /s
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15 In the Graphics window, select the inlet
boundary and right-click to add it to
the Selection list (just like in step 0)

16 Go back to the Inlet Settings window.
In the Uy field, enter Vin to set the
Normal inflow velocity.

@ Cross-check: Boundary 2.

17 nght-dld( Laminar Flow = and P @ %
select Outlet . P Fluid Pr * () Fluid Properties
e Walll * Volume Force

o -
U Initial V) .
Initial Val
b 55 Mesh1 ) Initial Values

b E2 Studyl *oE Inlet

[ RSU“SG |+@ Outlet
@ Wall

FE Symmetry

121n the Graphics window, select the c Cross-check: Boundary 5.
outlet boundary 5 and right-click

(just like in step G,).
The last step is to add symmetry
boundaries. You can assume that the
flow just outside of the faces of the
channel is similar to the flow just
inside these faces. This is correctly
expressed by the symmetry
condition.
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Right-click Laminar Flow = and
select Symmetry .

In the Graphics window, click one of
the blue faces in the figure and

right-click to add it to the Selection list.

Continue with the three other faces.

When you know the boundaries,
you can click the Paste button g
and enter the information. In this
example, enter 1,3,4,48 in the
Paste selection window. Click OK
and the boundaries are

+ [ Lominar Flow (sof) B
P2l *CJ Fluid Properties
z‘ * Volume Force
k.% * Initial Values
5

b 65 Me * g Inlet

& e
*og Wall
“« ® Symmetry

*  Open Boundary

. Cross-check: Boundaries |, 3, 4
' and 48.

1% Paste Selection E

Selection: | 1,3,4,48|

G

automatically added to the Selection list.

The next step is to change the mesh slightly in order to get a quick solution. The

current mesh settings would take a relatively long time to solve, and you can always

refine it later. So for now, make the mesh coarser.
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COARSENING THE MESH

I In the Model Builder, expand the Mesh I node &, then - —
& 4 28 Mesh1

click the Size node 2i. w Size
;}" Free Tetrahedral 1

2 In the Settings window, under Element Size, P o
confirm that Predefined and Normal are o
selected. 7% Settings | @ =8

3 Click the Build All button . &d Size

You can assume that the flow velocity is Homeiae

large enough to neglect the influence of the Calibrate for

. . General physi -
temperature increase in the flow field. L e ]

It follows that you can solve for the flow field y

() Custom b

b Flament Sire Parametare

first and then solve for the temperature
using the results from the flow field as input.
You implement this with a study sequence.

RUNNING ASTUDY SEQUENCE—FLUID FLOW AND JOULE
HEATING

When you solve the flow field first and then the temperature field, it yields a weakly
coupled multiphysics problem. The study sequence described in this section
automatically solves such a weak coupling.

I In the Model Builder,

X . 4 g Study 1 I
right-click Study 1 = and 7% = Compute
select Study 0 Resulf _ | G
. o dd “zi  Parametric Sweep

Steps>d5tatm.nary Iz toj a Study Steps »| *|7 Stationary
second stationary stu o =

y y &% Show Default Solver (£ phe=lbepencient
step. : Fimenfremencr

Next you need to connect
the correct physics with the correct study step. Start by removing Joule heating from
the first step.
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2 Under Study I, click Step I: Stationary |~. @ 5 Study1
|7 Step 1: Stationary

|7 Step 2: Stationary 1
» [Fr. Solver Configurations

3 In the Settings window, under Physics
Selection, click the Joule heating (jh)

i ics i ~ Physics Selecti
row in the Physics interface table. St seler i

|n the Use column C“Cl( to change the Physics interface Use Discretization
6 Joule Heating (jh) b4 Physics settings =
check mark to an 3 to remove Joule Lo S
A aminar Flow (spf) v Physics settings =
heating from Study |.
Remove the fluid flow from the second
step.
4 Under Study I, click Step 2: Stationary
I ~. In the Settings window, under « Physics Selection
Physics Selection, click the Laminar flow
. 'th Physics interf t b| Physics interface Use Discretization
(Spf) rowin e ysics Interface 1aDl€. Joule Heating (jh) v Physics settings -
In the Use column, click to change the 0 Laminar Flow (spf) ¥ Physics settings
check markto an  to remove
Laminar flow from Study 2.
Press Ctrl+S to save the model.
5 nght—chck. Solver o Study1
Configurations - and select |7~ Step 1: Stationary
Delete Solvers 3¢ to clear any > [[Fr. Solver Configurations
. Result
solver settings that may be ‘ a} 7 poy| " Show DefauftSolver
kept from the last solution. 8% Deriy ) Clear Solutions
Tabl| [, Delete Solvers e
> [l Tem
> [E1300P [ZL  Dynamic Help F1
= Fvnnrt
6 Right-click the Study I node S B
== and select Compute = to 7| = Compute e
automatically create a new a) & Update Solution Fs
Re
solver sequence that solves ’ PeremE e S
the two problems in Study Steps ,
sequence. The simulation P Show Default Solver

takes a few minutes to run.

7 After the solution is complete, click the Transparency button 1 on the Graphics toolbar
to visualize the temperature field inside the box.
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The Temperature Surface plot shows the temperature in the busbar and in the
surrounding box. You can also see that the temperature field is not smooth due to

the relatively coarse mesh. A good strategy to get a smoother solution would be to
refine the mesh to estimate the accuracy.

EEEEEEBEL )

(d\ Graphics x ® ¢ & '| Q i

VS Buitiar_box mph - COMSOL Multiphyzics
[Fie Ede View Cptiom Hep

02@8 a2 MA & 1 a5t
17 Model Buikder WF T O G ey
P Sy s——— —
B Glcbal Defniions B Surface
4§ el (motl) - Duts
= Defmsions
, Geometny 1 Dt s From panent B
* B Nutenak
® Copper
 Teaniom beta- 115 = lpression - N-
® a
%, Joushe Haating ) Expression:
Laminus Pow 8 T
+ 6 Meshl e
&l o
[ r— N "
o T a1 Desenpion:
tep L Statianaey Temparaore
Sap - Staionaey
. Scheer Canfigurations
+ G ety Ty
- i~ —
1 Dud s (o .
Taies Coloring: [Etor e al
Py — I =]
popans Coloe table [Rasntizee |
@ Vebosity (3p8) ) Celer begend
B Presmare i3p6) Finvtrae cabor tbhe
@ fapon e f !
= . ::::ﬂ eslor range Messages 51 . = Progress| = Log . -
Rapor - Hhamiser of degress of frasdom sohed for: THG8. i
, hurniser of degroet of froedom schved for: 17801
Guatey Schuscn e (hudy 15 241
= Hurriber of degroei of froedom sehved foe T496.
Iheri Stye Nurmber of degrets offogedom scheed foe: 178 =
438|588
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Parameter Sweeps and Parallel Computing

Sweeping a Geometric Parameter

Often it is interesting to generate multiple instances of a design to meet specific
constraints. For the busbar, a design goal might be to lower the operating
temperature and a decrease in the current density achieves this. Since the current
density depends on the geometry of the busbar, varying the width, wbb, should
change the current density and, in turn, have some impact on the operating
temperature. Run a parametric sweep on wbb to study this change.

Open the file busbar.mph to add a parametric sweep to Study I.

ADDING A PARAMETRIC SWEEP

I Open the file busbar.mph. In the

. . #i Settings @ =g

Model Builder, right-click Study 1 = - )

and select Parametric Sweep . In the L Nl ClUU R

Settings window, click the Add button ~ Study Settings

4 and select the Parameter name, Parameter names:

wbb. o wbb
2 Enterarange(5e-2,1e-2,1e-1) of

Parameter values. This sweeps the

width of the busbar from 5 cmto 10 4 0 &

cm Wlth | ¢m increments. P Parameter values: range(Se-E,le-E,le-lj
Create an Average Model Coupling,
which you can later use to calculate Load paremetervalues: ———— | [ ReadFie |

the average temperature in the
busbar.
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3 Right-click Definitions = and select Model
Couplings>Average =,. In the Settings window,
select All domains from the Selection list. This
creates an operator called aveopf.

The aveop1 is now available to calculate the

average of any quantity defined on those

domains. A little later this is used to calculate the
average temperature, but it can also be used to
calculate average electric potential, current
density, and so forth.

4 Right-click Study | == and select Compute = to
run the sweep. Save the model as
busbar_III.mph.

The results show the temperature in the busbar

=
0
u]

#i Settings

%, Average
« Operator Name
Operator name:  aveopl

Source Selection

Geometric entity level:

Selection: e All domains -
%, o
1

00 = O N 4= Lo ha

for the last parameter value, wbb=10 cm. Compare this to the temperature for

wbb= 5 cm.

5 In the Model Builder, click the first
Temperature node {E. In the 3D Plot
Group Settings window, select

Settings

Solution 2 [ from the Data set list. ~ Data
This data set contains the results Data set:

from the parametric sweep. Parameter value (whts: (BB -
6 In the Parameters value list, select i

0.05. Click the Plot button .#. ~ Plot Settings 0.07
View: Autor 0:09
Title: [} SL.EJ.'} T

Color:

Frame:
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7 Under the first Temperature node, click the Surface node . In the Settings window, click
Range and select the Manual color range box. Enter 323 in the Maximum field (309.35
for the 10 cm case).

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

A 330.75

330

328

328

327

326

323

324

223
¥ 322,72

A 317.71

¥ 309.22

The maximum temperature decreases from 331 K to 318 K as the width of the
busbar increases from 5 cm to 10 cm.

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

I Right-click Results & and add a E23 Settings 7 =g

ID Plot G . Then right-click ID

ot Group f. J . Global

Plot Group 4 and select Global |.. In

the Settings window, select A Data

Solution 2 [ from the Data set list. Data set: 0
2 Select From list as the Parameter Parameter selection e

(whbb):

selection (wbb). Click the first row in
the Expressions column and enter
aveop1 (T). You use a similar syntax to
calculate the average of other
quantities.

Parameter values:

~ y-Axis Data e B

Expression Unit  Description

e ( aveoplml/\\) K

3 Click the Plot button .# and save the
model.

— aveop(T)

322

320

@
=

=4
>

Average Temperature [K]

bt
=

32

310

Width [m]

In the plot, the average temperature also decreases as the width increases. This
indicates that the goal of a lower operating temperature would be fulfilled by using
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a wider busbar. Of course, this may also increase the total mass (and therefore the
cost) of the busbar. This suggests an optimization problem for you to consider.

The subject of parameter sweeps naturally raises the question of parallel processing;
it would be efficient if all parameters were solved simultaneously.
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Parallel Computing

COMSOL supports most forms of parallel computing including shared memory
parallelism (for example, multicore processors) and high performance computing
(HPC) clusters.

You can use clusters to solve a series of parameter steps for a model, one parameter
per node, or you can solve a single large model using distributed memory. For
maximum performance, the COMSOL cluster implementation can utilize
shared-memory multicore processing on each node in combination with the
MPI-based distributed memory model. This brings a major performance boost by
making the most out of the computational power installed.

ADDING A CLUSTER COMPUTING JOB

I To run cluster simulations, you need to

. : =pElEtE = O
enable advanced options for the Job 'nTMm’:' Bb“"de' h o= N TE
. W : (root,
Configurations node. Click the Show button . EUSGT;:FD;;??;D”S
*= on the Model Builder and select 4 W Model1 (mod1)
Advanced Study Options.
2 |n the Model Builder, under Study I, 4 22 Study1
right-click Job Configurations = and [ Step 1: Stationary

. > [Fr. Solver Configurations
select Cluster Computing %.. B Cotion

» [ Results ? Show Default Solver

Parametric

;. Batch

4., Cluster Computing

Delete Sohvers
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The Cluster Computing Settings window helps

. . . . 7% Settings = 3

to manage the simulation either for running
. . . %, Cluster Computing

several instances of an identical

parameterized model — one parameter value R Tl

per host — or for running one parameter step Defined by study step:

in distributed mode. Prepend command:

Postpend command:

want to do from the Cluster type list.

COMSOL supports Windows Compute o Lot saiin
Cluster Server 2003, Windows HPC Server Cluster type:
50

MNumber of nodes:

You choose which type of cluster job you

2008, and Linux. To learn more about

running COMSOL in parallel, see the Node granulariy:

. . . [¥] Exclusive nodes
Installation and Operations Guide.
Advanced

Scheduler: localhost

Requested nodes:

Cores per node: 0

Memory per node (MB): 0

Runtime {minutes): Infinite

User:

Priority: MNormal -
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Geometry Sequences

This section details how to create the busbar geometry using COMSOL's geometry
tools. The step-by-step instructions take you through the construction of the
geometry using parameters set up in Global Definitions. Using parameterized
dimensions helps to produce what-if analyses and automatic geometric parametric

sweeps.

If you have not yet done so, follow the steps under the Model Wizard and Global
Definitions starting with “Thorough Example: The Busbar” on page 7. Then return
to this section to learn about geometry modeling.

The first step in the geometry sequence is to draw the profile of the busbar.

Right-click Geometry 1 i, and select Work
Plane €. In the Settings window, select

xz-plane from the Plane list. Click the Show 7t Settings gl@EAI&"-Oo
Work Plane button €. on the Settings E Work Plane
too!bar. Contmue editing the axis and grid - Work Plane
settings in Work Plane |. Plane type
[quick -
Plane:
’xz-plane ']
y-coordinate:
0 m
3D projection:
’Entire 3D geometry A

 Selections of Resulting Entities

Create selections
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In the Model Builder, expand the View 2 node
.L- and click Axis 1*:. Enter the values for the

x and y minimums and maximums (see the
figure) into the Axis fields and the x and y

spacing in the Grid fields. Select the Manual
Spacing check box.

Leave the Extra x and Extra y fields blank.
Click the Apply button .

Geometry Toolbar

\

0208 & @ :d-
T Model Builder & =
4 '3 bushar.mph
> = Global Definitions
4 4 Modell
> = Definitions
a \F\ Geometry 1
4 g Work Plane 1
> ‘F\ Geometry
> [y View 2
By Extrudel
> g Work Plane 2
By Extrude 2
> g Work Plane 3
By Extrude 3
@] Form Union

f NN D EE
'z =t Bl T Ok Settings

A Geometry

#i Settings ¢|@ = O

% Axis
v Axis

xminimum:  -le-2
xmaximum: 011

y minimum:  -le-2
y maximum: 011
Preserve aspect ratio
« Grid

[¥] Manual spacing

xspacing:  5e-3

y spacing: | 5e-3

Extra x:

Extra y:

You can use interactive
drawing to create a geometry
using the drawing toolbar
buttons while pointing and
clicking in the Graphics
window. You can also
right-click the Geometry node
A, under Work Plane | & to
add geometric objects to the
geometry sequence.

In the next set of steps, you will create a profile of the busbar
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In the Model Builder under Work Plane 1,
right-click Geometry % and select
Rectangle —. Under Size, enter L+2*tbb in
the Width field and 0.1 in the Height field.

Click the Build Selected button .

Create a second rectangle. Under Work
Plane I, right-click Geometry } and select
Rectangle . Enter L+tbb in the Width field,
0.1-tbb in the Height field, and tbb in the y
position field.

Click the Build Selected button .

Use the Boolean Difference operation to
subtract the second rectangle from the first

one.

Under Work Plane 1, right-click Geometry
and select Boolean Operations>Difference .
In the Graphics window, click r1 and

right-click to add r1 to the Objects to add list.

Click the Activate selection button ¢ in the
Objects to subtract list then right-click to add
r2 to the Objects to subtract list.

Click Build Selected . You should now have
a backward-facing, L-shaped profile.

Continue by rounding the corners using
fillets.

68 | Geometry Sequences

#i Settings i a =08
= Rectangle
« Object Type
Type: ’Solid -
- Size
Width:  L+2*tbb m
Height: 0.1 m
 Poston
it Settings A& =8
= Rectangle
« Object Type
Type: ’Solid -
- Size
Width:  L+thb m
Height: 0.1-thb m
~ Position
Base: | Corner -

X 0 m
y: thb m
k¢4 Settings il @ =0

& Difference

 Difference

Objects to add:

1

Ohbjects to subtract:

-1 +(¢



Under Work Plane 1, right-click Geometry 3,
and select Fillet 7.

In the Graphics window, click point 3, the
inner corner, and right-click to add it to the
Vertices to fillet list. Enter tbb in the Radius
field. This takes care of the inner corner.

For the outer corner, right-click Geometry
', and select Fillet .

In the Graphics window, click point 6, the
outer corner, and right-click to add it to the
Vertices to fillet list. Enter 2*tbb in the
Radius field.

Click Build Selected .

#i Settings
i Fillet
 Points

Vertices to fillet:
difl ¥+

3 =

 Radius

Radius: | tbh]| m

#i Settings i
il Fillet
 Points

Vertices to fillet:

fill 4
6

-1

 Radius

Radius: | 2*tbb| m

Geometry Sequences | 69



The result should match this figure:

0.1
0.08
0.08
0.07 |
0.06 |
0.05)
0.04
0.03|
0.02]

0.01

L

" 4

0

-0.02-001' 0 0.0l 0.02 0,03 0.04 0,05 0.06 0,07 0.08 0.08 0. 011 0.1z

Next you extrude the work plane to create the 3D busbar geometry.

In the Model Builder, right-click Work Plane 1 €
and select Extrude . In the Settings window,
enter wbb in the Distances from Work Plane table
to extrude to the width of the profile.

The table allows you to enter several values in
order to create sandwich structures with
different layer materials. In this case, only one
extruded layer is needed.

Click Build Selected jij. Click the Zoom Extents (&
button on the Graphics toolbar, then click the
Save button @ and name the model
busbar.mph.

The root node is the same name as your file.

008 s @ik~
7 Model Builder ¢ o E'FETE T O
4 '3 bushar.mph (root)
» & Global Definitions
> A0 Model1 (modl1)
> 2 Studyl
- g Results

#i Settings kil @ =0
% Extrude
~ General
Work plane: | wpl - ||z
Input objects:
wpl 4

[[] Keep input objects
Keep cross-sectional faces

« Distances from Work Plane

Distances (m)

whb

Next, create the titanium bolts by extruding two circles drawn in two work planes.
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In the Model Builder, right-click Geometry 1 # and add a Work Plane €.. A Work Plane 2
node is added. In the Settings window, under Work Plane, select Face parallel as the Plane
type.

T Madel Builder & 2 "E 'z =t Bl T Ok settings E| # @ =0
4 '3 bushar.mph (root)
4 = Global Definitions g ok Rang
Pi Parameters + Work Plane
4 A Modell (modl)
. = Definitions Plane type:
4 \F\ Geometry 1 Face parallel ']
4 g.WUrk Planel (wpl) Planar face:
4 \F\ Geometry
71 Rectanglel (r1) extl D
71 Rectangle 2 {r2) L]
(3 Difference (difl) —_
@l Fillet 1 (fil1) '
Fillet 2 (fil2)
> [2y View 2
@ Extrude 1 (extI) Origin:
rigin:
a g Work Plane 2 (wp2)

A Geometry Center of face -

In the Graphics window, click face 8
(highlighted in the figure). Once this surface is
highlighted in red, right-click anywhere in the
Graphics window to add it to the Planar face list
in the Settings window.

Face number 8 is now highlighted in blue and
the work plane is positioned on top of face
number 8.

Click the Show Work Plane button € to draw
the first circle representing the position of the
first bolt. Click the Zoom Extents button @& on
the Graphics toolbar.

Face 8
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Under Work Plane 2, right-click Geometry

#i Settings i a =08
and select Circle (). o
] (O Circle
In the Settings window, under Size and Shape,
. . . « Object Type

define a circle with radius rad_1 and the

Center x and y coordinates (0, 0). Type: ol b

Click Build Selected . SASALE T ST
Radius: rad_1 m
Sector angle: 360 deg
« Position
Base: ’Center -
e ql m
y: 0 m

Your geometry should match this figure:

(=)

Continue creating the bolt by adding an extrude operation. In the Model Builder,
right-click Work Plane 2 & and select Extrude &.
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12 1n the Settings window, in the first row of the Distances from Work Plane table, enter
-2*tbb to extrude the circle a distance equal to the thickness of the busbar:

S

1T Model Builder & 2 "=’z Bt B T O [k settings A& =o
4 '3 busbar.mph (root)
[ & Global Definitions - M2
4 A} Modell {modl) « General
i = Definitions
4 A Geometry 1 Work plane: ’pr A
4 ﬂ Work Plane 1 (wpl) Input objects:

4 A Geometry
I Rectanglel (rl) Build Preceding State

I Rectangle 2 (r2)
Keep input objects

(3 Difference (difl)
il Fillet 1 (fil1) Keep cross-sectional faces

il Fillet 2 (fil2)
a [y View2 ~ Distances from Work Plane
s fuis Distances (m)
&y Extrudel (extl)
4 B Work Plane 2 (wp2) -2*tbb
b A Geometry
b 1 View3
() S Eme2eey

[ Form Union (fin) =
- B Materials o
IR directi
I+ |% Joule Heating (jh) everse direction
i 655 Mesh1 ) Scoles
b 552 Study 1
4 Results » Displacements
» Twist Angles

» Polygon Resolution of Edges

 Selections of Resulting Entities

Create selections

Click the Build Selected button f to create
the cylindrical part of the titanium bolt that

runs through the busbar.

Draw the two remaining bolts.
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Right-click Geometry 1  (under Model 1) and
select Work Plane £.. A Work Plane 3 node is
added.

In the Settings window, for Work Plane 3, select
Face parallel as the Plane type.

In the Graphics window, click face 4 (shown in
the figure). When this surface is highlighted red,
right-click anywhere in the Graphics window to
add it to the Planar face list in the Settings
window. Face number 4 is now highlighted blue.

Click the Show Work Plane button €. and the
Zoom Extents button [ to get a better view of Face 4
the geometry.

To parameterize the position of the two remaining bolts, add the circles that form
the cross sections of the bolts.

Under Work Plane 3, right-click Geometry 2,

4 Settings il @ =8
and select Circle (). -
o (O Circle
In the Settings window, under Size and
Shape, enter rad_1 in the Radius field. v Object Type
Under Position, enter -L/2+1.5e-2 in the Type: old _
x field, and -wbb/4 in the y field. ~ Size and Shape
Click Build Selected . Radivs: | rad 1 m
. . : d
Copy the circle that you just created to Sectorangle | 3 -
generate the third bolt in the busbar. ~ Position
Base: ’Center -
e -L/2+1.5e-2 m
¥ -wbb_a'4| m

74 | Geometry Sequences



Under Work Plane 3, right-click Geometry 2,

#i Settings i Q =08
and select Transflcorms>Co|.)y 3. | 1 Copy
In the Graphics window, click the circle c1 to
highlight it. Right-click anywhere in the i _
Graphics window and add the circle to the Input objects
cl 4

Input object list in the Settings window.

-1

Under Displacement, enter wbb/2 in the y
field. Click Build Selected .

Keep input objects
 Displacement

w 0

3

3
EE]

y: | whb/2|

Your geometry should match this figure.

Continue by extruding the circles.

In the Model Builder, right-click Work Plane 3 £ and select Extrude &. In the Settings
window, in the first row of the Distances from Work Plane table, enter -2*tbb. Click Build
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Selected jif. The geometry and its corresponding geometry sequence should match
the figure. Click the Save button @ and name the model busbar.mph.

4 A Geometry 1
4 B Work Plane1 (wpl)
4 A Geometry
=1 Rectanglel (rl)
=1 Rectangle 2 (r2)
(3 Difference (difl)
il Finet1 (fiy
il Fillet 2 (il2)
B Doy View 2
&y Extrudel (extl)
4 B Work Plane 2 (wp2)
4 A Geometry
[ circle1 (c1)
B Doy View3
&y Extrude 2 (ext2)
0 4 B Work Plane 3 (wp3)
4 A Geometry
. Circlel ci)
[£] Copy1 feopy1)
Doy Viewd
&y Extrude 3 (ext3)
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Easy Example: The Wrench

Torquing a Wrench

Working with hand tools gives you a practical introduction to basics of engineering.
At some point in your life It is likely you have tightened a bolt using a wrench. This
exercise takes you through a model that analyzes this basic task, going into detail
about the associated geometric tolerances, torque specs, and the intrinsic contact
problem.

In principle, a bolt replaces the need for external fastening by providing an internal
clamping force via pretension. The tensile stress in a bolt is produced when it is

torqued into a matching threaded hole or nut. The magnitude of this stress depends
on many factors, such as material selection, assembly configuration, and lubrication.

Control of these parameters becomes the focus of much engineering effort,
especially in critical applications such as automotive engines, brakes, aircraft, and
structural installations. The following model presents both a bolt and a wrench at the
moment of installation.

MODEL WIZARD

In the Model Wizard, select 3D and click Next = .

¥3 Model Wizard @-=-a
Select Space
Dimension % #

@ 3D
() 2D axisymmetric
@20
() 1D axisymmetric
1D
©0D
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In Add Physics, select Structural Mechanics > Solid
Mechanics (solid) =. Right-click or double-click to
add it to the Selected physics section.

Click Next = .

Click Stationary (= under Preset Studies. Click the

13 Model Wizard

g-o

Add Physics

>

da2

b Il Electrochemistry

[> Fluid Flow
[> Heat Transfer
i @ Plasma

[> '%' Radio Frequency
4 % Structural Mechanics

% Thermal Stress (ts)
] Poroelasticity (poro)
[ Shell (shel)

%2 Beam (beam)
1 Truss (truss)

I 2% Chemical Species Transport

|% Solid Mechanics (solid) |

'% Electromechanics (emi)

% Joule Heating and Thermal Expans

-

m

. 3 Model Wizard =0
Finish button .
Select Study Type &2
Studies
4 g Preset Studies
= Frequency-Stationary
¥ Frequency-Transient
[l Frequency Domain
|[~ Stationary |
[, Time Dependent
[> g Custom Studies
GEOMETRY
Under Model I, right-click
Model Build =E'F
Geometry | # and select i ofE Bueer coE"
4 '3 Untitled.mph (root)
Import e, £ Global Definitions
4 v Modell (modl)
> = Definitions
[ |-—’S Geometry 1/
& Mate Build All F&
» %= Solid|
55 MesH *[# Import
[ Results LiveLink Interfaces »
“i1 Block
“# Cone
“o Cylinder
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2 From the Geometry import list, select
COMSOL Multiphysics file.
= Import

2 Click Browse and locate the file
wrench.mphbin inthe Model Library folder e v Import
Geometry import:

COMSOL_Multiphysics/Structural_Mechanics.

Double-click to add or click Open.
Filename:

| ysics\Structural_Mechanics\wrench.mphbir| |

GI—T—1-:}

 Selections of Resulting Entities

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

=)

rap Il.

xoC@-QAARFH L bk SOc@e @ [FL 0 @

MATERIALS

The chosen bolt material and tool steel are important characteristics of this contact
problem. Here is how to choose them in COMSOL.
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I Under Model I, right-click
Materials # and select Open
Material Browser & (or select
View>Material Browser).

2 In the Material Browser, under

Materials, expand the Built-In folder. Scroll
down to find Structural Steel, right-click and

select Add Material to Model.

3 Examine the Material Contents
section to see how COMSOL
categorizes available material
information with respect to
what the active physics
interface requires.
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7 Model Builder

€ o =

]

4 '3 Untitled.mph (root)
= Global Definitions
4 W) Modell (modl)
> = Definitions
b A Geometryl
| &8 Materials

* @ Material

#&  Open Material Browser

[71  Dynamic Help

F1

Settings | %% Material Browser &2

=08

m =& &

Material Browser

Materials

#E Nylon

&8 Silica glass
# Silicon
#E Polysilicon

# Steel AIST4340
|#8 Structural steel |

# Nimonic alloy 90

#8 Lead Zirconate Titanate (PZT-5F

#8 Solder, 605n-40Pb

-

m

N

& &= Add Material to Model

Remove Selected

Phase:

Orientation/variation:

« Material Contents

Property MName
+" Density rtho
+~" Young's modulus E
+ Poisson's ratio nu

Relative permeability mur

Heat capacity at constant.. Cp

Thermal conductivity k

Electrical conductivity sigma

epsilonr

Relative permittivity

Value
7850[kg/m...
200e3[Pa]
033

1

4750/ (kg*K]]
44.5[W/(m...
4.032e6[5/...
1

Unit
kg/...
Pa

1

1
Wkg.
W/
S/m
il




GLOBAL DEFINITIONS

Parameters
In the Model Builder, right-click Global Definitions = and choose Parameters i .

Go to the Settings window for Parameters.

Locate the Parameters section. In the Parameters table, enter the following settings:

NAME EXPRESSION DESCRIPTION
F 150[N] Applied force

DOMAIN PHYSICS AND BOUNDARY CONDITIONS

With the geometry and materials defined, you are now ready to revisit the governing
physics introduced in the Model Wizard section.

In the Model Builder,

4 '3 wrench.mph (root)

right-click Solid Mechanics > E Global Definitions
(solid) = and select Fixed 4 18 Model1 mod1)
: . = Definitions
Constraint =. - A\ Geometry1
. @8 Materials

- [%= Solid Mechanics (solid)
> 8 Meshl | = Linear Elastic Material Model
» 5 Studyl

& Resul Hyperelastic Material Model
> esults

Viscoelastic Material Model
Cam-Clay Material Model
Body Load

Initial Values

More 3

@ Free
“ & Fixed Constraint
“ 8 Prescribed Displacement

*5  Prescribed Velocity
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2 Rotate the geometry by left-clicking and “ Cross-check: Boundary 35
dragging into the position shown. Then O rossrenect: Bodndaty 2>

left-click the cut-face of the partially
modeled bolt (which turns the boundary
red) and right-click to select it (which
turns the boundary blue).

2 Click the Go to Default 3D View button ..
to restore the earlier view.

e

Bk cfecars M. b @)

(ﬂ Graphics ® e O @ v| | Q ¢

4 Click the Zoom Box button 4, to prepare the view shown in C
5 In the Model Builder, right-click

; . . 4 [E= Solid Mechanics (solid)| [ )
Solid Mechanics (solid) = and " LinearE (- Lincar Elastic Material Model
select Boundary Load . :ﬁ Freel | & Hyperelastic Material Model
P InitilV| , ) )
5 Fixed C 0 Viscoelastic Material Model
b 65 Mesh1 *  Cam-Clay Material Model
b 552 Study 1 “( Body Load
b W& Results * Initial Values
More 3
*im Free

“ & Fixed Constraint

“ 8 Prescribed Displacement
“ @ Prescribed Velocity

“ & Prescribed Acceleration
*m Symmetry

@ Antisymmetry

“5 Roller

“& Thin-Film Damping

g “ 5 Boundary Load

* & Periodic Condition
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Rotate the geometry by left-clicking
and dragging it into the position
shown. Then select the top socket face
by left-clicking to highlight the
boundary and right-clicking it to add it
to the list.

In the Boundary Load Settings window,
under Force, select Total force as the

Load type and enter -F. The negative
sign indicates the negative z direction
(downward).

MESH

Cross-check: Boundary | 11.

« Force

Load type:

Total force

Total force:

Frot

0
0
-F

Because the geometry contains small edges and faces, reduce the size of the

minimum element.

N O AW N

In the Model Builder, click Model 1>Mesh | .

Go to the Settings window for Mesh.

Locate the Mesh Settings section. From the Sequence type list, select User-controlled mesh.

Click Model 1>Mesh 1>Size 2.

Go to the Settings window for Size.

Locate the Element Size section. Click the Custom button.

Locate the Element Size Parameters section. In the Minimum element size edit field, enter

0.0012.
Click the Build All button
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STUDY

The following steps are needed to set up an iterative solver. By using such a solver,
you can significantly reduce the memory amount needed for the calculations. If your
computer has more than 2 GB of memory, you can skip these steps and go directly
to step 6 to compute the solution.

I In the Model Builder, right-click Study 1 == and

h Show Default Sol ‘ [StUd)rl

choose Show Default Solver fr.. 7 Step 1: Stationary

2 EXpaﬂd the Study I>Solver 4 [ SI\rerConfigurations
4 .El Solverl

Configurations>Solver 1> =t node. 2.+ Compile Equations: Stationary

> uww Dependent Variables 1

3 Right-click Stationary Solver | iz and choose + |75 Stationary Solver 1

Iterative []. Direct
) ) . .. n Advanced
4 Right-click Iterative | & and choose Multigrid o Fully Coupled 1
g, a [%] Tterativel

Incomplete LU

5 Right-click Study 1 == and select Compute = . . & Muttigrid 1

DISPLAYING RESULTS

COMSOL finishes after about one minute of computation time and displays the
default von Mises stress in a Surface plot with the displacement visualized using a
Deformation subnode. Change to a more suitable unit as follows.

I In the Model Builder, expand the Results>Stress (solid) {F node, then click Surface I 3.
2 Go to the Settings window for Surface.

3 Locate the Expression section. From the Unit list, select MPa.

4 Click the Plot button .#.
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5 Click the Zoom Extents button & on the Graphics toolbar

Surface: von Mises stress (MPa)

A 144,76

Y o0l1l718

von Mises stress distribution in bolt and wrench under an applied vertical load.

Next we are going to determine the location of greatest tension by plotting the
principal stress field s|.

PLOTTING THE PRINCIPAL STRESS FIELD

I Right-click the Results node & and add a

4 |51 Results I
3D Plot Group . 0 > 8 +[E] 3D Plot Group
= *@l 2D Plot Group
> g "’]_\.g 1D Plot Group
E “&3  Polar Plot Group

=4 Plot Al
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2 Right-click the 3D Plot Group , {5 30 Piot Grong n
node [§ and select Contour <. @ Export »# Plot Fé
B@ Reports Plot In 3

Volume

Arrow Volume

Surface
Slice

Isosurface

Arrow Surface

Line

Contour

&

3 In the corresponding Contour Settings window, click the Replace Expression button = -
and select Solid Mechanics>Stress>Principal stresses> First principal stress (solid.spl),
which is representative of the s| field.

4 In the same Settings window, under

Expression, select the Description check ~ Expression +- &
boxandenterPrincipal Stress Field Expression:
S1. solid.spl
Unit:
Under Levels, set the Total levels to 12. ;:f -
m -

Under Coloring and Style, select Filled as

Description:
the Contour type. o — .
Principal Stress Field 51

Parameters
MName Value  Description
solid.refpntx 0 Reference po...
solid.refpnty 0 Reference po...
solid.refpntz 0 Reference po...
v Levels
Entry method: | Number of levels -

o Total levels: 12

+ Coloring and Style

o Contour type: Filled -

Colering: [ colortable |
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5 Click the Plot button .# and rotate the geometry to approximately the orientation
shown in the figure. You can see that the tensile stress concentrates at the handle's top
toward the open end, which is consistent with the downward force applied to the
socket. Also note high stresses in the head to shank transition of the bolt.

-0.9808
¥ 5.1707x107
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Supported External File Formats

After completing a design study as you have done, you often want to use the results
in some other context. For instance, you may want to output an optimal geometry
in a dedicated CAD format. In fact, the broadly applicable nature of multiphysics
simulation brings with it the need for interaction with many other scientific
computing platforms. For this reason, COMSOL Multiphysics provides the capability
to read and write a wide array of file formats. The list below contains several formats
that are compatible with COMSOL. These formats are categorized according to the
associated type of software.

MCAD

FILE FORMAT READ WRITE
AutoCAD® (.dweg, 3D only)! Yes® Yes®
Autodesk Inventor® (.ipt, .iam)2 Yes Yes®
Creo™ Parametric (.prt, .asm)3 Yes® Yes®
Pro/ENGINEER® (prt, .asm)? Yes Yes®
SolidWorks® (.sldprt, .sIdasm)2 Yes Yes®
SpaceClaim® (.scdoc)4 Yes® Yes®
DXF (.dxf, 2D only) Yes Yes
Parasolid® (x_t, xmt_txt, x_b, .><mt_bin)2 Yes Yes
ACIS® (sat, sab)? Yes No
Step (.STEP)2 Yes No
IGES (IGES)? Yes No
CATIA® V5 (CATPart, CATProduct)” Yes No
VRML, vI' (vrml, vrl) Yes No
STL (stl) Yes No

IRequires LiveLink™ for AutoCAD®

2Requires one of the LiveLink™ products for AutoCAD®, Creo™ Parametric, Inventor®,
Pro/ENGINEER®, SolidWorks®, or SpaceClaim®; or the CAD Import Module

3Requires LiveLink™ for Creo™ Parametric
“Requires LiveLink™ for SpaceClaim®

>Requires the CAD Import Module (or one of the LiveLink™ products for AutoCAD®,
Creo™ Parametric, Inventor®, Pro/ENGINEER®, SolidWorks®, or SpaceClaim®) and
the File Import for CATIA® V5

®From/To file via linked CAD package
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ECAD

FILE FORMAT READ WRITE
NETEX-G (asc)' Yes No
ODB++(X) (xml)! Yes No
GDS (gdx)' Yes No
SPICE (cir)' Yes No

|Requires one of AC/DC Module, RF Module, or MEMS Module

Material Databases

FILE FORMAT READ WRITE
NASA file (.dat)' Yes No
CHEMKIN (dat)' Yes No
CAPE -OPEN (direct connection) n/a n/a

'Requwres Chemical Reaction Engineering Module

Mesh
FILE FORMAT READ WRITE
NASTRAN Bulk Data (nas, .bdf, .nastran, .dat) Yes No
VRML, vI (vrml, .vrl) Yes No
STL (stl) Yes No

Numerical Data, Images, and Movies

FILE FORMAT READ WRITE
Plain text (:txt) Yes Yes
Copy and paste spreadsheet format No Yes
JPEG (jpg) No Yes
PNG (png) No Yes
BMP (bmp) No Yes
EPS (.eps) (2D graphs) No Yes
Animated GIF (.gif) No Yes
Adobe® Flash (.swf) No Yes
AVI (avi)! No Yes

| Available for Windows only
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Programming Languages

FILE FORMAT READ WRITE
MATLAB®: Model M-File (.m)I Yes Yes
MATLAB®: Function (m)' Yes No
Java: Model Java File (java) Yes Yes
C: Function Yes No
|Requires LiveLink™ for MATLAB®

Interpolation Data Formats
FILE FORMAT READ WRITE
Spreadsheet Yes Yes
Grid Yes No
Sectionwise Yes Yes

Built-in Functions

FUNCTION ARGUMENTS AND DEFINITION CALL

Analytic The function name is its identifier, for The name of the function with

Gaussian Pulse

example ant.

The function is a mathematical
expression of its arguments.

Example: Given the arguments X and Y,
its definition is sin(Xx) *cos(y).
The function has arbitrary number of
arguments.

The function name is its identifier, for
example gp1.

The Gaussian pulse function defines a
bell-shaped curve according to the
expression

—(5-50)°

1 26°
e

y(s)=

cA2T

It is defined by the mean parameter, s,
and the standard deviation, G.

The function has one argument.

comma-separated arguments within
parenthesis. For example:

ani(x,y)

The name of the function with a single
argument within parenthesis. For
example:

gp1(x)
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FUNCTION

ARGUMENTS AND DEFINITION

CALL

Interpolation

Piecewise

Ramp

Random

Rectangle

The function name s its identifier; for
example int1.

An interpolation function is defined by a
table or file containing the values of the
function in discrete points.

The file formats are the following:
spreadsheet, grid, or sectionwise.

The function has one to three
arguments.

The function name s its identifier; for
example pw1.

A piecewise function is created by
splicing together several functions, each
defined on one interval. Define the
argument, extrapolation and smoothing
methods, and the functions and their
intervals.

This function has one argument with
different definitions on different intervals,
which must not overlap or have any
holes between them.

The function name is its identifier; for
example rm1.

A ramp function is a linear increase with
a user-defined slope that begins at some
specified time.

The function has one argument. It can
also be smoothed.

The function name s its identifier; for
example rni.

A random function generates white
noise with uniform or normal
distribution and has one or more
arguments to simulate white noise.
The function has arbitrary number of
arguments.

The function name s its identifier; for
example rect1.

A rectangle function is 1 in an interval
and 0 everywhere else.

The function has one argument.

The name of the function with
comma-separated arguments within
parenthesis. For example:

int1(x,y,z)

The name of the function with a single
argument within parenthesis. For
example:

pwi(x)

The name of the function with a single
argument within parenthesis. For
example:

rm1(x)

The name of the function with
comma-separated arguments within
parenthesis. For example:

rni(x,y)

The arguments x and y are used as a
random seeds for the random function.

The name of the function with a single
argument within parenthesis. For
example:

rect1(x)
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FUNCTION

ARGUMENTS AND DEFINITION

CALL

Step

Triangle

Waveform

The function name s its identifier; for
example step.

A step function is a sharp transition from
0 to some other value (amplitude) at
some location.

The function has one argument. It can
also be smoothed.

The function name is its identifier; for
example trii.

A triangle function is a linear increase
and linear decline within an interval and
0 everywhere else.

The function has one argument. It can
also be smoothed.

The function name is its identifier; for
example wv1.

A waveform function is a periodic
function with one of several
characteristic shapes: sawtooth, sine,
square, or triangle.

The function has one argument. It can
also be smoothed.

The name of the function with a single
argument within parenthesis. For
example:

step1(x)

The name of the function with a single
argument within parenthesis. For
example:

trit(x)

The name of the function with a single
argument within parenthesis. For
example:

wv1(X)
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Keyboard Shortcuts

SHORTCUT (WINDOWS, LINUX) ~ SHORTCUT (MAC) ACTION

Fl Fl Display dynamic help for the selected node

F2 F2 Rename the selected node, file, or folder

F5 F5 Update solution

F8 F8 Build the geometry, build the mesh, or
update the plot

Del Del Delete a node

Alt+left arrow

Alt+right arrow

Ctrl+A

Ctrl+C
Ctrl+V
Ctrl+Z
Ctrl+Y

Ctrl+up arrow

Ctrl+down arrow

Ctrl+Tab

Ctrl+Shift+Tab

Ctri+Alt+left arrow

Ctrl+Alt+right arrow

Ctrl+Alt+up arrow

Ctrl+Alt+down arrow

Shift+F10 or
(Windows only) Menu key

Ctrl+Space

Ctrl+left arrow

Ctrl+right arrow

Command+A

Command+C
Command+V
Command+Z
Ctrl+Shift+Z

Command-+up arrow

Command-+down arrow

Ctrl+Tab

Ctrl+Shift+Tab

Command+Alt+left arrow

Command+Alt+right
arrow

Command-+Alt+up arrow
Command-+Alt+down

arrow

Ctrl+FI0

Ctrl+Space

Move to the previously selected node in the
Model Builder

Move to the next selected node in the
Model Builder

Select all domains, boundaries, edges, or
points; select all cells in a table

Copy text in fields

Paste copied text

Undo the last operation

Redo the last undone operation

Move a physics node (except default nodes),
material node, mesh node, study step node,
or results node up one step

Move a physics node (except default nodes),
material node, mesh node, study step node,
or results node down one step

Switch focus to the next window on the
desktop

Switch focus to the previous window on the
desktop

Switch focus to the Model Builder window

Switch focus to the Settings window

Switch focus to the previous section in the
Settings window

Switch focus to the next section in the
Settings window

Open context menu

Open list of predefined quantities for
insertion in Expression fields for plotting and
results evaluation.
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New Terminology in Version 4

The following tables include new terminology and names in version 4 and the

corresponding equivalents in version 3.5a:

General Terminology

NEW NAME NAME IN 3.5A COMMENTS

Parameters Constants Parameters in 4 have a broader scope, including the
geometry. Also, predefined physical constants are new
in version 4.

Variables Expressions, Expression  Variables appear in two locations depending on their

Physics interface

Coupling operators

Hide

Study type

Results branch

Convert to

Domain

Bidirectional, symmetric
constraint

Unidirectional
constraint

variables

Application mode

Coupling variables

Suppress

Analysis type

Postprocessing menu

Coerce to

Subdomain

|deal constraint

Non-ideal constraint

scope: under Global Definitions with a global scope or
under Definitions in each model. In the latter case,
scope can be set to the entire model or to selected
domains, boundaries, edges, or points.

You find the coupling operators under Model
Couplings in the Definitions branches. A coupling
operator, as opposed to a coupling variable, can be
reused with different arguments. For example, the
same coupling operator can be used to integrate
different quantities over a boundary.

For hiding part of the geometry in the Graphics
window.

The study type sets up a study step, which controls the
generation of a solver sequence for performing a
certain type of study.

The Results branch contains the data sets for
evaluation and visualizations of results as well as
derived values, plot groups for various plots, tables for
numerical results, model reports, and export of
animations, data files, and images.

For converting geometry objects from one type to
another (for example, from a solid to a curve).

A solid geometry consists of one or several domains.

In 4.2a available as a weak constraint and as a strong
(pointwise) constraint.

In 4.2a available as a weak constraint and as a strong
(pointwise) constraint.
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Physics Interfaces With New Names

NEW NAME

NAMES IN 3.5A

COMMENTS

Transport of Diluted
Species

Transport of
Concentrated Species

Laminar Flow

Electric Currents

Heat Transfer in Solids

Heat Transfer in Fluids

Solid Mechanics

Deformed Geometry

Convection and
Diffusion; Diffusion;
Electrokinetic Flow; and
Nernst-Planck without
Electroneutrality

Maxwell-Stefan
Diffusion and
Convection

Incompressible
Navier-Stokes;
non-Newtonian Flow;
General Laminar Flow;
and Stokes Flow

Conductive Media DC;
Quasi-Statics, Electric

Conduction; General
Heat Transfer

Convection and
Conduction; General
Heat Transfer

Solid, Stress-Strain;
Axial Symmetry
Stress-Strain; Plane
Stress; and Plane Strain

Parameterized
Geometry

The Transport of Diluted Species interface includes all
transport mechanism for mass transport of diluted
species. The functionality for migration through
electrophoresis and electroosmosis is only available in
the Chemical Reaction Engineering Module and MEMS
Module.

The Transport of Concentrated Species interface also
includes two other diffusion models for mass transport
of concentrated species: the mixture-averaged diffusion
model and a diffusion model based on Fick's law.

The Laminar Flow interface includes all variants of
laminar flow. Some of the functionality is only available
in the Chemical Reaction Engineering Module,
Subsurface Flow Module, Heat Transfer Module, and
Microfluidics Module.

The Electric Currents interface solves for the electric
potential in applications where electric currents flow in
a conductive media.

The Heat Transfer in Solids interface provides default
settings for conductive heat transfer in solids. But you
can easily switch from heat transfer in solids to heat
transfer in fluids as well as add and combine different
heat transfer mechanism within the same Heat Transfer
interface.

The Heat Transfer in Fluids interface provides default
settings for convective and conductive heat transfer in
fluids. But you can easily switch from heat transfer in
fluids to heat transfer in solids as well as add and
combine different heat transfer mechanism within the
same Heat Transfer interface.

In 2D models you can switch between plane stress and
plane strain without adding a new physics interface.

The Deformed Geometry interface is available for all
geometries, not just 2D. In version 4 it is also possible
to study fully parameterized geometries using
parametric sweeps.
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Material Libraries

NEW NAME NAMES IN 35A COMMENTS

Built-in Basic Material Included in COMSOL Multiphysics.
Properties

MEMS MEMS Material Included with the MEMS Module, Acoustics Module,
Properties and Structural Mechanics Module.

Piezoelectric

AC/DC

Convective Cooling
boundary condition

Liquids and Gases

Material Library

Batteries and Fuel Cells

Piezoelectric Material
Properties

Electric (AC/DC)
Material Properties

Heat Transfer
Coefficients

Liquids and Gases

Material Library
N/A

Included with the MEMS Module, Acoustics Module,
and Structural Mechanics Module.

Included with the AC/DC Module. The Samarium
Cobalt material is no longer included.

In version 4.1 the Convective Cooling boundary
condition replaces the library of heat transfer
coefficients.The Settings window for the Convective
Cooling node contains predefined heat transfer
coefficients for natural and forced convection (both
internal and external).

Included with the Heat Transfer Module.

Included with the Chemical Reaction Engineering
Module, Acoustics Module, Subsurface Flow Module,
Heat Transfer Module, and MEMS Module.

The COMSOL Material Library add-on is unchanged.

New material library available with the Batteries & Fuel
Cells Module.
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	1Requires LiveLink™ for MATLAB®
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	(Windows only) Menu key
	Ctrl+F10
	Open context menu
	Ctrl+Space
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	New Terminology in Version 4
	General Terminology
	Parameters
	Constants
	Parameters in 4 have a broader scope, including the geometry. Also, predefined physical constants are new in version 4.
	Variables
	Expressions, Expression variables
	Variables appear in two locations depending on their scope: under Global Definitions with a global scope or under Definitions in each model. In the latter case, scope can be set to the entire model or to selected domains, boundaries, edges, or points.
	Physics interface
	Application mode
	Coupling operators
	Coupling variables
	You find the coupling operators under Model Couplings in the Definitions branches. A coupling operator, as opposed to a coupling variable, can be reused with different arguments. For example, the same coupling operator can be used to integrate differ...
	Hide
	Suppress
	For hiding part of the geometry in the Graphics window.
	Study type
	Analysis type
	The study type sets up a study step, which controls the generation of a solver sequence for performing a certain type of study.
	Results branch
	Postprocessing menu
	The Results branch contains the data sets for evaluation and visualizations of results as well as derived values, plot groups for various plots, tables for numerical results, model reports, and export of animations, data files, and images.
	Convert to
	Coerce to
	For converting geometry objects from one type to another (for example, from a solid to a curve).
	Domain
	Subdomain
	A solid geometry consists of one or several domains.
	Bidirectional, symmetric constraint
	Ideal constraint
	In 4.2a available as a weak constraint and as a strong (pointwise) constraint.
	Unidirectional constraint
	Non-ideal constraint
	In 4.2a available as a weak constraint and as a strong (pointwise) constraint.

	Physics Interfaces With New Names
	Transport of Diluted Species
	Convection and Diffusion; Diffusion; Electrokinetic Flow; and Nernst-Planck without Electroneutrality
	The Transport of Diluted Species interface includes all transport mechanism for mass transport of diluted species. The functionality for migration through electrophoresis and electroosmosis is only available in the Chemical Reaction Engineering Modul...
	Transport of Concentrated Species
	Maxwell-Stefan Diffusion and Convection
	The Transport of Concentrated Species interface also includes two other diffusion models for mass transport of concentrated species: the mixture-averaged diffusion model and a diffusion model based on Fick’s law.
	Laminar Flow
	Incompressible Navier-Stokes; non-Newtonian Flow; General Laminar Flow; and Stokes Flow
	The Laminar Flow interface includes all variants of laminar flow. Some of the functionality is only available in the Chemical Reaction Engineering Module, Subsurface Flow Module, Heat Transfer Module, and Microfluidics Module.
	Electric Currents
	Conductive Media DC; Quasi-Statics, Electric
	The Electric Currents interface solves for the electric potential in applications where electric currents flow in a conductive media.
	Heat Transfer in Solids
	Conduction; General Heat Transfer
	The Heat Transfer in Solids interface provides default settings for conductive heat transfer in solids. But you can easily switch from heat transfer in solids to heat transfer in fluids as well as add and combine different heat transfer mechanism wit...
	Heat Transfer in Fluids
	Convection and Conduction; General Heat Transfer
	The Heat Transfer in Fluids interface provides default settings for convective and conductive heat transfer in fluids. But you can easily switch from heat transfer in fluids to heat transfer in solids as well as add and combine different heat transfe...
	Solid Mechanics
	Solid, Stress-Strain; Axial Symmetry Stress-Strain; Plane Stress; and Plane Strain
	In 2D models you can switch between plane stress and plane strain without adding a new physics interface.
	Deformed Geometry
	Parameterized Geometry
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	Included with the MEMS Module, Acoustics Module, and Structural Mechanics Module.
	Piezoelectric
	Piezoelectric Material Properties
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	Liquids and Gases
	Included with the Chemical Reaction Engineering Module, Acoustics Module, Subsurface Flow Module, Heat Transfer Module, and MEMS Module.
	Material Library
	Material Library
	The COMSOL Material Library add-on is unchanged.
	Batteries and Fuel Cells
	N/A
	New material library available with the Batteries & Fuel Cells Module.



