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Preface

FEMIAB 2.2

FEMLAB® was the first engineering tool for PDE-based multiphysics modeling in
an interactive environment—MATLAB®. Our goals are ambitious. We are
committed to lead the development in our field, and the new features in FEMLAB
2.2 prove this commitment. Despite its modest version number increment, version
2.2 is a major upgrade. We anticipate significant upgrades once per year for the
foreseeable future.

Version 2.2 includes three major functionality additions and three major
improvements. The three major additions are higher-order elements, the weak form,
and extended multiphysics. The three major improvements are 3D CAD and image
data import, powerful visualization tools, and automatic tuning of 3D solvers.

The higher-order elements significantly broaden the scope in the modeling process of
physics phenomena. The higher-order elements are part of the new element library,
which is designed to maintain the flexibility of equation-based modeling, while still
allowing the addition of virtually any element type. The element library is open and
extensible—you can add the element of your choice.

With the introduction of extended multiphysics and the weak form, we lay a profound
foundation for a truly unique tool for modeling in engineering and science. We are
confident that these new features will eventually prove even more useful than the
original multiphysics concept. The Model Library shows how the weak constraint
gives optimal accuracy in flux computations, and how extended multiphysics gives
you the ability to post process on the full geometry while using symmetries to
perform the computations on only a part of the geometry. The full capability of
extended multiphysics with non-local couplings on multiple geometries is
demonstrated in the thermal controller and packed bed reactor models. We are always
impressed by the ingenuity of our users and by the way they utilize FEMLAB, and I
rest assured that these inventions will be used in ways we never imagined.

CAD models in 3D can be imported in the IGES file format, the most common
standard for product geometry data. The IGES translator includes a geometry
repairing facility for increasing the quality of models. Utilities for the conversion of
2D images (JPG, GIF, TIF, BMP, etc.) and 3D MRI data to FEMLAB geometry
objects have also been added.

1-2 | USER’S GUIDE AND INTRODUCTION



You can now easily create cross-section plots in a number of ways. Choose between
plotting the time evolution at a point or on a boundary or visualizing arbitrary
expressions on cross-sections (lines in 2D and surfaces in 3D). An object can be sliced
using the GUI and programming functions, and “probes” can be inserted anywhere
in the geometry—a virtual test lab!

The new algebraic multigrid (AMG) preconditioner provides automatic tuning of
the iterative solver parameters for large 3D models, reducing the need for manual
interaction significantly.

The specialized modules provide comfortable working environments for particular
fields of physics. They use standardized terminology, material libraries, specialized
solvers and elements, and appropriate visualization tools. They all come with their
own separate manuals and model libraries, which provide completed solutions to a
variety of field-specific problems. The Chemical Engineering Module, the
Electromagnetics Module, and the Structural Mechanics Module are available. In this
release the Electromagnetics Module has been upgraded to include 3D support and
vector elements. We planned to release the new Structural Mechanics Module with
this version, but we had to postpone this release to version 2.3.

FEMLAB 2.3, due in the summer of 2002, will include improvements mainly to the
add-on modules. Turbulence models for fluid dynamics will be included in the
Chemical Engineering Module, as well as specialized solution methods for fluid
dynamics. The new version of the Structural Mechanics Module will be fully
integrated with FEMLAB multiphysics, and it will use the element library and other
elements specific to structural mechanics: beam elements and shell elements—all in
3D. A pre-release version of the module is already available with version 2.2.

FEMLAB has been designed as a single platform for all physics-based modeling and
analysis. It is already an industry-proven engineering tool, and with the future
development that we envision, FEMLAB will grow to become the engineering
standard for multiphysics modeling.

FEMIAB 2.3

FEMLAB 2.3 features new releases of the Structural Mechanics Module, the
Chemical Engineering Module, and the Electromagnetics Module. FEMLAB 2.3
extends the versatility of the FEMLAB product line by introducing a set of new
solvers for parametric analysis, modeling of large vector field models in
clectromagnetics and structural mechanics as well as transport processes in chemical
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engineering. It also introduces new cigenvalue solvers for large models in
cigenfrequency and eigenmode analyses.

The new Structural Mechanics Module is now fully incorporated with FEMLAB and
includes new application modes for shells, beams, and solids. In the Chemical
Engineering Module, new application modes are introduced to study
non-Newtonian fluids, compressible flow, multi-component transport, and
turbulence. Furthermore, the Electromagnetics Module includes new application
modes for optoelectronics and photonics, as well as new models in the fields of radio
frequency and microwave engineering.

The new parametric solver offers an ideal way to examine a parameterized series of
models —an important part of the multiphysics simulation procedure. The varied
parameter typically represents a material property, frequency or reaction rate. The
information obtained for one set of variables is then used for the following sets for
fast and efficient parameter sweeping,.

For highly nonlinear models, parameter sweeping may also be used for smooth
convergence. The idea is to solve a series of increasingly difficult nonlinear problems.
The solution of a slightly nonlinear problem, which is easy to solve, is used as the
input to a more difficult nonlinear problem by increasing a parameter that represents
the degree of nonlinearity. In this way, very difficult nonlinear problems can be solved
without manual interaction.

The geometric multigrid (GMG) preconditioner significantly improves FEMLAB's
ability to handle large models in structural mechanics. Moreover, in chemical
engineering, this solver may be used to solve large diffusion-convection-reaction
problems.

The new iterative eigenvalue solver allows one to solve large eigenfrequency
problems in structural mechanics. It also extends FEMLAB's capabilities of handling
analysis of cavities and other resonance structures in microwave engineering and
photonics.

Enjoy!
May 5, 2002

-

Lars Langemyr, Vice President of Development
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Introduction

Welcome to FEMLAB —your multiphysics solution in MATLAB®. This guide is
intended to acquaint users with the full array of multiphysics capabilities within
FEMLARB. Tutorials and examples step through FEMLAB’s powerful functions and
capabilities. You will learn how to set up a model in the FEMLAB graphical user
interface (GUI), an environment that unleashes the power of the latest modeling
techniques with the click of a mouse.

This User’s Guide and Introduction is ideal for those who want to explore specific
models as well as those who want a general overview of FEMLAB’s cutting-edge
multiphysics technology. We have structured this manual so that users can quickly
and easily learn how to access FEMLAB’s considerable power. It begins with a Quick
Start Guide (page 1-26) that examines a typical problem in a step-by-step fashion to
introduce you to FEMLAB’s wide range of features and capabilities.

This manual contains a series of in-depth tutorials that explain how to:

* initialize new models and define their parameters through the Model Navigator as
well as open prewritten models from the Model Library

* work with the FEMLAB GUI
* perform efficient modeling within the graphical interface

* enhance the capabilities of the graphical interface by working with FEMLAB

functions in programming

* perform equation-based modeling using partial differential equations (PDE).

After reviewing the material in this manual, you will be ready to start creating your
own models for your specific projects. Creating more advanced models generally
requires that you become more familiar with FEMLAB’s subtleties. For this reason,
FEMLAB’s documentation set includes several supplementary manuals. Specifically,
the Reference Manual details the package’s underlying concepts and shows how to
take full advantage of its data structures and capabilities from the MATLAB prompt.
The Model Library provides many examples from science and engineering that
illustrate how to employ FEMLAB to solve real-world problems. For your
convenience, the complete documentation can be found on your hard-drive after
installation (PDF and HTML versions). Occasionally, the electronic version is more
useful than the printed copy, such as when searching for key words.
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What is FEMLAB?

FEMLAB is a powerful, interactive environment for modeling and solving scientific
and engineering problems based on partial differential equations [1,2]. With it you
can easily extend conventional models that address one branch of physics to
state-of-the art multiphysics models that simultaneously involve multiple branches of
science and engineering. Accessing this power, however, does not require that you
have in-depth knowledge of mathematics or numerical analysis. Indeed, you can
build many useful models simply by defining the relevant physical quantities rather
than defining the equations directly. FEMLAB then internally compiles a set of PDEs
representing the problem. FEMLAB also allows you to create equation-based
models. Besides providing these multiple modeling approaches, FEMLAB offers
multiple ways to harness this power: either through a flexible self-contained graphical
user interface or from the MATLAB prompt.

The underlying mathematical structure with which FEMLAB operates is a system of
partial diffeventinl equations. In FEMLAB you can represent PDEs in three ways:
coefficient form (suitable for linear or nearly linear problems), general form (intended
for nonlinear problems), and weak form (that works as a high-level finite element
modeling language). Furthermore, it is possible to set up models as stationary or
time-dependent, linear or nonlinear, scalar or multicomponent. The package also
performs eigenfrequency or eigenmode analyses.

When solving the PDEs that describe a model, FEMLAB applies the finite element
method (FEM). FEMLAB runs that method in conjunction with adaptive meshing
and error control as well as with a variety of numerical solvers. A more detailed
description of this mathematical and numerical foundation appears both in this
manual and in the Reference Guide.

PDEs are the fundamental basis for the laws of science, hence they can and should be
used to model scientific phenomena. FEMLAB has an extremely broad applicability,
and it can model a large number of physical phenomena in many disciplines
including;:

* acoustics

 Dbioscience

* chemical reactions

« diffusion

o electromagnetics
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* fluid dynamics

e fuel cells

* general physics

* geophysics

* heat transfer

* micro-clectromechanical systems (MEMS)

* microwave engineering

* optics

* photonics

* porous media flow

* quantum mechanics

* radio-frequency components

* semiconductor devices

e structural mechanics

* transport phenomena

* wave propagation.

To show how FEMLAB solves familiar and interesting problems in many of these
areas, this documentation set includes a Model Library. This separate volume
contains an extensive selection of complete, ready-to-run models. Examining them is
an excellent way to learn how to work with FEMLAB and to see how it applies to
various application areas. Further, you can adapt, expand, or otherwise modify these

models to suit your own requirements. They represent a handy starting point that can
save considerable time in many instances.

Many real-world applications involve the simultaneous application of PDEs from
several areas of science or engineering. Researchers now refer to this type of analysis
as multiphysics modeling. For instance, the electrical resistance of a conductor often
varies with temperature; thus a model of a conductor carrying current involves
thermoelectric effects. This manual introduces you to FEMLAB’s unique power in
handling multiphysics (see “Forced and Free Convection Heat Transfer” on page
1-26 as well as “Thermo-Electric Heating in a Bus Bar” on page 1-109). Further, the
Model Library devotes a separate chapter to the study of several interesting
multiphysics examples.

INTRODUCTION
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Even in its base configuration FEMLAB offers enormous modeling and analytical
power for many disciplines. However, the product has proven particularly useful in
several of these areas. Thus we created optional discipline-specific application modules
that make it easy to create and analyze models using terminology and solution
methods appropriate for those disciplines. We presently offer the Chemical
Engineering Module, the Electromagnetics Module, and the Structural Mechanics
Module.

Despite all these aids, we recognize that it is impossible to anticipate every possible
application area and every user’s potential requirements. To give users the ultimate
flexibility, the FEMLAB user interface integrates seamlessly with MATLAB, the
package that provides the computational engine behind FEMLAB. Indeed,
FEMLAB frequently uses MATLAB’s syntax and data structures. An enormous
benefit of this tight integration is that you can save and export FEMLAB models as
MATLAB programs that run directly in that environment or incorporate them with
still other products in the MATLAB family. Thus you gain the freedom to combine
FEM-based modeling, simulation, and analysis with numerous other techniques in
engineering and science. For instance, it is possible to create a finite-element model
in FEMLAB and then export it to Simulink® or to the Control System Toolbox,
where the model becomes an integral part of the simulation of a dynamic system. We
refer to such applications of FEMLAB as multidisciplinary.

We are glad that you have chosen FEMLAB for your modeling needs, and we hope
that FEMLAB will perform up to your expectations. If any difficulties arise in your
FEMLAB modeling experience, please contact our support team at
support@femlab.com. Thanks again for using FEMLAB!

REFERENCES

[1] S. Littmarck, ez. al., Solving differential equations, Industrial Physicist,
American Institute of Physics, Feb/Mar 2001.
URL: http://www.aip.org/tip/pastiss.html

[2] S. Littmarck, ez. al., Math, models, motion and more, PT Design Magazine,
Penton Media (Cleveland, OH), May 2000.

The FEMI.AB Envivonment

To understand the discussions in this manual, as well as other elements of the
documentation set, you need to be familiar with some basic terminology. At the
top-most level, the FEMLAB environment consists of the following parts:
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The Graphical User Interface (GUI) In this environment you create and manipulate
models in two ways: by using one of several predefined physics modes where you work
with familiar scientific laws and relationships, or in one of the predefined PDE modes
where you work directly with a model’s underlying partial differential equations. You
can also perform multiphysics modeling by combining any of these physics modes
and PDE modes.

The physics modes designed to run under FEMLAB’s graphical interface address
common application areas such as heat conduction, electromagnetics, fluid
dynamics, and structural mechanics. Each mode, in turn, relies on a specific PDE
model for which you define commonly used parameters, variables, and their values.
Because of the predefined nature of these physics modes, you can set up a model
without the need of explicitly stating the governing PDE.

The FEMLAB GUI contains a set of geometry tools (CAD) for modeling in 1D, 2D,
and 3D, as well as tools for importing DXF and IGES files, with geometry repair. A
built-in mesh generator automatically creates the mesh for any geometry. If your
geometry is represented on an image file format or as magnetic resonance imaging
(MRI) data, you can convert this data to a FEMLAB geometry object.

Recognizing the necessity of being able to visually examine results of model
simulations, FEMLAB provides several tools that make it quick and easy to visualize
virtually any interesting quantity or parameter. Among the choices available are
surface plots, slice plots, isosurfaces, contour plots, cross-section plots, and

animations.

Extensive export facilities in the graphical interface enable you to perform
postprocessing from the MATLAB prompt using any FEMLAB or MATLAB
function. Dialog boxes guide you through the process of exporting models to other
tools in the MATLAB family, such as Simulink or the Control System Toolbox. You
can save a GUI-built model as a Model MAT-file, handled by the Model Navigator,
or a Model M-file. See below for details.

The Model Navigator This user interface tool is a multi-purpose dialog box in which
you control the overall settings of a FEMLAB session. The New page initializes
models in the various application modes, while the Multiphysics page lets you add
additional application modes to create a multiphysics model. The Model Library
page loads complete models supplied with FEMLAB. On the New page, you also
choose to create a 1D, 2D, or 3D model. On the User Models page, you can browse
your own set of saved models. If you have saved a model together with a model image

INTRODUCTION

1-9



1-10 |

and a model description, you can display the model with an image and a short
description in the same way you display models on the Model Library page.

The Model Library This set of predefined models, which you can access from the
Model Navigator dialog box, is important for several reasons. It offers a quick way to
learn how to use FEMLAB’s capabilities, and it lets you inspect the results of
completed models. You can interact with a model by modifying its geometry and key
parameters, such as the values of the underlying variables. Feel free to use a model as
a starting point and save it under a different name (thus creating a copy).

Model M-files It is possible to export any model created in the graphical interface as
a Model M-file—a MATLAB script version of the model. Representing a model in
this form is convenient for documenting the work you perform in the graphical
interface or for allowing further modeling using script programming.

Script Programming and the FEMLAB Functions Operating FEMLAB as a
programming environment enables you to create and manipulate models within
MATLAB. Here you work directly with the FEMLAB data structure (known as the
FEM structure). Combining MATLAB and FEMLAB functions makes it possible to
run a series of models by varying a parameter. Also, this is a powerful tool for highly
nonstandard modeling.

The Application Program Interface (API) This library of MATLAB functions and
methods allows you to create GUI components and thus customize FEMLAB’s
graphical interface for specific applications. By building a custom interface optimized
for a specific task, you can create complete applets that shield occasional users from
unnecessary complexity yet allow them to quickly obtain results from sophisticated
analyses. You can also use the API for building parameterized models for the GUI.

Open Programming Environment The environment consisting of FEMLAB
together with MATLAB allows for using C, C+ +, and FORTRAN programs for
defining material properties, loads, and sources through the MATLAB API. For
information on how to call C, C+ +, and FORTRAN programs from FEMLAB and
MATLAB, see the MATLAB documentation on External Interfaces and API.

The FEMILAB Documentation Set

To help you take advantage of all this functionality, FEMLAB comes with an
extensive set of documentation. There are also minicourses available for

USER’S GUIDE AND INTRODUCTION



downloading from the web. Assistance starts with on-line help for FEMLAB
functions as well as both on-line and printed versions of all FEMLAB manuals. The
full set of printed documentation includes the following titles:

» The User’s Guide and Introduction now in your hands explains how to get started
with FEMLAB. It does so primarily by guiding you through several detailed
model examples. It also contains brief descriptions of the operation of the
graphical interface and FEMLAB functions.

» The Model Library consists of complete FEMLAB models from different areas of
science and engineering such as heat transfer, chemical engineering,
clectromagnetics, structural mechanics, and fluid dynamics, as well as
equation-based models. It serves as a basis for getting a deeper knowledge of
FEMLAB modeling techniques.

* The Reference Manual is an extensive volume that contains several important
sections:

- The Reference Guide provides a detailed presentation of FEMLAB. It focuses
on the data structures and functions available from the MATLAB prompt. The
information is also necessary for advanced use of FEMLAB from the graphical
interface.

- The Graphical User Interface is a section that supplies a comprehensive
description of the GUI including a review of all dialog boxes and their options.

- The Function Reference explains the syntax and use of all FEMLAB functions
for programming. This section is extremely valuable for users running
FEMLAB from the MATLAB prompt as well as those working with Model
M-files or script programming,.

e The section titled Installation Guide contains information on how to install
FEMLAB. The document also contains the FEMLAB license agreement.

o The Automatic Control manual contains detailed information about the automatic
control applications in the FEMLAB Model Library. This document is available
only in PDF format.

» The FEMLAB Application Program Interface Guide explains how to write
MATLAB functions and methods that interact with FEMLAB. This document is
available only in PDF and HTML formats.

e The FEMLAB Release Notes covers the latest news on the release. This document
is available only in PDF and HTML formats.
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All documents are available in two electronic formats, PDF and HTML. The
clectronic versions are available on your hard-drive after installation.

Optional Modules for Specific Disciplines

The Chemical Engineering Module, the Electromagnetics Module, and the
Structural Mechanics Module are specialized modules, which provide comfortable
working environments for particular fields of physics. They use standardized
terminology, material libraries, specialized solvers and elements, and appropriate
visualization tools. They all come with their own manuals and model libraries,
unique to their field.

CHEMICAL ENGINEERING MODULE

The Chemical Engineering Module provides a powerful way of modeling equipment
and processes in the field of chemical engineering. It lets you easily model mass, heat,
and momentum transport coupled to chemical reactions in 1D, 2D, or 3D. The
Chemical Engineering Module is designed for the chemical engineer in research,
design, development, and education. Itis used in many areas of chemical engineering
and technology, including:

* Reaction engineering and design

* Heterogencous catalysis

* Separation processes

* Fuel cells and industrial electrolysis

* Process control in conjunction with Simulink

The Chemical Engineering Module provides tailored interfaces and formulations for
problems involving momentum, mass and heat transport coupled with chemical

reactions. You can use these formulations while still having the full flexibility of
modeling with your own equations.

FEMLARB excels in solving systems of coupled nonlinear PDEs. These are especially
widespread in chemical engineering, where they appear in problems involving

¢ Heat transfer

* Mass transfer through diffusion, convection and migration

* Fluid dynamics
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¢ Chemical reaction kinetics

* Varying material properties.

You can choose to model fluid flow through porous media or to characterize the flow
with the Navier-Stokes equations. Chemical reactions are easily represented by
source or sink terms in the mass and heat balances and can be of any arbitrary order.

All formulations exist for both Cartesian coordinates and axisymmetry and for
stationary and time-dependent cases.

Auvailable application modes are:

* Momentum equations
- Navier-Stokes equations
- Darcy’s law
- The Brinkman equation
- Non-Newtonian flow
- Turbulent flow, k - € turbulence model
- Compressible Euler flow
* Energy equations
- Heat conduction
- Heat convection and conduction
e Mass balances
- Diffusion
- Convection and diffusion
- Maxwell-Stefan convection and diffusion
- Nernst-Planck transport equations
In the field of chemical engineering, the multiphysics capabilities of FEMLAB enable

you to fully couple and simultaneously model fluid flow, mass and heat transport,

and chemical reactions.

ELECTROMAGNETICS MODULE

The Electromagnetics Module provides a unique environment for the simulation of
wave and field propagation, as well as AC-DC electromagnetics, in 2D and 3D. It
handles static, transient, and frequency-domain simulations, as well as mode analysis,
in a user-friendly graphical user interface. The Electromagnetics Module offers the
perfect foundation for modeling microwave components and photonic devices. For
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AC-DC modeling it is a powerful tool for detailed analysis of coils, capacitors, and
clectromachinery.

The Electromagnetics Module is used for component design in virtually all areas
where electromagnetic field simulations are needed:

* Power system components

* Micro-electromechanical systems (MEMS)

e Antennas

* Waveguides and cavity resonators in microwave engineering

* Optical fibers

* Photonic waveguides

* Photonic crystals

* Active devices in photonics

¢ Semiconductor devices
Available application modes are:

¢ Electrostatics

* Magnetostatics

* Low-frequency electromagnetics

* In-plane wave propagation

* Axisymmetric wave propagation

¢ Full 3D vector wave propagation

* Full vector mode analysis in 2D and 3D

You can use these application modes, while still having the full flexibility of modeling
using your own equations. Any material properties imaginable are supported,
including inhomogeneous and fully anisotropic materials and media with losses or
gains. Complex-valued material properties can be used in all formulations for general
time-harmonic field simulations. The multiphysics capabilities of FEMLAB enable

coupling all simulations with heat transfer, structural mechanics, and fluid flow
formulations, as well as any physical phenomena described by PDEs.

STRUCTURAL MECHANICS MODULE
The Structural Mechanics Module solves problems in the structural mechanics field
of engineering, adding special structural mechanics elements: beams, plates, and
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shells, for different engineering simplifications. Like all discipline-specific modules,
it provides a set of prewritten library models.

Available application modes are:

* Dlane stress

* Plane strain

* Axisymmetry, stress-strain

* Axisymmetry, heat transfer

* 2D beams, Euler theory

¢ Thick plates, Mindlin theory
* 3D beams, Euler theory

e 3D solids

* Shells

The analysis capabilities are static, eigenfrequency, transient, and frequency response.
Both linear and nonlinear material models are supported.

The application modes are fully multiphysics enabled making it possible to couple
with any other physics application mode in FEMLAB or the other modules.
Coupling with temperature is one example of multiphysics easily implemented with
the Structural Mechanics Module.

The underlying equations for structural mechanics are available in several of the
application modes—a feature unique to FEMLAB. This makes non-standard
modeling close at hand. You can change material models from isotropic to
orthotropic. The Structural Mechanics Module also features an extended material
library as well as a beam cross section library.

In addition, you can include accurate finite element models as blocks in a dynamic
simulation set-up with Simulink. This combination reduces the need for
approximations and ad hoc models in Simulink simulations. FEMLAB’s tight
integration into the MATLAB environment makes the Structural Mechanics Module
very versatile. For instance, you can use any valid MATLAB expression to describe
loads and constraints. The possibility to save the model as a Model M-file makes it
very easy to perform complex parameter studies.
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Installing FEMLAB

For information on how to install FEMLAB, see the separate booklet titled
Installation Guide. In that manual you can also find information on system
requirements and the license agreement. The release notes for FEMLAB 2.3 are
available on the CD and on your hard drive after installation.

New Features in FEMILAB 2.2

The major new capabilities in FEMLAB 2.2 are:

HIGHER-ORDER ELEMENTS

The unique equation-based modeling in FEMLAB has taken another step:
Higher-order elements give extreme flexibility in the process of modeling physics
phenomena. You can easily combine elements of different type and order.
User-defined elements can be added to the element library.

EXTENDED MULTIPHYSICS

FEMLAB now supports extended multiphysics modeling for simultaneous
simulation of several physics models. You can now model the interaction between
geometrical domains of different dimensions: 0D, 1D, 2D, 3D plus time, for
example, by integrating a solution on one domain and using it as a material property
in another. This enables true engineering solutions to complex problems, previously
beyond reach for simulation. Automatic Jacobian computation for non-local
couplings is supported. You can access dependent variables non-locally, and you can
define scalar coupling variables by coordinate values or integration and coupling field
variables by projection or extrusion.

3D CAD FILE IMPORT

CAD import for 3D models is now available, with geometry repair on industrial
quality solid models. FEMLAB 2.2 supports the most common format, IGES, for
CAD import.

IMAGE AND MRI IMPORT

The new release combines the power of image processing and visualization built into
MATLAB with the multiphysics and FEM capabilities of FEMLAB in that images
and MRI data can now be imported. Images and MRI data are converted to
FEMLAB geometry objects and can then be used for analysis as any other geometry
model.
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CROSS-SECTION VISUALIZATION

Visualize postprocessing expressions of the solution and its gradient on cross sections
by defining slicing planes in the graphical user interface. You can also visualize the
dynamic behavior of a model by plotting the time evolution of the solution on a
cross-section or at any location inside the model.

THE WEAK FORM

As the first simulation environment in the history of numerical computing,
FEMLAB 2.2 introduces a high-level modeling language that makes it possible to
model all types of finite element analysis problems by introducing “the weak form”
The weak form is at the heart of the finite element method, and it gives you complete
control of the finite element model.

This functionality makes it possible to compute fluxes and other flux-related
quantities with maximum accuracy. Some examples of flux-related quantities are
reaction forces in structural mechanics and surface charges and surface currents in
clectromagnetics.

AUTOMATIC TUNING OF SOLVER PARAMETERS FOR LARGE MODELS
A new solver for large 3D models makes manual tuning of solver parameters
unnecessary. The algebraic multigrid preconditioner (AMG) implements
state-of-the-art numerics for higher performance and less memory usage.

MISCELLANEOUS

* Doint and edge constraints and sources in 3D
¢ Point constraints and sources in 2D

* Define variables as symbolic expressions; variables can be differently defined on
different domains

* Use space derivatives in boundary conditions
* Use time derivatives in Neumann boundary conditions

* Define a system of ODEs on a boundary, and couple this system to the PDE
boundary conditions

* Fifth order Argyris element in 2D

New Features in FEMILAB 2.3

The major new capabilities in FEMLAB 2.3 are:
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PARAMETRIC SOLVER

For examining the influence of different parameters that describe a model or
simulation. the new parametric solver offers an ideal way to study a parameterized
series of models. The varied parameter typically represents a material property,
frequency or reaction rate. The information obtained for one set of variables is then
used for the following sets for fast and efficient parameter sweeping.

For highly nonlinear models, parameter sweeping may also be used for smooth
convergence. The idea is to solve a series of increasingly difficult nonlinear problems.
The solution of a slightly nonlinear problem, which is easy to solve, is used as the
input to a more difficult nonlinear problem by increasing a parameter that represents
the degree of nonlinearity. In this way, very difficult nonlinear problems can be solved

without manual interaction.

GEOMETRIC MULTIGRID (GMG) PRECONDITIONER

The new geometric multigrid (GMG) preconditioner is applicable to a range of
problem types commonly known as elliptic PDE problems. This problem class
contains structural mechanics problems, different kinds of diffusion problems, and
problems including PDEs similar to Poisson’s equation. The GMG preconditioner
significantly improves FEMLAB's ability to handle large models in structural
mechanics. Moreover, in chemical engineering, this solver may be used to solve large
diffusion-convection-reaction problems.

ITERATIVE EIGENVALUE SOLVER

A new iterative eigenvalue solver is available that is based on the standard FEMLAB
preconditioners and iterative solvers. It allows you to solve large eigenfrequency
problems in structural mechanics. It also extends FEMLAB's capabilities of handling
analysis of cavities and other resonance structures in microwave engineering and
photonics.

AUTOMATIC SCALING OF VARIALBLES

If the dependent variables in your model has widely different magnitudes, a solver
might have problem with the resulting ill-conditioning. For instance, in a structural
mechanics problem, the displacements can be of the order of 0.0001 m, while the
stresses are 1000000 Pa. To remedy this, FEMLAB 2.3 provides automatic internal
rescaling of the variables so that a well-scaled system results. You can access the
scaling properties from the graphical user interface and provide the automatic scaling
mechanism with additional information on scaling known from the physical
properties of the problem at hand.
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MISCELLANEOUS
FEMLAB 2.3 additionally includes the following features:

Associative Geometry in ID

FEMLARB features heuristic rules for keeping PDE and boundary conditions as
changes are made to the geometry. This feature is called associative geometry and is
supported in 2D and 3D since earlier versions of FEMLAB. In FEMLAB 2.3, the
associative geometry feature is made available in all dimensions by the addition of
associative geometry rules for 1D problems.

Line Plots in 3D
Line plots are now supported i 3D. This feature has been available in 2D since earlier
versions.

Explicit Streamline Diffusion in the Navier-Stokes Application Modes

The Navier-Stokes application modes now features explicit streamline diffusion.
Earlier versions of FEMLAB supported automatic streamline diffusion. This feature
is still available and is now complemented by an explicit version. The explicit
streamline diffusion feature makes the additional weak terms corresponding to the
modified test functions available in the GUI. Thus, you can now manually inspect
and modify the streamline diffusion contributions.

New Elements
Hermite elements are now available. The Hermite and Argyris element types are now
available in the graphical user interface.

New Features in Chemical Engineeving Module 2.1

NEW APPLICATION MODES

There is one new application mode: mass balance for multicomponent simulations.

NEW MODELS
* MEMS heat exchanger

¢ Packed bed reactor

MISCELLANEOUS
* The number of customized postprocessingprocessing variables has been increased
significantly.
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New Features in Chemical Engineering Module 2.3

NEW APPLICATION MODES

The new application modes are:

Non-Newtonian fluids: Fluid flow studies can now be easily performed using the
new application mode for non-Newtonian fluids, suitable for treating different
types of shear-thickening and shear-thinning problems. This new application
mode can be applied in the modeling of flow in polymer and fiber suspensions,
pastes, etc.

Compressible flow: Euler models are now available for the simulation of gas flow
at high flow rates.

Incompressible turbulent flow: A new k - € turbulence model is now available as a
ready-to-use application mode.

Maxwell-Stefan diffusion: In studies regarding transport of diluted species in a
carrier gas, Fickean diffusion accounts for the interaction between the dissolved
species and the dominating solvent gas. When all species are present in a
comparable amount, the interactions between all the involved species must be
accounted for. This is addressed in the Chemical Engineering Module by the new
Maxwell-Stefan application mode, which also include the combination of arbitrary
reaction kinetics, momentum and heat transport. This feature allows for the
modeling of gas phase reactors, separators, and filtration units.

Nernst-Planck application modes: In applications regarding the mass transport of
charged species, migration in an electrical field gives a considerable contribution
to the flux. Hence, two new application modes in the Chemical Engineering
Module ensure that the proper description of electro-kinetic fluid transport and
transport in electrochemical cells are available in ready-to-use formulations. This
considerably simplifies the task of modeling transport in MEMS devices, fuel cells,
and batteries.

NEW MODELS
The Chemical Engineering Model Library features several new models:

A model of the non-Newtonian flow of a polymer solution in a valve. The model
shows on large variations in viscosity as a function of position and shear rate in the
flow.

A study of the flow in an open channel with porous walls, where the flow in the
channels and in the porous media are fully coupled. The problem is typical for
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monolithic reactors, filters, and other devices where the convective flow in the
porous media cannot be neglected.

New k-g€ models including jets, a static mixer, and the classical backwards-facing
step. Logarithmic wall functions are used as boundary conditions for the solid
walls.

Compressible flow at supersonic speed and in the presence of shock waves is
modeled using the compressible Euler equations. The model treats the supersonic
flow in a channel with a solid obstacle in the middle of the channel.

The use of the new parametric solver is exemplified in a model of heat transport
around a heated tube at different flow rates of the streaming fluid. The model

shows the influence of detachment of the viscous layer on the temperature profile
in the fluid.

A new model of a fuel cell cathode presents the application of the multicomponent
diffusion. The application mode is based on the Maxwell-Stefan diffusion and
shows on the dependence of the binary diffusion coefficient on composition.

The transport by diffusion and migration of ionic species in electrochemical cells
is studied. The model treats the electrolysis of tumors where tumor destruction is
achieved through acidification and chlorine production.

A new model of electrokinetic flow in a DNA chip is presented. The
electroosmotic flow is driven by the electric field and the deviations from
electroneutrality at the walls of the channel. The model couples fluid flow and
ionic current conduction in the chip.

The exothermic reactions in a fixed-bed tubular reactor is investigated through the
definition of coupled heat and mass balances. The production of phthalic
anhydride is highly dependent on the temperature distribution in the reactor.

New Features in Electromagnetics Module 2.0

NEW APPLICATION MODES

There are four new application modes:

* 3D Electrostatics application mode for conductors, capacitors, and other types of

voltage driven static problems

* 3D Magnetostatics application mode for permanent magnets, inductors, and
other types of static magnetic problems
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* 3D Quasi-Statics application mode for low frequency phenomena in
clectromagnetics, such as transformers and electromachinery

* 3D Electromagnetic Waves application mode for high frequency phenomena in
clectromagnetics, such as waveguides and optical fibers

ELEMENTS
* Element library with Lagrange elements of arbitrary order enabling higher

accuracy

* Vector elements for 3D electromagnetic wave modeling: The vector elements
ensure that the correct interface conditions are fulfilled at borders between
different media.

NEW MODELS
* 3D MEMS capacitor

e 3D MEMS inductor

¢ Quasi-static 3D model of a crucible

* 3D waveguide including an S-parameter analysis

* Waveguide in a photonic crystal

* Step-index fiber

* Photonic micro prism model using absorbing layers

* T-junction waveguide model enhanced with an S parameter analysis

MISCELLANEOUS
* Multiphysics with non-local couplings for multiple geometry modeling

* Domain dependent variables
* Material library for user-defined materials

* Cross-section plots

New Features in Electromagnetics Module 2.3

NEW APPLICATION MODES

The new features related to application modes are:

* Anew 2D application mode for mode computations of hybrid-mode waves is now
available. The application mode has general support for anisotropic media and is
applied to problems in photonics, optics, and microwave waveguides.
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Impedance boundary conditions have been added to the 3D quasi-statics
application mode. This lets you model induced currents as surface currents along
the boundaries, which makes it possible to work with higher frequencies.

NEW MODELS
The following models have been added to the Model Library:

MI

A model of a monoconical RF antenna with a study of the antenna impedance and
the radiation pattern. Conical antennas are useful for many applications due to
their broadband characteristics and relative simplicity. The rotational symmetry
allows for using one of the axisymmetric electromagnetic wave propagation
application modes. When modeling in 2D, a denser mesh can be used which gives
excellent accuracy for a wide range of frequencies.

A magnetostatic model using Maxwell’s stress tensor to calculate the force on two
parallel wires. This model illustrates the use of boundary integrals to compute the
resultant force on current conductors. A comparison with the volume integral of
the force density is made.

A 3D model using showing how a scalar magnetic potential can be used to
efficiently solve magnetostatic problems for permanent magnets. This model also
uses Maxwell’s stress tensor for force calculations.

Two models calculating stress-induced birefringence in a photonic waveguide. The
simulation is set up as a multiphysics problem coupling a plane strain equation
with a optical mode analysis. One of the models uses a generalized form of the
plane strain equation, which takes the strain if all three directions into account.

The S-parameter analysis in the elliptical to rectangular waveguide transition
model, as well as in the T-junction waveguide model is remade using the new

parametric solver.

SCELLANEOUS
A “matched boundary” condition has been added to the wave application modes,
which are exactly non-reflecting for eigenmodes of the boundary.

A new chapter on force calculations has been added to the manual.
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New Features in Structural Mechanics Module 2.3

NEW APPLICATION MODES

There are three new application modes.
* 3D solids

* 3D Euler beams

o Shells

ELEMENTS
* Element library with Lagrange elements of arbitrary order enabling higher
accuracy

e Beam, bar, and shell elements in 3D

NEW MODELS

e 3D tower, Euler beam model

* Static analysis of a socket to a guyed mat

* 2D beam benchmark problem

* Axisymmetry piston model, transient coupling with temperature
¢ Steel aluminum component, coupling with temperature

* Pressure vessel modeled using shell elements

* Eigenfrequency analysis of a rotor in an electric motor

* Parameter analysis of a tube connection with prestressed bolts

¢ Vibration of a disk backed by an air-filled cylinder

MISCELLANEOUS
* Fully multiphysics enabled applications in 2D and 3D

* Domain dependent variables

* Cross-section plots

* Easy thermal coupling with arbitrary temperature field

* New design of the material library; simplifies and extends its use
* Possibility to use integrals in the problem definition

* General parametric solver
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* Dossibility to reuse inputs when specifying your problem

* Improved contact problem handling using non local coupling and nonlinear
boundary conditions
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The FEMLAB Quick Start Guide
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The goal of this section is to familiarize you with the FEMLAB environment,
focusing primarily on how to use its graphical user interface. To facilitate a quick
introduction, the following model will examine steps necessary to setup and evaluate
a simple project, and review the major tasks of the modeling process.

Forced and Free Convection Heat Transfer

MODEL BACKGROUND

This example describes a fluid flow problem with heat transfer in the fluid. An array
of heating tubes is submerged in a vessel with fluid flow entering at the bottom. The
figure below depicts the setup.

Fluid flow
direction

\ Heating tubes

A first consideration when modeling should always be the true dimension of the
problem. Many problems do not show variations in three dimensions and can be
extrapolated from the solution of a related 2D case. Assuming any end effects from
the walls of the vessel can be neglected, the solution can be assumed constant in the

USER’S GUIDE AND INTRODUCTION



direction of the heating tubes, and the model is therefore reduced to a 2D domain
(below).

The next consideration is finding symmetries. In this case, inclusion of symmetry
planes allows you to model only the thin domain indicated in the figure.

GOVERNING EQUATIONS

This is a multiphysics model, meaning that it involves more than one kind of physics.
In this case, you have Incompressible Navier-Stokes equations from fluid dynamics
together with a heat transfer equation, that is, essentially a convection-diffusion
equation. There are four unknown field variables: the velocity field components u
and v; the pressure, p, and the temperature, T. They are all interrelated through
bidirectional multiphysics couplings.

The pure Incompressible Navier-Stokes equations consist of a momentum balance (a
vector equation) and a mass conservation and incompressibility condition. The
equations are

O du
DDDJZO

+p(ud)u :—Dp+nDZU+F
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where F is a volume force, p the fluid density and n the dynamic viscosity. We denote
the vector differential operator by O (pronounced “del”). See further “Overview of
PDE Models” on page 1-336.

The heat equation is an energy conservation equation, that says only that the change
in energy is equal to the heat source minus the divergence of the diffusive heat flux.

oT
pcpﬁ +00-kOT + pcpTu) =Q
where ¢y, is the heat capacity of the fluid, and p is fluid density as before. The
expression within the brackets is the heat flux vector, and Q represents a source term.
The heat flux vector contains a diffusive and a convective term, where the latter is
proportional to the velocity field u.

In this model, the above equations are coupled through the F and Q terms. First, add
free convection to the momentum balance with the Boussinesq approximation. In
this approximation, variations in density with temperature are ignored, except
insofar as they give rise to a buoyancy force lifting the fluid. This force will be put in
the F-term in the Navier-Stokes equations. See further “Marangoni Convection” on
page 2-321 in the Model Library.

At the same time, the velocity field must be accounted for in the Heat equation.
Instead of applying the heat equation as it stands, you can put the divergence of the
convective heat flux into the Q coefficient, using the fact that the velocity field is
divergence free. This puts the equation on a form that can be used in FEMLAB’s
Heat transfer application mode.

SETTING UP THE MODEL IN FEMLAB
Let’s begin the modeling process.

* To do so on any platform, type the following entry into the MATLAB command
window:

femlab
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This command starts FEMLAB and opens the Model Navigator. On a Windows PC
you can also begin a FEMLAB session from the Start menu.

<) Model Navigator x|

Mew | I odel Library | User Modeks I tultiphysics | Preferences |

Dimension
’7(" 1D * 2D 3D
Geometry only - W’
+ Physics nodes _I ; i
+ FDE modes
+ Weak modes
+ Clas=sical FDEs
+ Structural Mechanics Module
+ Electromagnetics Module
+ Chemical Engineering Module
+ Applications
+ Structural Mechanics Module 1.1

Description:

FEMLAR - Multiphysics in MATLAB!

[
Mo. of dependent vanables: I 1]
Element: vl Iire >>

14 Cancel

The Model Navigator is a multi-purpose dialog box in which you control the general
settings of a FEMLAB session. You can find detailed information about the options
in the section “The Model Navigator” on page 1-63 in this book. For now, let us
focus on one of its five tabbed pages: the Multiphysics page lets you select application
modes, dimension and other settings for your multiphysics model. The Model Library
page loads complete models supplied with FEMLAB.

Note A complete version of this model can be found on the Model Library page
under FEMLAB/Multiphysics/free_convection.

* Go to the Multiphysics page, and check that the 2D radio button is selected. The
space dimension must always be selected first, as the Physics modes available differ.

* Select the Incompressible Navier-Stokes application mode in the list on the left. As
you can see, the default Application mode name is ns, and the default names of the
Dependent variables are, u, v and p. These names can be changed, for example, if
they conflict with variables in other application modes. The default finite clements

THE FEMLAB QUICK START GUIDE | 1-29



for the Incompressible Navier-Stokes application mode are mixed second and first
order triangular Lagrange elements, so called Lagrange - p2-pl clements.

* Press the right arrow symbol (>>) in the center of the page. This accepts the
settings in the Application mode name, Dependent variables and Element ficlds, and
transfers the Incompressible Navier-Stokes mode to the list of active modes on the
right.

* Then select the Heat transfer application mode from the list of available modes.
Accept the default variable name, T, and elements—second order Lagrange
clements—by again pressing the right arrow button.

x
Hew I I odel Library | User Models I Multiphysics I Preferences |

Geometry narne: I Geomnl 3 Add | Salver type: INonImearstallonary had

Dimension: 10 & Laii] ¥ Use preferred submodes

Independent variables: | =V Salution form: IGeﬂera\ 'I

AC power electromagnetics j

Geonl: Inconpressible Havier -
Geoml: Heat transf

Conductive media DC
Diffusion
Electrostatics
Magnetostatics

Inconpressible Navier—Stokes
Flane stress il |
Plane strain

FDE. coefficient form < |
PLE. general form

Weak, subdomain

Weak. boundary

Weak. ooint _'LI
1 | »

Application made name: ht2 Application mode name: ht

Dependent variables: T
Dependent variables: I T2
Element: |Lagrange - Quadratic j Submode: Standard 'I

Ok Cancel

* Press OK to confirm your choices and close the Model Navigator.
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At this point, the graphical interface opens up in the Heat transfer application mode.
You can always find out in which application mode the package is presently running
because its name appears on the bar at the very top of the FEMLAB window.

) FEMLAD - Geom /Heat Transfer (he): [Untitled] =]
Fle Edt Options Oraw Pork Boundary Subohman Meth Sabve

ot ks Windon b
0|s(@|S] 4Bl [ Alsl4l2|=|2|4] 2|2|8|#|[7 @l=e(2|0]4] 2

Kl [ —] i |
T T T T |

o
[5]
o
o

EN GG 6[8|8 [Elofl+ [Z]5]N]
T
I

[S|=

[@ Ao [EquAL [swee [T [Soue [

Note Because FEMLAB runs within the MATLAB environment, you always have
access to the MATLAB Command Window except when certain modal dialog boxes
are open. When referring to the prompt in MATLAB’s Command Window, this
documentation set uses the term “MATLAB prompt™

Options and Settings

Later in this model you’ll need the physical properties of the fluid (water), the
temperatures at the inlet and on the surface of the heating tubes, and the inlet
velocity. This data can be entered as constants in the Add/Edit Constants dialog box.
The values used in this model are all given in SI units.

* Select the Options menu at the top of the FEMLAB window and choose Add/Edit
Constants.

* First add the density of the fluid: Enter rho0 in the Name of constant ficld. Press
page to move the cursor to the Expression field and enter 1e3. The value is saved
when you press enter, push the Set button, or otherwise leave the Expression field.

* Go on adding the dynamic viscosity, mu=1e-3; the heat capacity, cp=4.2e3; the
thermal conductivity, kc=0.6; and the volume expansion coefficient,
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alpha0=0.18e-3. Then enter the acceleration of gravity, g0=9.8, and the inlet

velocity, vO=5e-3.

Mame: Expression: Walue:

~=1alx|

rhail 1ed =]

Name of constant: I T

Expression: I 303

¥ Use az input variable for Simulink/state-space export

* Finally add the temperature at the inlet and on the heaters, T0=293 and T1=303,
respectively, and press OK.

The model size is in the order of a few centimeters, while the area visible in the
graphical interface is in the order of meters (remember youre modeling in ST units).
Before you start drawing the geometry, you therefore have to change the size of the

visible drawing area and the grid spacing.

* On the menu bar at the top of the screen select the Options menu, and from the

drop-down choices choose Axes/Grid Settings...

=i
tais | wid |
¥ fis equal
A linnits Z limits
X mirc 0.0 k¥ tute
J— oo Z it 0
¥ mir: 0.0 Zmax !
' 005
Ok I Cancel | Apply I

» A dialog box opens up, and on the Axis page enter -0.01, 0.01, -0.01,and 0.05
as X min, X max, Y min, and Y max, respectively.
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Draw Rectangle

Pdd

raw Centered Ellipse

[Z5 N [olo]a|d

* Click the page for the Grid page and deselect the Auto check box. Enter 0.005 as
both X spacing and Y spacing.

-} Axes/Grid Settings

aris | Gid |

I~ Auto ¥ Visible ¥ Labels
=51 grid

~=1alx|

¥ spacing; | 0.005
Extra i

Z grid

Z spacing: I

ExtraZ,

—

‘Y spacing; | 0.005
Extra'r:

0K

Cancel | Apply I

* Dress OK to close the dialog box and to apply the settings.

Draw Mode

Your next task is to draw the model’s geometry. This is easy, involving only the
rectangle and circle primitives, and subtracting one from the other.

* First draw a rectangle of width 0.005 and height 0.04, with the lower left corner
at the origin: Press the Draw Rectangle draw toolbar button. It is the first button
on the draw toolbar, which is located on the left side of the drawing area. Then
click at (0,0), using the left mouse button, and drag the mouse—keeping the

button down—to (0.005,0.04). Release the button.

Next, draw a circle with radius 0.005 centered at (0,0.015): Press the fourth

button on the draw toolbar, Draw Centered Ellipse. Then, using the 7ight mouse

button, click at (0,0.015) and drag the mouse in any direction, keeping the button
down, until the circle has a radius of 0.005. Using the right mouse button ensures
that a circle, and not an ellipse, is drawn.
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» The desired radius of the circle is, however, not 0.005, but 0.0025. To fix this,
double click the circle to open the Object Properties dialog box. Enter 0.0025 as
Radius and press OK.

=
(Object type:  Circle oK

Object dimensions Cancel |

Apply
‘-center: I 0015
Revert

Radiug: I 0.0025
Ratation [degrees); I a

H-center I 1}

Marme: |E1 Base ICDmer j

* Select both the circle and the rectangle. Either you can draw a rubber band box
around both them, or you simply press Ctrl-a to quickly select all objects.
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Difference

N el

s Q|G (6] 88 [Elol+ |25\ - [olo[o]a
&
=

g
i
L

* Press the Difference button on the draw toolbar and then the Zoom Extents button
on the main toolbar. The last button modifies the axes settings so that everything
fits nicely into the drawing area.
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Boundary Mode

Now that the geometry is ready, you can start defining your physics. The boundary
conditions and equation coefficients are set independently for the two application
modes. First, set the boundary condition for the Heat transfer mode, and then for the
Incompressible Navier-Stokes mode.

* Choose Boundary Settings... from the Boundary menu. This opens the Boundary
Setting dialog box, and transfers FEMLAB to boundary mode. The dialog box has
different options in different application modes.

* Start by insulating all boundaries. Select all boundaries in the Domain selection list
by selecting number 1 in the list on the left side of the Boundary Settings dialog
box and then number 7 holding the Shift key pressed. Now, insulate all boundaries
by clicking the Insulation/symmetry radio button. For more information on how to
select more than one object in the user interface, see “Object Selection Methods in
2D on page 1-80 in this book.

* Select the inflow boundary by clicking at the corresponding edge in the geometry,
or by selecting boundary number 2 in the list. Click the Temperature radio button
and change the Temperature ficld to read TO.
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* Select boundaries 6 and 7, that is, the heater, and set the Temperature ficld to T1.

-} Boundary Settings/ht - |EI ﬂ
Equation: T :TU
rDomain selection ————— —Boundary cosfficients ¥ rlock

1 " Quantity Value Description

g g I [i] Irward heat Aux

é h I i} Heat transfer coefficient

J T inf o Extemal temperature
= I

Const I 0 Problem-dependent constant
Name:

W Gl ey T amb I o Ambient temperature
" Enable borders = n-(k-gradT)=0 Insulation/symmetry
T I T Temperature
710 Zero temperature
¥ Ontop oK | Cancel | Apply |

* DPress Apply, to confirm the settings for the Heat transfer application mode. Then
switch to Incompressible Navier-Stokes, by selecting this mode from the bottom
of the Multiphysics menu. The appearance of the dialog box changes to reflect the
new mode.

* Again, start by selecting all boundaries and click the Slip/symmetry condition.

* For the inflow boundary, select boundary 2, click the first radio button and set
Inflow, y velocity to v0. Let the X velocity be 0.

<} Boundary Settings/ns ;IEIEI

E quation: u= uge ¥ =¥y

rDomain selection —————— —Boundary cosfficients [# Unlock:

Quantity Value Description

= u I 1] Inflow, » velocity
L I w0 Inflow, v velociy

D O )

J T p I o Outflow/pressure
-

& heuy) =0 Slip/syrmmetry
MName: | 2

€ uw=0 Mo-sli
I~ Select by group u olp
™ Enable borders  bfux)=0p=0 Straight-out

C el (7 v 7 )T -0 Newtral

[¥ Ontop Ok | Cancel I Apply |

» Continue by selecting the outflow boundary, boundary number 4, and click the
Outflow/pressure radio button. Leave the pressure, p, at 0.

* Finally, select boundaries 6 and 7 and click the No-slip condition. Press OK to
confirm your choises and close the dialog box.
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Subdomain Mode

The coefficients in the governing equations can be interpreted, depending on the
application mode, as, for example, material properties, forces and sources. You
specify all of them in subdomain mode. This time, start with the Incompressible
Navier-Stokes application mode, and continue on to the Heat transfer mode.

* Choose Subdomain Settings from the Subdomain menu to open the Subdomain
Settings dialog box, and put the user interface in subdomain mode.

o Select the single subdomain, number 1, and use the already defined constants to
set the density and the viscosity. Enter rho0 and mu in the Density and Dynamic
viscosity ficlds, respectively.

il
E quation: -V-n[Vu+[Vu]T] +puFu+¥p=F:¥u=0

Coefficients I Init I Element |
FDE coefficients ¥ nlock

Coefficient Value Description

P Irhnﬂ— Density
n Imu— Dynamic wiscosity
s ID— Volume force, s-dir.
;I F IW Wolume force, y-dir
Hame: IT— +

™ Select by goup

rDaomain selection

¥ Active in this domain

¥ Ontop oK | Cancel | Apply |

* The effect of temperature on the density of the fluid is entered only as a buoyancy
force in the y direction. Set the Volume force, y-dir. field to
alpha0*g0*rho0* (T-T0). Remember that T is the dependent variable from the

Heat transfer application mode.

Initial values are also set in the Subdomain Settings dialog box. The Navier-Stokes
equations are nonlinear, and therefore benefit from an educated guess as initial
solution to the nonlinear solver. Sometimes, a good initial value is even necessary for
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convergence. The initial values are also used as initial condition for the
time-dependent solver.

* Click the Init page in the Subdomain Settings dialog box to switch to the Init page.
Set the initial value V(t() to vO.

<) subdomain Settings/ns P o o5

E quation; -¥ n[Vu+[Vu]T] +pluFu+¥p=F.Fu=0

Coefficients | Irit | Element |
r~Daomain selection ————— Initial walue ¥ Urijock

Variable Value Description

ultp 1} Initial value
v[tU 1 w0 Initial value
_I p[tD 1 a Initial walue
Hame: IT

I™ Select by group

¥ Active in this domain

[¥ Ontop ok | cancel | apey |

* DPress Apply to confirm the settings and use the Multiphysics menu to switch to the
Heat transfer application mode. The open dialog box returns automatically to the
Coefficients page, but now for Heat transfer mode.

<) subdomain Settings/ht =101 =]

Equation: kFT) =0 + o (T TRE e T p T4 T = temperature

Coefficients I Irit I Element |

~Damain selection ————— —PDE coefficients [¥ Urlack

Coefficient Yalue Description

P lrhnﬂ— Density
C lcpi Heat capacity
k lkc— Themal conductivity

-

- q [phelTauaTym) | Heatsouce
Marng: I'\i
B Sl @ [ lﬂi Convect. heat ransf. cosif.
[V Active in this domain Tt 0 Extemnal temperaturs
e lU— User-defined constant
T oSt ID— Ambient temperature

¥ Ontop oK | Cancel Apply
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¢ Set the Density, Heat capacity and Thermal conductivity to rho0, cp and kc,

respectively.

¢ There is no distributed heat source in this model, but the convective transport of

heat acts as one. To account for the divergence of the convective heat flux, the term
-cp*rho0* (Tx*u+Ty*v) should be entered into the Heat source field.

Tx and Ty in the above expression are the partial space derivatives of the temperature,

T. As you can see, not only the dependent variables, but also their derivatives, are

available when entering, for example, nonlinear material properties and source terms.

In fact, you can use any valid MATLAB expression containing, for example, the

dependent variables, any user defined constants and expressions, the space

coordinates, X, y and z, and time, t.

* The temperature also needs an initial value: Go to the Init page and enter T0 in the

T(tp) field. Then press OK to confirm all settings and close the dialog box.

<) subdomain Settings,/ht

Equation: kFT) =0 + o (T TRE e T p T4 T = temperature

Coefficients | it | Element |
Initial walue [¥ Uriock

rDomain selection

[
Mame: I 1

™ Select by group
¥ Active it this domain

Variable
Titg 1

Value

Description

I 0 Iritial value

=10l |

¥ Ontap

0K

Cancel

Apply

Mesh Mode

Because FEMLAB is based on the finite element method (FEM), it needs a
subdivision of the geometry known as a mesh. A standard mesh is created

automatically, as soon as you enter mesh mode. If you need a different mesh

resolution, or require the mesh to be denser in some parts of the geometry than in

others, you can work with the Mesh Parameters dialog box, accessible from the Mesh

menu.

If you, on the other hand, trust the default settings, you can proceed directly to

solving the model. A mesh is then created automatically when you press the Solve
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Problem button. It is, however, often preferable to inspect the mesh before solving,

as that can give you a hint as to how long time it will take to solve.

* Initialize the default mesh by pressing either the Initialize Mesh button or the Mesh

Halel =24
Z|ilefa Gla .

1-40 |

) FEMLAB - Geom /Heat Transfer (ht): [Untitied]
Fle Edt Cptlrs Oraw Pork Boundary

Subdonan Mesh Sohe. Post
D)z 8| & [=(8|[E AlalslB=|2(4] 2]
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Mode button, both on the main toolbar. Both in this case have the same effect.

=lolx|

004t

o

i
00

|
oG 005 O

0015

I
X

0005

001

15

I
002

%

0

pplied nev POE cosff
Applied nev FDE icients
Thitialized nesh consists of 127 nodes and 200 triangles

[@ [0 [Eaw [ [

As you can see, a rather coarse mesh has been created. This means that you can obtain
a first solution quickly, to check that your model has been entered correctly into the
program. Later, you can return to mesh mode to refine the mesh. If solving again

using a finer mesh gives the same result, you can be assured that the mesh resolution

is sufficient, otherwise you’ll have to refine the mesh again.
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Solving
The required nonlinear solver is default, so all you have to do is press the Solve

A| &| &| Q| §| = |@| Problem button on the main toolbar.

* DPress the Solve Problem button. Solving this problem takes 19 seconds on a
1.5-GHz Pentium 4 machine running Windows 2000.

) FEMLAB - Geom1/Heat Transfer (ht): [Untitled] =10/ ]
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As soon as the solution is ready, a default plot is displayed. In this case you’ll get a
surface plot of the temperature. If you do not get a similar plot, go back and check
the boundary conditions and subdomain settings.

Post Mode

In post mode, you can, for example, add additional plot types, and set parameters for
the different plots. The postprocessing utilities can visualize any valid MATLAB
expression, containing, for example, the solution variables, their derivatives and the
space coordinates. Many frequently used expressions are predefined as postprocessing
variables, directly available from drop-down lists in the Plot Parameters dialog box.
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* Dress the Plot Parameters button on the main toolbar. This opens the Plot

—_ .
Alsl a8 == |?| Parameters dialog box on the general page.
=iz

General I Surface | Contour | Line I Ao I Drefoim | Flow I Animate |
‘lF;lDt;yuD;CE S oltiorn &t tires I nong IZI

[~ Contaur Solution at angle [phase): IU dearees

[~ Line Renderer:

v Arrow IZEu[fe[ -

[~ Deformed shape
) Smooth Settings... |
[~ Flow lines

¥ Geomety boundaries

Element refinement. [V Auta |3_
Title
¥ Auta I Surface: temperature (T) Arow: [heat A (us_s_ht)heat fus (us_g_ht]]

W Plat in main GLI axes

¥ Plat solution automatically

ok | Cancel | Apply |

On the General page, you can, for example, choose Plot type and Element refinement
level. The latter property decides how many times the FEM mesh is refined for
visualization purposes. A higher level of refinement gives a smoother plot when using
higher-order elements, but you pay in increasing memory usage. In 2D, you can
normally increase the refinement level, compared to the Auto setting, to get a better
looking plot. In 3D, on the other hand, you might need to decrease the refinement

in order not to run out of memory.

* Select plot types Surface and Arrow by clicking the corresponding check boxes.
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* Click the Arrow page and select x velocity (u) andy velocity (v) inthe X

expression and Y expression drop-down lists, respectively.

<) Plot Parameters =]
General | Surface | Contour | Line I Ao | Drefoim | Flow I Animate |
¥ Anow plot
Flat araws on
’VG' Subdomains " Boundaries
Ao data
X expresgion; I  welocity [u) Ij
Y expression: I_l,l velocity (v) Ij
2 expression: I none |ﬂ
™ Maw / min marker
Height data [3-D]
’7He\ght EXpresion; I none Id

Ao p

¥ spacing:
Y spacing:

[V Auta scale

I 10
I 15
Seale factor: | 1.0

Style: propartional &

] oo |

0K I Cancel |

Apply |

* Finally, set X spacing and Y spacing to 10 and 15 respectively, and choose a suitable

arrow color, preferably grey. Press OK.

Without heating, one would expect an exit y-velocity that is slightly lower towards

the left side, behind the heating tube (wake-effect). However, in this case you see that
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the y-velocity is higher on the left. This is because of the buoyancy effect of the free
convection.

) FEMLAD - Geom /Heat Transfer (he): [Untitied] =]
Fle Edt Cptions Oraw Port Boundary Subohman Meth Sobve

o ks Windon b
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Advanced Postprocessing

In FEMLAB, it’s very simple to obtain separate plots of the solution on various
geometry cross sections. The easiest way is to use the Draw Line for Cross-Section Line
Plot button, the second to last button at the bottom of the draw toolbar.

* To show the temperature profile just downstream of the heater, first press the Draw
/| Line for Cross-Section Line Plot button.

Jorew e for Crossmeion reet] ® Point the mouse at (0,0.02); press the left mouse button; drag the mouse to

(0.005,0.02) and release the button. The desired plot appears automatically in a
separate MATLAB window.

Leave the window open, as you’'ll need it further on. Separate figure windows opened
by FEMLAB can be handled just like any other MATLAB figures. You can, for
example, use the tools on the figure’s toolbar to add text, and then print or save the
result in any format supported by MATLAB’s print command. Type help print
at the prompt, or see the MATLAB documentation, for more information on
printing.

Checking for Convergence
Itis important to check that the solution obtained is indeed close to the best solution
obtainable from the given mathematical model and discretization scheme, and

1-44 | USER’'S GUIDE AND INTRODUCTION



AI&;JAIQI=I%|@|

AI&I&I-“@’|=|2=;|@|

Restart

thereby hopefully close to the “true” solution. This you can do by simply refining the
mesh, solving again, and comparing the solutions.

* DPress the Refine Mesh button in the main toolbar. This gives you a uniform
refinement of the mesh, meaning that every triangle is split into four.

* To obtain the new solution, press the Restart button, also on the main toolbar.
When you press the Restart button instead of the Solve Problem button, the last
solution is used as initial data for the nonlinear solver. As the solution isn’t
expected to change much, convergence is fast.

Visually, the solution hardly changes at all. To verify that this is indeed the case, you
can plot the same cross section as above in the same window. But, first you have to
tell MATLAB to draw on top of the existing plot, instead of deleting it.

* Go to the MATLAB prompt and write
figure(1)
hold on
The first line activates the figure containing the cross section, and the second tells
MATLARB to overprint, rather than delete, any existing graphics. Note that if you
have other figure windows opened the number of the figure window, here
assumed to be 1, might need to be changed.
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This time, you can use the Cross-Section Plot Parameters dialog box to change the line

color of the cross-section plot. Using this dialog box also ensures that exactly the
same cross section is plotted.

* Open the Cross-Section Plot Parameters dialog box by choosing Cross-Section Plot
Parameters... from the Post menu.

<) Cross-Section Plot Parameters

=10 =l

General | Surface | Line I Paint I

= Line plot

Line expression: Itemperalure T Iﬂ ¥ Smooth

Select line via

% T points = Boundaries

xi: [0 wz: [0005 1 =]
2
3

1. [002 vz o0z :

Line resalution: 50 g
7

Line spacing 1 ;I
Hefinement: W Auto IT

Line Settings.
I~ Connect lines to surface Suface Settings,.. |

ok | Cancel | Apply |

* Click the Line tab to reach the Line page, and then press the Line Settings... button.
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* Change the Line color to red, selecting from the drop-down list in the Line Settings
dialog box.

Sl
Ling color. Iled j
Line style: Isolld line: j
Line marker: Inone j
[~ Legend

oK Caneel |

* Dress OK twice to close both dialog boxes and display the new temperature profile

as a red line.
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As you can see, the temperature profile from the solution on the refined mesh lies
almost on top of the profile for the coarser mesh. Therefore, you can conclude that
even the coarser mesh probably gives sufficient accuracy.

Integrating to Find the Mean Temperature

Since both the velocity and the temperature vary along the outlet at the top, advanced
postprocessing must be employed to get the mean exit temperature. The bulk
temperature, or the “cup mixing temperature” is the temperature that the fluid has if
it is collected in a cup at the outflow and properly mixed. For this 2D example, the
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cup mixing temperature is given by the following expression on boundary 4 (the
outlet):

ITvdx

Ivdx

* To obtain the numerator, select Boundary integration from the Post menu, select

o=

boundary 4, and type T*v in the Expression ficld.

<) Boundary Integration - |EI 5[
Integration on boundanies:  Expression:

1 BN |x] F Smooth

2

3 = Wultiply expression by 2pi Smooth Settings.

5 Sojution at e

: [rere =

LI Solution at angle [phaze): 0 degrees
Interation order: ¥ Auto | 4

¥ Display result in log

V¥ Export result to workspace:

¥ Ontop oK | Cancel I Apply |

* Click the Export result to workspace check box and press Apply. The numerator is
now present in the MATLAB workspace as a variable called ans. The ans variable
always contains the result of the last calculation.

* Save the numerator for later use by typing

Itv = ans

at the MATLAB prompt.

* To obtain the denominator, type v in the Expression ficld in the Boundary
Integration dialog box and press OK.

* Finally, save also the denominator under a different name, and calculate the cup
mixing temperature. Write

Iv = ans
Tmean = Itv/Iv

at the prompt. The result is displayed immediately.

You should get a mean temperature of 293.8 K, that is, a temperature rise of
approximately 0.8 K between inlet and outlet.
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Saving

* To save the model to a file, go to the File menu on the menu bar at the top, then
sclect Save As and Model MAT-file. This selection saves the model in a binary format
with the extension .mat, a format you can load directly into the graphical
interface.

It is also possible to save the model as a MATLAB script file for parameterized
models and optimal design by sclecting Save As and Model M-file.... A complete
description of the Model M-file concept appears in this book in the section “Model
M-files” on page 1-51. Use the Model MAT-file format to save entirce FEMLAB
sessions if you intend to resume the modeling later on.

Boundary and PDE Cocfficient Views

As you might have noticed, this model doesn’t require you to handle a PDE directly.
When modeling in a physics application mode, such as the Heat transfer mode or the
Incompressible Navier-Stokes mode in this example, you can reach the underlying
PDE formulation by selecting View as Boundary Coefficients and View as PDE
Coefficients from the Boundary and Subdomain menus, respectively. Say, for instance,
you’d like to view the PDE coefficients corresponding to the material settings:

* Go to the Subdomain menu and choose View as PDE Coefficients. Then return to the
same dropdown menu and open the Subdemain Settings dialog box.

<) subdomain Settings,Coefficient Yiew i m| 5[

Equation: ¥.I" =F: c = 4T /8Wu. a = #F/du.y =T, = 9F/8Tu, o = 44w, f =F
cI al fI daI all bel gal Imll E\ementl W’eakl

rDomain selection o coeff ¥ Unloek
= u L p T
|2*muUUmu IEImuEIEI |uuuu |uuuu ns
IUDmuU ImuDUZ’mu |0000 |UDDD ng
|nnnn |nnnn |nnnn |nnnn ns
El
" Iwi IUUUEI |uuuu |uuuu IkoUkc ht
ame:
[~ Select by group

Dlllerentlalel ¥ Ontop Ok | Cancel I Apply |

The underlying equation appears in the upper left corner, and the edit fields to the
right now correspond to equation coefficients rather than material properties. The
interpretation of the coefficients depend on whether FEMLAB currently uses the
coefficient form or the general form to describe a generic PDE. See “Overview of PDE
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Models” on page 1-336 in this manual. Multiphysics problems should normally be
based on the general form, and it’s this formulation that you can see at the top of the
dialog box.

For a multiphysics model, the coefficient view shows the complete system of
equations. Itis important to understand that FEMLAB solves multiphysics problems
directly as oz¢ PDE system. In general form, the stiffness matrix or Jacobian of the
complete system is obtained automatically through symbolic differentiation. The
result of this automatic manipulation can be seen on the ¢, a, al and be tabs.

Let us have a closer look at, for example, the B coefficient. In this case B is obtained
through automatic differentiation of the F coefficient. 8 is usually identified as a
convection coefficient and then contains a transport field.

¢ (Click the be tab to show the convection coefficient. Each field contains a
MATLAB vector of length two, making {3 in this case a four-by-four-by-two tensor.

-} Subdomain Settings/Coefficient View — 3] x|

Equation: ¥ " =F; c= #/Vu. a = 8F/ou. 7 =T, p = dF/8Vu, o = 90/8u, f=F

el ol ] dal al| be| as| mit| Element | weak |
rDomain selection be coeff [ Unlock
= u W P T
IrhaD”u tholy IDD |10 |00 ns
|nn Irhnﬂ‘u tholy |n1 |nn ns
- 1o [o1 [oo [oo ns
" |1— |DD IDD IDD Icp"rhuﬂ”u cp'the ht
anne:

I~ Select by group

Dillerantialel ¥ Ontop ok | Cancel | Apply |

Look at the coefficient in the lower right edit field, cp*rho0*u cp*rho0*v. This is
the transport field for heat transport in the fourth equation, the heat equation. As you
can see, the transport field is the fluid velocity field multiplied by the specific heat per
unit volume.

In Coefficient View, you’ve also now got an extra tab, named Weak, where you can
specify additional terms to your equations on weak form. Weak coefficients can be
added on all levels—subdomain, boundary, edge and point—where they can be used
to implement, for example, explicit streamline diffusion, weak constraints, line
sources and point sources, respectively.
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Model M-files

In FEMLAB you can save an entire session performed in the graphical interface as a
MATLAB script. This script is called a Mode! M-file. You can modify a sequence of
FEMLAB commands for whatever reason and reload them into the graphical
interface or execute them from the MATLAB prompt.

The following code listing shows a Model M-file of the model you just developed;
this code represents the model if saved directly after solving it the first time. The
annotations give an overview of the main parts of a typical Model M-file. Note that
information not necessary to grasp the Model M-file concept has been removed from
the listing below. This means that the actual listing obtained when saving the model
as a Model M-file will be slightly longer.

% FEMLAB Model M-file
% Generated 01-Mar-2002 13:14:31 by FEMLAB 2.3.

flclear fem

% FEMLAB Version

clear vrsn;
vrsn.name=’FEMLAB 2.3’}
vrsn.major=0;
vrsn.build=154;
fem.version=vrsn;

% Recorded command sequence

% New geometry 1
fem.sdim={"x’,’y’};

% Geometry

clear s c p
R1=rect2(0,0.005,0,0.04);
C1=circ2(0,0.015,0.0025);
C01=R1-C1;

objs={CO01};
names={’C01’};
s.objs=o0bjs;
s.name=names;

c.objs={};
c.name={};

p.objs={};
p.name={};

drawstruct=struct(’s’,s,’c’,c,’p’,p);

fem.draw=drawstruct;
fem.geom=geomcsg(fem);
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clear appl

% Application mode 1
appl{1}.mode=flpdens2d(’dim’,{’u’,’v’,’p’});
appl{1}.name=’ns’;
appl{1}.dim={"u’,’v’,’p’};
appl{1}.border=’off’;
appl{1}.form=’general’;
appl{1}.elemdefault=’"Lagp2pi’;
appl{1}.assign={’rho’,’rho_ns’};
appl{1}.var={};

appl{1}.shape={’shlag(2,’’u’’)’,’shlag(2,’’v’’)’,’shlag(1,’’p’’)’};

% Application mode 2
appl{2}.mode=flpdeht2d(’dim’,{’T’});
appl{2}.name="ht’;
appl{2}.dim={"T’};
appl{2}.border="off’;
appl{2}.form=’coefficient’;
appl{2}.elemdefault=’Lag2’;
appl{2}.assign={’rho’,’rho_ht’};
appl{2}.var={};
appl{2}.shape={’shlag(2,’’T’’)’};
fem.appl=appl;

% Initialize mesh
fem.mesh=meshinit (fem);

% Boundary conditions

clear bnd

bnd.v={’0’,’v0’,’0’,’0’};
bnd.type={’slip’,’uv’,’out’,’noslip’};
bnd.ind=[1 2 1 3 1 4 4];
fem.appl{1}.bnd=bnd;

% Boundary conditions
clear bnd
bnd.T={’0’,’T0’,’T1’};
bnd.type={’q0’,’T’,’T’};
bnd.ind=[1 2 1 1 1 3 3];
fem.appl{2}.bnd=bnd;

% PDE coefficients

clear equ

equ.rho={’rho0’};

equ.eta={’mu’};
equ.Fy={’alpha0*g0*rho0*(T-T0)’};
equ.init={{{"0"};{’v0’};{’0’}}};
equ.usage={1};

equ.ind=1;

fem.appl{1}.equ=equ;

% PDE coefficients
clear equ
equ.rho={’rho0’};
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equ.C={’cp’};

equ.k={{{ kc’}}};
equ.Q={’-cp*rho0* (Tx*u+Ty*v)’};
equ.init={{{’T0’}}};
equ.usage={1};

equ.ind=1;

fem.appl{2}.equ=equ;

% Define constants
fem.const={...

’rho0’, 1000,...
‘mu’, 0.001,...
‘cp’, 4200, ...
ke’ 0.6,...
’alpha0’, 0.18e-3,...
’go’, 9.8,...
'v0’, 0.005,...
’T0’, 293, ...
11, 303};

% Multiphysics
fem=multiphysics(fem);

% Extend the mesh
fem.xmesh=meshextend(fem);

% Evaluate initial condition
init=asseminit(fem,...
’init’, fem.xmesh.eleminit);

% Solve nonlinear problem
fem.sol=femnlin(fem,...
’init’, init,...
‘report’, ’on’);
% Plot solution
postplot(fem,...
’geom’ , ‘on’, ...
’tridata’,{’T’,’cont’,’internal’},...
’tribar’,’on’,...
’title’, ’Surface: temperature (T)’)
If you intend to load a modified Model M-file into FEMLAB’s graphical interface,
it’s important that you follow the syntactic rules outlined in the section “Model
M-file” on page 3-171 in the Reference Manunal. If you intend to use the modified

Model M-file only from the MATLAB prompt, format requirements are less strict.
A Model M-file is useful for many purposes:

* It documents the work you perform within the graphical interface in a

human-readable manner.
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* Studying the file FEMLAB generates can serve as a tool for learning how to work
with FEMLAB functions.

* You can save a Model M-file and modify it for optimal design or for creating
parameterized models.

* You can insert any MATLAB command anywhere in the Model M-file as long as
they do not affect the FEM structure in any way inconsistent with the syntactic
rules, and reload the model into the GUI.

* When working on a complicated model that requires you to write custom
functions, you can start modeling in the graphical interface and then save the
Model M-file to expand it. Note again, though, that if you work outside the
syntactic rules, you can run the resulting model only from the MATLAB prompt.

For more detailed information on this topic see the section “Model M-file” on page
3-171 in the Reference Manual.

Time-dependent Simulation

This example is an extension of the stationary free convection model above. In the
first step of modeling the heat transfer by forced and free convection a steady state
was found. See “Forced and Free Convection Heat Transfer” on page 1-26 on how
to create and save the first part of the model.

Now, suppose that you first let the fluid flow through without any heating until a
stable state is reached. Then you suddenly switch on the heaters: What happens?
How long time does it take to reach a new stable state? These questions can be
answered by a time-dependent simulation.

It is assumed that you have the final state of this model loaded in the graphical user
interface

Loading a Previously Saved Model
If you’ve previously saved the results from the first part of the model as a Model
MAT-file (.mat) or Model M-file (.m), you can now load it into the user interface.

* To load the previously saved model, choose Open from the File menu, and then
Model MAT-file or Model M-file, as appropriate, in the submenu. You can also press
the Open button on the main toolbar to load a Model MAT-file or Model M-file.

* Locate your model file and press OK.
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Solving
First you have to generate the initial state, without heating. This you can reach by
simply solving only the Incompressible Navier-Stokes problem.

* Choose Solve for Variables... from the Multiphysics menu. This opens the Solver
Parameters dialog box on the Multiphysics page.

<) Solver Parameters =10 x|
General | Adaption | Monlinear I Timestepping | Eigenvalue I Iterative I P ultigrid | Multiphysics
rSolve for variables ——————— ~llpdate mechanism for initial value u

Show variahles
u Store Solution

™ Store solution automaticaly

Use solution number I 1 E

Salve | ok | Cancel | Apply |

* In the Solve for variables list, only select Geom1: Incompressible
Navier-Stokes (ns). Press the Solve button in the dialog box to solve only for
the velocity components u and v, and pressure p.
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The shown solution also verifies the assumption above, that there should be a wake
effect visible behind the heating tube. Next, switch to the time-dependent solver:

* Select both application modes. To do so, open the Solver Parameters dialog box
from the Solve menu. On the Multiphysics page, select both application modes, by
selecting in the Solve for variables list. Click on the first application mode and drag
down the list, or use Ctrl-click for multiple selection. The temperature used is the
initial value of T set earlier in the T(t() field on the Init page of the Subdomain
Settings dialog box.

* Click the General tab in the Solver Parameters dialog box. Under Solver type in the
top left corner, select Time dependent.

-} Solver Parameters =1 x|
Genersl | Adapion | Moriivear | Timestepping | Eigenwalue | lterative | Multigid | Muliphysios
—Solver typg ————  ~Salver options ————  ~Solution farm —
£~ Stationary linear ™| daption IGE"EEI -
" Stationary nonlinear I Multigrid sshver - -
Automatic differentiation
¢ Time dependent [ Iterative solver ¥ Ea ¥ F [ ar
~
Efgenvalue I Stieamline diffusion — | ¥ & ¥ R ¥ Espr
[ I I¥ Submode differentiation
P Seale factor: | 1.0
[¥ Simplify
rAdvanced
Canstraint handiing method: Geomety shape order. Azzembly block size;
IE\iminatinn j IAutnmalic j 5000
Jacaobian: Null space function:
IEgact j I Orthonomal (finullarth’ Ij
Direct inear solver: Cortext:
IMatIab j ILDcaI workspace ﬂ
Salve | ok | Cancel | Apply |

* Then switch to the Timestepping page. The output times are given as a MATLAB
vector, specifying for which times the solution should be obtained. Enter 0:1:30
in the Output times field, which means that the solution will be sampled every
second during 30 seconds.
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R

Note If you are running FEMLAB on MATLAB version 5.2, you also have to
change the Timestepping algorithm to fldaspk. The MATLAB ODE suite solvers
can handle differential-algebraic equations—such as the Navier-Stokes equations—
only in MATLAB 5.3 and later.

<) Solver Parameters =1 x|
General | Adaption | Nonlinear I Timestspping | Eigerwalus I Iberative: I tultigrid | Fultiphysic:s
Output times: 0:1:30
rODE/DAE solver
Timestepping algorithrn: ode15s 'I
Relative tolerance: oo
Abzolute tolerance: w01 w00 plefT O
Advanced...
tass matrix
’7(" Lumped & Ful ‘
- Marwal control of reassembly
I | tass constant I | Mass independent of u
I Load constart I~ Jacohbian constant
™ Constraint constant I= | Constraint.J acabian constant
Salve I aK | Cancel I Apply |

* Press OK to confirm the choices. Then press the Restart button in the main toolbar

to start the simulation. The solution is ready after 168 seconds on a 1.5-GHz

Pentium 4 machine.

Post Mode

The solution for the last time step is plotted, using the same plot settings as before.
On the General page of the Solver Parameters dialog box, you can select which time

step to display.
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* Open the Plot Parameters dialog box, by pressing the Plot Parameters button. Go

—_ . . .
A| &| A| £)| = | = |ﬁ| to the Geneal page and select the timestep you want to see from the Solution at time
rop-down list. Press o visualize the solution at that time
e drop-d list. Press Apply t lize the solut t that t
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Animating the Solution
The most appealing way to view the results from a time-dependent simulation is

want to see the animaiton again, just press the same Animation button. The second

B often as an animation. When watching an animation, you can easily see features of
E the solution, that you wouldn’t find by examining the solutions for the separate time
D steps one by one.

8
| * Press the Animation button on the plot toolbar. A new MATLAB figure window is
* opened, where the animation is first recorded and then played five times. If you

time, you do not have to wait for the recording phase.

Plotting the Time Evolution

A different way to examine the time-dependent solution is to plot the same aspect of
the solution evaluated at multiple times in the same figure. You can, for example, plot
the time evolution of the temperature profile on the cross section drawn above.

* If you still have the previous cross-section window on screen, close it.
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* Open the Cross-Section Plot Parameters dialog box by choosing Cross-Section Plot
Parameters... from the Post menu.

-} Cross-Section Plot Parameters == x|
General I Surface | Line | Point I
7';L°t lype Solution at time: Solution at angle [phase):
Surface
I 1] degrees
* Line
. Renderer:
" Point

IZE ufer 4
Smooth Settings... |

—Flot tite and axis settings

Title: @ e O

-auis label LT li I Grid I Logscals
-awis label + Auta l— I~ Grid [~ Logscale
Z-anis label o Ayt l— I Grid [ Logscale

¥ Display cross-section in GUI axes Calor. .

aK | Cancel I Apply |

* Select all even time steps from 0 to 14 seconds in the Solution at time list.

* Switch to the Line page and press the Line Settings button. This opens up the Line
Settings dialog box, in which the appearance of the line plot is defined. Set the Line
color to black, the Line style to cycle, and the Line marker to cycle. Also check the
Legend check box before pressing OK to close the dialog box.

x|
Line color: Iblack j
Line style: Icycla j
Line marker: Icycla j
¥ Legend

ok Cancel |

* Type 20 in the Line resolution cdit box as a final step in setting up the plot
parameters. Visualize the plot by pressing Apply.
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The figure shows line plots for each selected time step. For each curve the
corresponding time can be seen in the legend box.
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In the above plot, it is clear that the temperature does not change much between the
last three time steps visualized. To get a clearer picture of when a stationary state is
reached you can plot the time evolution of an expression at a geometry vertex, or at
any location inside the geometry.

o Select all time steps in the Solution time list at the General page in the Cross-Section
Plot Parameters dialog box.
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* Click the Point radio button under Plot type, and go to the Point page of the dialog
box. Choose temperature (T) from the Point expression drop-down list.

-} Cross-Section Plot Parameters — 3] x|

General | Surface | Lire | Foint |

* Paint plat

Point expression: I temperature [T]

Select point via

Ij ¥ Smoath

' Coordinates

" Veilices

W% | linspace(0,0.005,10]

s I 0.02Z%onesg(1,10]

S "

=

Line Settings.

| Cancel I Apply |

 Dress the Line Settings button and clear the Legend check box. Also set the Line
marker to none. Press OK to use the new settings.

* The x and y coordinates of the points, for which you want to plot the time
evolution, are entered as MATLAB vectors. To plot the solutions at 10 equally
spaced points along the cross section used above, enter 1inspace(0,0.005,10)
in the X field, and 0.02*ones (1,10) in the Y field.

* Alternatively, press the Draw Point for Cross-Section Point Plot button at the

bottom of the plot toolbar. Then you can place the points manually along the
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cross-section line, using the left mouse button. Press OK in the Cross-Section Plot

Parameters dialog box.
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From this last plot, you can directly answer the second question: “How long time
does it take to reach a new stable state?”> After approximately 10 seconds, the solution

has stabilized completely on the chosen cross section.
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The Model Navigator and the Model Library

This section describes the Model Navigator dialog box. The Model Navigator is a
multi-purpose tool used to control the general settings of a FEMLAB session.

The Model Navigator

When you start FEMLAB you invoke the Model Navigator.
ES|

Mew | todel Library | User Models I Multiphysics | Preferences |

Dirnension
’7(- 0 &+ D D
Geometry only -

— Physics nodes
+ AC power electromagnetics
+

Linear statiocnary

Honlinear stationary

Time dependent
Electrostatics
Hagnetostatics
Heat transfer
Incompressible Navier-Stokes
Structural mech., plane stress
+ Structural mech.. plane strain Diffusion, linear, stationary modsl.
FDE modes
Weak nodes
Classical FPDEs
Structural Mechanics Module —
Electromagnetics Module
Chemical Enginesring Module ;I

Ml 3 b d

MNo. of dependent variables: I 1
Element: | Lagrange - Quadratic 'I More »»

+

Description:

S+t

0K Cancel

The Model Navigator is a tabbed dialog box with five pages:

* New page — for initializing application mode models

* Model Library page — for loading Model Library models

* User Models page — for loading your own models

* Multiphysics page — for initializing a multiphysics model

* Preferences page — for setting the Model Library paths and Preference File

You can see the five tabs at the top of the dialog box. To start creating a new model
you click on the New tab and choose the application mode that you wish to work in.

To load a model from the Model Library, click the Model Library tab and choose a
model from one of the application areas. You can also build your own models and
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access them from the User Models page. The Multiphysics page is used for initializing
multiphysics models. The Preferences page can be used to set the default session
parameters for the Model Library, the User Models and the GUI

New Paye

There are four sets of modes available on the New page: Physics modes, PDE modes,
Weak modes, and Classical PDEs. The optional modules are also listed here and in this
case they are the Chemical Engineering Module, the Electromagnetics Module, and
the Structural Mechanics Module. Different modes and modules have in turn a
number of sub-modes where you can specify which type of model you want to run:
linear or nonlinear, stationary, or time-dependent, etc. The application modes consist
of:

* 1D Physics modes: Diffusion and Heat transfer

* 2D Physics modes: AC power electromagnetics, Conductive media DC,
Diffusion, Electrostatics, Magnetostatics, Heat transfer, Incompressible
Navier-Stokes, Structural mechanics Plane strain, Structural mechanics Plane
stress

* 3D Physics modes: Conductive media DC, Diffusion, Electrostatics,
Magnetostatics, Heat transfer, Incompressible Navier-Stokes, Structural

mechanics

* PDE modes for modeling using partial differential equations, see “The FEMLAB
PDE Language” on page 1-336

* Classical PDE modes: Laplace’s equation, Poisson’s equation, Helmholtz’s
equation, Heat equation, Wave equation, Schrodinger’s equation, Convection
diffusion equation

* Weak modes: Subdomain, Boundary, Edge (3D only), Point, Boundary constraint

For the physics modes, the notation for material properties and boundary conditions
are adapted to the application at hand, for example, flux, heat capacity, conductivity,
etc.

For models where there is no application mode in the Model Navigator, you can use
the PDE modes to specify your PDE and boundary conditions. Depending on the
special form of your PDE, there are several modes to choose from. A more detailed
description of the types of PDEs available can be found in “The FEMLAB PDE
Language” on page 1-336. A complete description can be found in the Reference
Guide.
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Many Classical PDEs can be given as instances of the coefficient form in FEMLAB.
Some of them are available in the Model Navigator.

There is also an Application available of a wave guide model that was implemented
using the FEMLAB APIL

Model Library Page

On the Model Library page, there are a number of completed models from different
areas of engineering and science.

7} Model Mavigator x|

New | ModelLibary | UserModels | Muliphysics | Preferences |

+ FEMLAE =]
— Chemical_Engineering Module
+ Advanced_Models
+ Electrochemical_ Engineering
+ Energy_Transport
— Ha=ss Transport
cwd_reactor
falling film
fusl_cell_n=
ga=_memnbrane
stef diff

pellet Description:
late
lt:,‘uhe reactor Monolithic Reactors
+ Homentum_Transport .
+ Electromagnetics Module This example shows how to made! chemical
+ Structural Mechanics Module reactors in three dimensions by using the
+ Structural Mechanics Module 1 1 time: &% z-axis in a monalith channel.

Documentation

Ok Cancel

The Model Library is important for several reasons: it offers a quick way to learn the
facilities of FEMLAB and examine the results of completed models. You can also save
time by using models from the Model Library as an initial platform for developing
your own models. You can modify the geometry, the values of variables, boundary
conditions, etc. The Model Library is also indispensable for demonstration purposes.
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On the Model Library page you can find approximately 40 completed models. They
are fully described in detail in the Model Library. In FEMLAB version 2.3, you will
find the following models:

¢ Acoustic Models

Eigenmodes of a room
Acoustics of a heat exchanger
Humming from rotating electrical machinery

Humming from rotating electrical machinery with an obstacle

* Chemical Reaction Models

Monolithic reactor
Tubular reactor

Cylindrical tubular reactor with cooling

¢ Classical PDEs

Heat transfer problem with differing materials

Poisson’s equation on the unit disk with a point source in the origin
Poisson’s equation on the unit disk

Eigenfunctions of the Schrédinger equation for an electron

A transport problem with discontinuous solution

The wave equation for transverse vibrations of a membrane

* Electromagnetic Models

Safety Connector/Disconnector

Magnetic field in an electric motor
Electrostatic Precipitation Filter

A permanent magnet

Potential between two cylinders

Skin effect in circular wire

Protection of a steel tank immersed in seawater

A rectangular wave guide
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Equation-Based Models

The Black-Scholes equation in 1D

The Black-Scholes equation in 2D

The Burgers equation

Eigenvalues and eigenmodes of a square
The KdV equation and solitons

The Landau-Ginzburg equation

A minimal surface problem

Fluid Dynamics Models

Stationary incompressible flow over backstep

Flow over backstep using stream function-vorticity formulation
Flow over backstep with Argyris element

Flow past a cylinder

Flow of paper pulp

The shallow water equations

Shock tube

Geophysics Models

A rock fracture flow model

Heat transfer Models

Heat generation in a disk brake

Heat distribution in a radioactive rod

Multidisciplinary Models

Magnet brake
Thermal controller

Thermal controller using non-local coupling variables
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* Multiphysics Models
- Stresses in cracked heat exchanger tubes
- Thermo-electric heating
- Bus bar
- Free convection
- Marangoni convection
- Micro robot

- Vibrations in a milk containers

* Physics Models
- The Schrédinger equation for the hydrogen atom
* Semiconductor Device Models

- Semiconductor diode model

¢ Structural mechanics Models
- The deformation of a feeder clamp
- A Mindlin plate problem
* Wave Propagation Models
- Diffraction patterns
- Isospectral drums
- Eigenvalues and eigenfunctions for the L-shaped membrane

To obtain the on-line documentation for a specific model, press the Documentation
button while the model is selected in the Model Library tab. The on-line
documentation can be used in various ways, for example, as a starting point for
working with scripts, by copying from the documents and pasting in the MATLAB
Command Window.

User Models Payge

On the User Models page, you can browse your own set of saved models. If you have
saved a model together with a model image and a model description, you can display
the model with an image and a short description, in the same way you display models
on the Model Library page.
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Multiphysics Page

On the Multiphysics page you initialize multiphysics models, by selecting from a list
of application modes. In the GUI, you are then able to couple all the selected
application modes. At any time during the modeling process, you can open the Model
Navigator’s Multiphysics page again, to add or remove application modes.

7} Model Mavigator x|

Mew I todel Library | User Models I Hultiphysics I Preferences |

Geometry name: | Geornl = s | Solver ype: |Non|inearstationary =

Dimension: ¢ 10 Lol Ciln] W Use preferred submodes

Independent variables: |« Solution form: W

AC power electromagnetics - Geoml: Heat transfer =]
Conductive media DC Geoml: Conductive media DC
Diffusion Geoml . Plane st =
Electrostatics

Hagnetostatics

Heat transier

Incomiresslb le NHavier-Stokes

Plane strain

FDE. coefficient form
PDE. general form
Weak, subdomain

Weak, boundarvy

Yesk. point i
i — _>lJ H

Application mode narme: Pl Application mode name: ps
Dependent wariables: uv
Dependent variables: IU2V2—
Element: |Lagrange - Quadratic j Submode: Standard 'I

0K Cancel

For more information on how to use the multiphysics feature, see the multiphysics
model “Thermo-Electric Heating in a Bus Bar” on page 1-109, and also the
multiphysics models of the Model Library.

Preferences Page

The Preferences page lets you specify the Model Library path, the User Models path
and preference file. The preference file, with the extension .mat, isa FEMLAB
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Model MAT-file that can be used for initializing the GUI settings, such as axis limits,
grid spacing, etc. You can also specify the Startup mode for a FEMLAB session.

Model Navigator

todel Nawvigator - New ’—

CAfemlabimodels

Chfemlabhusermodels
r r

B —— T 1
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The FEMLAB Graphical User Interface

Menu bar

Draw toolbar
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FEMLAB features a graphical user interface (GUI) that handles all aspects of the
modeling process. Indeed, the simplest way to model an object is with the graphical
interface, which is automatically invoked when you specify an application mode in
the Model Navigator. For some models, however, it can be more expeditious to use the
programming language (see “The Programming Language” on page 1-301).

The figure below shows the 2D graphical interface with annotations that highlight
some of its most important elements.

Main toolbar Axis scroll bars

> ——— 8

E] 05 [ [5 \ 1

Lel v

Status bar
Main axes area

The menu bar enables control of all aspects of the modeling process. It conforms to

the common menu standards:

* Items followed by a right arrow lead to a submenu.
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* Items followed by an ellipsis lead to a dialog box.
¢ Stand-alone items initiate a direct action.

* All menu items have corresponding keyboard interfaces (use ALT + the underlined
character for drop-down menus). You can also execute some menu items with
shortcut keys.

In the main axes area you draw the geometry, display the mesh and plot the solution,
etc.

A message log in the lower part of the interface provides progress information from
solvers as well other items of information.

Located just below the message log, the status bar provides details about the status
of settings such as grid lines. Here you can also examine current cursor coordinates.
You can toggle the state of a status bar item by double-clicking on it.

The main toolbar below the main menu contains icon buttons that provide quick
access to some of FEMLAB’s most important functions. For instance, additional
toolbars sometimes appear: in draw mode, a draw toolbar appears; in post mode you
gain access to a plot toolbar.

For a complete description of all menu items, dialog boxes, and other interface
components, see the chapter The Graphical User Interface in the Reference Manual.

The Menus

The graphical interface provides several selections from the menu bar.

* File menu—where you open and save files, as well as import and export data to the
MATLAB main workspace or to a file. You can also print the current graphics and
exit the graphical interface.

* Edit menu—where you cut, clear, copy, and paste geometry objects, boundary
conditions, material properties and initial conditions. You can perform multiple
undo steps of geometry and mesh actions. A Select All and a Deselect All option is
also available.

* Options menu—where the options allow you to modify axis settings, zoom levels,
rendering settings, and labels. You can also define constants and variables for use
in boundary conditions, and when defining material properties, change assigned
variable names, specify differentiation rules, etc.
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Draw menu—where you select and create primitive solid objects such as circles,
spheres, blocks, and rectangles, which you can then modify with the mouse. You
can move, scale, and rotate objects as well as do coercions of geometry objects. It
is possible to also create composite objects.

Point menu—where you can open a dialog box in which you define point settings.
(Only in 2D and 3D.)

Edge menu—where you can open a dialog box in which you define edge settings.
(Only in 3D.)

Boundary menu—where you can, among other things, open a dialog box in which
you define boundary conditions.

Subdomain menu—where you can, among other things, open a dialog box for
specifying material properties or PDE coefficients.

Mesh menu—where you create and modify the finite element mesh. You can
initialize, refine, and smooth the mesh as well as display mesh quality.

Solve menu—where you start and control model computations. From this menu
you can open a dialog box where the solver parameters are set.

Post menu—where you can post-process the solution. A wide range of plot types
are available as well as integration tools.

Multiphysics menu—where you add application modes to or delete application
modes from a multiphysics model. It is also possible to switch among application
modes that were added earlier. Also under this menu you can specify which
solution components to solve for.

Window menu—where you select any currently open MATLAB figure window;
FEMLAB immediately brings the selected window to the front.

Help menu—where you find help about FEMLAB’s functions, read on-line
documentation and reach additional help resources locally as well as over the
Internet.
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The Toolbars

The main toolbar underneath the main menu contains icon buttons that provide easy
access to key functions. They do not, however, offer any additional functionality; all

toolbar button functions are also available as menu items.

The toolbar consists of seven parts. From the left to right, there are: four buttons
addressing file handling; three buttons handling editing; one button for object

selections; seven buttons addressing meshing, solving, and plotting; four buttons
implement zooming;; six (in 2D) buttons handle mode navigation; and at the end

comes a Help button.

FILE HANDLING BUTTONS

New Open Save Print

L
Sj[=31=1E]

The file handling buttons (from left to right) perform these actions:

* Open the Model Navigator to start a new model.
* Load a Model MAT-file/Model M-file from disk.
¢ Save the current model to a Model MAT-file.

* Drint a hardcopy screen dump of the FEMLAB main axes.
EDIT BUTTONS AND THE SELECT BUTTON

(ot Copy Paste Select

|
NESENDY

The edit buttons and the select button (from left to right) perform these actions:

* Move the selected geometry objects to the FEMLAB clipboard.

* Copy the selected geometry objects, boundary conditions, PDE coefficients, or

initial conditions to the FEMLAB clipboard.
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» DPaste FEMLAB clipboard contents into the current model.

* Select items such as menus, buttons, or objects.

The select button (with an arrow icon) offers a way to select objects by clicking on
them.

MESH, SOLVE, AND PLOT BUTTONS

Refi Solver
efine
Inifialize Refine Porameters — Resyort
Mesh Selection Solve Plot Parameters
‘ ‘ ‘ Problem ‘
|

Alaa|R|= 2|4

The mesh, solve, and plot buttons (from left to right) perform these actions:

* Generate and display an initial mesh.

* Refine the entire current mesh.

* Uniformly refine only selected triangles (1D and 2D only).
* Open the Solver Parameters dialog box.

* Compute the solution for the current model and plot the result (you can disable
the automatic solution plot).

* Restart the solution process after you previously halted it with the Stop button.

* Open the Plot Parameters dialog box.
ZOOM BUTTONS

Zoom Qut Zoom Extents
Zoom In ‘ Zoom Window ‘
| l

228\

The zoom buttons (from left to right) perform these actions:

e Zoom in, centered.
e Zoom out, centered.
e Zoom in a user-defined zoom window.

* Zoom out as far as the extents of the geometry.
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GUI MODE NAVIGATION BUTTONS AND THE HELP BUTTON

Point Mode ~ Subdomain Mode Post Mode
Mesh M
Drov;/ Hode Boundury| Mode esh Mode ‘ Help

|
gi|e]a @|al 2|

The mode navigation buttons provide a convenient mechanism for mode-selection

accompanied with a visual indication of the current mode. The six buttons (from left
to right) activate the following modes:

* Draw mode

* Point mode

* Boundary mode

* Subdomain mode

* Mesh mode

* Post mode

The last button on the right is the help button, which launches the FEMLAB Help
Desk. In 3D, there is an additional edge mode and a corresponding button.

2D DRAW TOOLBAR BUTTONS

In its default configuration, the 2D draw mode provides an additional draw toolbar
that contains buttons for creating and editing the geometry. The 2D draw toolbar is
also available in the work planes for a 3D model. See the section “Work Plane Toolbar
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Buttons” on page 1-83 for details. The 3D draw toolbar is described in the

section“3D Draw Toolbar Buttons” on page 1-83.

olielinn

B+

— Draw Rectangle
— Draw Centered Rectangle
— Draw Ellipse

— Draw Centered Ellipse

— Move
— Rotate

— Scale

— Draw Point

— Draw Line

—

— Draw Arc

— Draw Cubic Bézier Curve

[Nl

— Union

— Infersection

— Difference

— (reate Composite Object
— (Coerce to Solid

— Coerce to Curve

— Split

— Delete Internal Borders
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2D PLOT TOOLBAR BUTTONS
In its default configuration, post mode provides an additional plot toolbar that

contains buttons for visualization and animation.

—— 2D Surface Plot
—— 3D Surface Plot

—— Contour Plot

| @l ¢ |

‘;‘} {5 —— Arow Plot
— Flow Plot
E : E — Line Plot
a3 | —— Animation

— Draw Line for Cross-Section Plot

—— Draw Point for Cross-Section Plot

[ |

The 3D plot toolbar is described in the section “3D Plot Toolbar Buttons™ on page
1-85.

The GUI Modes

The FEMLAB solution process typically involves the following steps:

I Define the geometry.
Define boundary conditions.

Define material properties (PDE coefficients).

2
3
4 Create the mesh.
5 Solve the problem.
6

Plot the solution and other physical properties calculated from the solution
(postprocessing).

The design of FEMLAB’s graphical interface mirrors this scheme. You work in
different modes, each corresponding to a step in the solution process:
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Indraw mode you create the geometry. You create geometry models by using CAD
tools and either solid-modeling or boundary-modeling techniques. For 2D and
3D modeling, this mode provides a set of primitive solid objects (rectangle, circle,
ellipse, block, cone, cylinder, ellipsoid, and sphere) that can be combined into
composite objects. You can also draw lines, arcs, and rational Bézier curves. Other
tools can convert areas enclosed by curves into solids. It is also possible to import
a geometry from an external file.

In boundary mode, edge mode (only in 3D) and point mode (in 2D and 3D), you
specify boundary conditions and conditions on edges and points. You can specify
different types of conditions on different domains.

In these modes, you optionally set initial conditions for time-dependent problems
and the nonlinear solver. It is possible to set varying initial values on different
domains.

Note that there is also support for periodic boundary conditions, see the Model
Library for examples.

In subdomain mode you specify application-dependent material properties for
problems you base on templates from FEMLAB’s Physics application modes or
supply PDE coefticients in the PDE application modes. You can specify values for
cach subdomain independently. For instance, you can easily specify multiple
material properties within one FEMLAB model.

In subdomain mode you also set initial conditions needed for time-dependent
problems and the nonlinear solver. It is possible to set initial values on different
subdomains.

In mesh mode you control automated mesh generation and mesh visualization.

You solve your problem by selecting Solve Problem on the Selve menu. You can also
invoke the solver, and and set various solver properties, by calling the Solver
Parameters dialog box.

Post mode provides a wide range of visualization and other postprocessing
possibilities. You can visualize solutions either inside the FEMLAB graphical
interface or outside it as a separate MATLAB plot. Several solution properties can
be visualized at the same time using colored surfaces, contours, streamlines, and
vector fields. It is also possible to plot expressions, including the solution, in
cross-sections of the geometry and on boundaries and edges, and to make point
plots or “time extrusion” plots. You can also animate any solution. In post mode,
subdomain and boundary integration tools are also available.
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Object Selection Methods in 2D

Throughout the 2D graphical interface, similar principles apply for selecting items
such as geometry objects, subdomains, and boundaries.

* To select a single geometry object, click on it using the left mouse button.

* To select several objects or deselect some of them, Shift-click or Ctrl-click on the
desired objects. On a 3-button mouse, clicking the middle or the right mouse
buttons instead of the left button corresponds to Shift- and Ctrl-clicking,
respectively.

* Clicking on the intersection of several objects selects all of them.
* To open an object’s dialog box, double-click on the object.
* Clicking outside of the objects deselects all of them.

* To sclect all objects, use the Select All option from the Edit menu or the keyboard
shortcut Ctrl-a.

You can also employ arubber band box to select objects. Click and drag while holding
the mouse button to create a rubber band box. Selection principles remain as above,
and the selection applies only to objects that the rubber band box surrounds
completely. Shift-clicking adds the rubber band box selection to the current selection,
while Ctrl-clicking performs the exclusive-or operation with the current selection (in
other words, presently selected objects becomes deselected when inside the rubber
band box and vice versa).

Display Additional Information

In mesh mode, you can display the element number at the current position by
pressing a mouse button. Clicking a triangle displays the triangle number in the
message log.

In post mode in 2D, you can display the numerical value of the current surface or
contour plot at the position where you click. Press a mouse button to display the
value of the plotted property in the message log. In 1D, clicking in the main axes area,
displays the value of the currently plotted expression.

If you want to get the values of the solution at several points, you can export the
entire model to MATLAB as a so-called FEM structure. You do this by selecting
Export FEM Structure as ‘fem’ from the File menu. Then you can use the function
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postinterp at MATLAB’s prompt to compute numerical values for any expression.
See the entry on postinterp in the Function Reference.

Entering MATLAB® Expressions in the GUI

In many of the edit fields that appear in dialog boxes within the graphical interface
you can enter MATLAB expressions, for example, in the Boundary Settings and
Subdomain Settings dialog boxes.

When entering parameter values as an expression—for example as a function of the
space coordinates X, y and z, also known as independent variables —the string must
be a valid MATLAB expression.

Each application mode works with a set of subdomain and boundary variables. You
can enter these variables as part of a MATLAB expression in the corresponding edit
fields. For instance, in the electrostatics application mode you have access to the
electric potential V as a subdomain variable. Consider another example: in the plane
stress application mode you have access to the surface traction variables Fx and Fy as
boundary variables. For more information on valid subdomain and boundary
variables, see the section “The FEMLAB PDE Language” on page 1-336 and
“Application Mode Reference” on page 4-203 in the Reference Manual.

The FEMILAB Data Formats

FEMLAB can save anything you create in the graphical interface and reload it later.
You can save and load models either as binary code (in a Model MAT-file) or as
MATLAB M-code (in a Model M-file). You can also load a Model M-file into a text
editor for modification or extension with additional MATLAB statements. A Model
M-file executes in the MATLAB command window as does any MATLAB M-file.
Find more details about these formats in the sections “Model M-files” on page 1-51
and “The Programming Language” on page 1-301.

During a FEMLAB session you can export a version of the geometry description to
the MATLAB workspace, operate on it from the MATLAB prompt, and import it
back into FEMLAB for further development. It is also possible to export boundary
conditions and PDE coefficients, or export all FEM data bundled into one MATLAB
structure called the FEM structure (see “The FEM Structure” on page 1-301). You
can import and export 2D geometry objects using a DXF file and import 3D
geometry objects from an IGES file. See “DXF Import” on page 1-209 and “IGES
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Orbit/Pan/Zoom toolbar

1-82 |

Draw toolbar

Selection toolbar

Import” on page 1-213, respectively. After importing a file, FEMLAB automatically
converts its contents to FEMLAB geometry objects.

The 3D Graphical User Interface

This section addresses 3D aspects of modeling within FEMLAB. A significant part
of what has been said about the 2D graphical interface is applicable in 3D. The main
differences between the 3D and 2D graphical interfaces arise in geometry modeling,
in visualization possibilities of a 3D geometry, and in methods for selecting objects.

The figure below shows the 3D graphical interface together with annotations
pointing out its most important parts.

Main toolbar
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Menu bar ———— & o e h sobe post Mliphys dindow Eop
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Message log

Status bar
Coordinate system

Main axes area
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The 3D menu bar resembles the one in the 2D graphical interface, except for the Edge
menu, which is not available in 2D. The contents of the menus also differ slightly. For
example, the Draw menu differs considerably from the 2D case. You’ll also find
variations in the export/import submenus on the File menu as well as additional 3D
visualization tools on the Options menu, the Boundary menu, the Subdomain menu,
and the Mesh menu.

For a complete description of all menu items, dialog boxes, and other items, see the
chapter “The 3D Graphical User Interface” in the Reference Manual.

3D DRAW TOOLBAR BUTTONS

The draw toolbar in 3D has a different appearance than the 2D toolbar. However,
many of the buttons work in a similar manner.

(=71 | — Draw Block & | — Union

% — Draw Cone E — Intersection
— Draw Cylinder E — Difference

E — Draw Ellipsoid 3; — Create Composite Object
@ — Draw Sphere @ — Coerce to Solid

+ Mo E — Coerce fo Face
E Rt E — (Coerce o Curve
E e & | — Split Object
S E — Delete Intemal Borders

WORK PLANE TOOLBAR BUTTONS

The work plane draw toolbar is visible only for 3D models when you are in a work
plane view. This toolbar is essentially the same as the 2D draw toolbar with a few
additions at the bottom. See “2D Draw Toolbar Buttons” on page 1-76 for details.
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The additional buttons are the ones for the projection of the 3D geometry onto the
work plane. You can snap to the projection when drawing.

T& —— Projection of All 3D Geometries

E — Project Work Plane Infersection
[ —— No Projection

=

ORBIT/PAN/ZOOM TOOLBAR BUTTONS
The orbit/pan/zoom toolbar is available in all modes in 3D. It contains buttons to
change the 3D view and to select lighting tools.

ig; — Orbit I @ — Orthographic Projection
R @ — Perspective Projection
ﬁ — Ioom
@‘\ — Move os Box
':}}:' —— Dolly up/down —_
Kl — Dolly in/out Tﬂ*’, — View XY-plane
(‘:; — Orbit Scenelight Ti:. — View YZ-plane
= TE:. — View ZX-plane
() ,
| — Scenelight —
= Tﬁ. — Reset 3D View
T | —— Headlight —
+ —— Increase Transparency
- — Decrease Transparency
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SELECTION TOOLBAR BUTTONS

The mechanism for making selections is by necessity more elaborate in 3D than in

2D. Therefore it is convenient to work with the select toolbar, which contains
buttons for visualization and selection purposes. It is available in all modes.

— Select All Adjacent 2 | —— Render Vertices

— (ycle Adjacent # — Render Curves
I @ — Normal Selection Il — Render Faces
a —— All Faces with Some Adjocent Subdomains | & = Highlight Vertices

— All Faces on Adjacent Subdomain / Highight Curves
I — Highlight Faces

— (onfirm Selection

3D PLOT TOOLBAR BUTTONS

In the default configuration, post mode provides an additional plot toolbar that
contains buttons for visualization and animation.

— Slice Plot

— Isosurface Plot

| @e|w|=

— Tetrahedron Plot

—— Surface Plot
E:j — Awow Plot
* — Flow Plot

— Animation

— Draw Plane for Cross-Section Plot

— Draw Line for Cross-Section Plot

B0 |8
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Visualization in 3D

The visualization of a 3D geometry object is important not only for understanding
what the geometry looks like, but also for selection purposes. The visualization
depends on the object types being rendered and the ones being highlighted. For
example, you can choose to render only a wireframe plot of deselected face objects or
to render highlighted faces when they are selected. You control the visualization’s
quality through the choice of the geometry mesh detail, the graphics renderer, and
lighting options.

To fully understand the following sections it is important to understand how
FEMLAB composes a geometry object. It does so using faces, edges and vertices. For
example, a solid cylinder consists of one subdomain surrounded by six faces. The faces
are bound by twelve edges that connect at eight vertices. Thus, FEMLAB can visualize
a cylinder by displaying one or several of these four types. For instance, you can
generate a wireframe plot by rendering only the cylinder’s edges.

Geometry objects are said to be adjacent if they connect directly to each other.
Hence, all faces, edges, and vertices on the cylinder are adjacent to the subdomain.
An edge on the cylinder is adjacent to two of the faces and two of the vertices.

The Visualization/Selection Settings dialog box on the Options menu contains all the
tools for controlling the visualization. The dialog box has three pages: Rendering/
Selection, Orbit/Pan/Zoom and Performance.

RENDERING AND HIGHLIGHTING

The first page in the Visualization/Selection Settings dialog box is the Rendering/
Selection page. Here you specify what to render and highlight. You also determine
which objects are clickable and how to suppress objects. These settings apply to draw
mode, boundary mode and subdomain mode. Settings on this page also determine
what you actually select when clicking on adjacent objects or when clicking on faces
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in boundary mode. More details are available in the section “Object Selection

Methods in 3D” on page 1-95.

<) Yisualization/Selection Settings - |E| ﬂ

Fendering/Selection | Orbit/Pan/Zoom | Performance |
v Faces [ Edges v Wertices

™ Render V¥ Rendar I Render

¥ Highlight ¥ Highlight I Highlight

Iv' Clickable [v' Clickable v Clickable

¥ Suppress adjacent ¥ Suppress adjacent ¥ Suppiess adjacent
v Labels Adiacency selection method

¥ Geomety labels [ Auto highlight " Select all adjacent

™ Subdomain labels [ Clickabls ¥ Cycle adjacent

Face label

B ez el —Boundary selection method

I Edge labeks &+ Homal face selection

I Vettex labels Y e

Al taces adiacent to subdomain

Restore Defaults ¥ Ontop

Ok I Cancel | Apply I

Each of the four object types (Faces, Edges, Vertices and Labels) displays its own frame
on this page; further, a check box next to each frame title allows for the quick and
complete disabling of a specific object type.

In each of the top three frames, the Render check box determines how an object
should appear on the screen when it’s not selected. The Highlight check boxes
determine which object types to highlight when you select an object. Note that
highlighting and rendering properties are independent of each other.

In the labels frame you specify which labels the graphical interface should render. The
labels also have an Auto highlight property that ensures the interface highlights the
label of a selected object if you haven’t checked its highlight check box.

Rendering and highlighting properties for faces, edges and vertices have
corresponding toolbar buttons in the select toolbar.

CLICKING

Each object-type frame on the Rendering/Selection page also contains a Clickable check
box that controls whether that object type is clickable or not. This box must be
checked if you want an object to recognize a mouse click. For example, if you have
trouble selecting a small face object due to the presence of nearby edge, you can
deactivate clickable for edges. For vertices, edges, and faces, what can be clicked on is
independent of what is rendered. However, to be able to make labels clickable, you
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<& | Headlight

must also render them. The clickable-property has no relevance in mesh or post mode
where you cannot normally make selections in the main graphical interface axes.

SUPPRESS ADJACENT PROPERTY

Another important aspect of the 3D visualization capabilities concerns the
suppression feature. By suppressing objects, you can reveal hidden objects or clear the
way to access objects that otherwise would be difficult to reach. In FEMLAB you can
suppress geometry objects, subdomains, and faces. The Suppress adjacent property
dictates whether or not to suppress adjacent objects of a suppressed object. For
example, if you check the Suppress adjacent box in the Edges frame, the edges
enclosing a suppressed face object are also suppressed if they’re not adjacent to
another non-suppressed face. Suppression affects all modes, but the suppress
adjacent property applies only to draw mode, boundary mode, and subdomain
mode. This manual devotes a separate section on page 1-106 to the suppression
feature.

QUALITY OF VISUALIZATION
Several tools in FEMLAB can improve the quality of a visualization. You can control

the resolution of geometry objects as well as select the graphics renderer and lighting
method.

Lighting

The application of lighting can significantly improve the quality of visualization for a
geometry object, a mesh plot, or a solution plot. Lighting properties appear on the
Orbit/Pan/Zoom page in the Visualization/Selection Settings dialog box and also on the
orbit/pan/zoom toolbar.

The FEMLAB graphical interface provides two light sources. The Headlight is
positioned at the observer and directed towards the target. The Scenelight, on the
other hand, radiates from a far distance, simulating the lighting of the sun. To set the
scenelight’s position use the Orbit Scenelight function.

You can also vary the lighting model and the reflection type for best result.

* Flat lighting produces uniform color across each triangular face of an object.
Select this method to view faceted objects.

* Gourand lighting calculates colors at the vertices and interpolates colors across
faces. Select this method to view curved surfaces.

* Phonyg lighting interpolates the normals of all vertices across each face and
calculates the reflectance at each pixel. Select this choice to view curved surfaces.

USER’S GUIDE AND INTRODUCTION



Phong lighting generally produces better results than Gouraud lighting but takes
longer to render.

To change the reflection on face objects you can choose among four different
materials in the Reflection drop-down list box: Defaunlt, Dull, Metal, and Shiny.

Renderer

On the Performance page you can choose between two graphics renderers: Z-buffer
and OpenGL. OpenGL operates several times faster than Z-buffer, assuming the
graphics card on your platform supports it.

The Z-buffer renderer generally generates higher resolution plots and the Phong
lighting model isn’t available for OpenGL rendering, which means that you can
sometimes obtain higher quality plots using Z-buffer. Note also that using OpenGL
requires more memory on your graphics card.

Geometry Mesh Detail

On the Performance page of the Visualization/Selection Settings dialog box you specify
the geometry mesh detail. Options include Fine, Normal, Coarse, or Extra Coarse. This
setting controls the number of polygons FEMLAB uses to render geometry surfaces.
Note that the geometry mesh is separate from the mesh FEMLAB uses to compute
problem solutions; you lose no solution accuracy by changing to a coarser geometry
mesh.

<) Yisualization,/Selection Settings o ] |

Fendzring/Selection I Orbit/PanZoom Performance

Remove graphics objects when leaving modes
I Draw mode

™ Paint/Edge/Boundary/Subdamain made
I Mesh mode

™ Plat mode

Wisualization mesh detait INolmaI ‘l
Graphics rendering method. IZE uffer VI

Restore Defaults | [ Ontap 0K Cancel Apply
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RENDERING LARGE GEOMETRY OBJECTS

This section describes some memory-saving techniques that can be useful when
working with large models on a computer with limited processor capacity and
memory.

An obvious way to conserve memory is to render as little as possible of the geometry.
Face objects are the most memory demanding objects. Open the Visualization/
Selection Settings dialog box on the Rendering/Selection page. Now remove all face
rendering either by unchecking the Render, Highlight, and Clickable check boxes in the
Faces frame, or by unchecking the check box in the frame title (the fastest way to
completely disable all face rendering). To get a wireframe plot of the geometry, make
sure the Render check box in the Edges frame is checked.

Remember that once FEMLAB has rendered a geometry using faces, it maintains the
larger geometry mesh level needed for faces until it regenerates the geometry, even if
you turn off all face rendering. See the mlevel property in the meshinit entry in the
Reference Manual for more information about the mesh level. To be certain that
you’re working with the smallest possible mesh, turn off face rendering before
creating the geometry or triggering a regeneration of the geometry. An easy way to
do so is by changing Geometry mesh detail on the Performance page. This selection
also affects the amount of memory consumed; a coarse geometry mesh requires less
memory than a fine geometry mesh.

The same page holds a frame named Remove graphics objects when leaving modes.
Here you can select to delete all graphics objects when they’re no longer needed in
order to free memory during the modeling process.

If you run out of memory on your graphics card when using the OpenGL renderer,
you can either shrink the FEMLAB figure window until it’s small enough for the
graphics memory to render, or you can switch to Z-buffer rendering, which occupies
less graphics memory than OpenGL does.

Another way to save computer memory is to reduce the number of undo steps for the
geometry modeling and also the number of undo steps for mesh generation. This is
done in the Customize dialog box found on the Options menu.

MESH VISUALIZATION
So far this chapter has dealt primarily with the visualization of a geometry whereby
this section applies only to mesh mode and the finite element mesh.

Open the Mesh Visualization Parameters dialog box by selecting Visualization
Parameters... from the Mesh menu. Here you find several tools for visualizing the
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finite element mesh. The Patch plot frame decides whether or not to plot the faces of
the mesh’s boundary elements and volume elements. You can turn off all patch plots
by unchecking the check box in the frame title. Similarly, toggle the activation of

boundary and volume elements independently of each other using the Show boundary

elements and Show volume elements check boxes.

It is possible to set the faces to take on one of the predefined colors in the drop-down
list boxes. Alternatively, you can have elements assume a different color depending
on their quality. Choose the quality color map in the Quality color map drop-down
list box in the lower part of the frame. To display a color bar select the Color bar check
box to the right. The Edge color drop-down list box determines the color of the edges
of the patches.

A
v Patch plat I Element selection
[¥ Show volume elements {+ Element color Illghl grey hd Lagicallerpression for inclusion:
1~ Element quality I
¥ Show bounday elements % Boundary color Idark grey = Inelugion pe:
 Boundary quality Jerrodes =]
Edge color: m Fraction tokeep:
Buality color map: Iiet =| ¥ Colar bar, I
I Wireframe plat e
¥ Show valume elements Element color: Im IF\andnm :['
¥ Show boundary elements Boundaryicalr lm
¥ Show curve slements LCurve color Im
(1] | Cancel | Apply I

The Wireframe plot frame appears on the lower left. Here you can choose to plot a
wireframe of the mesh elements. Next to the frame title you can turn all wireframe
plots on or off with one click. Inside the frame, you plot volume elements, boundary
clements, and curve elements by checking the Show volume elements, Show boundary
elements, and the Show curve elements check boxes. Other options allow you to set
the color of different wireframe plots individually.

To the right, in the Element selection frame, appears a set of tools that determine
which parts of the mesh to visualize. In the Logical expression for inclusion edit field
you can enter a MATLAB expression in terms of the space coordinates, x, y and z
that specifies which parts of the mesh to include in the plot.

This edit field works in conjunction with the Inclusion type drop-down list box where
you can choose between three options. The A/ nodes option covers any elements in
which all of their nodes satisfy the inclusion expression. The Any node option

THE FEMLAB GRAPHICAL USER INTERFACE

1-91



includes elements in which at least one of their nodes satisfy the inclusion expression.
The Xor alternative includes elements in which some but not all of their nodes satisfy
the inclusion expression.

In the Fraction to keep edit field you specify a fraction of the total amount of volume
elements to plot. Depending on settings in the Keep type drop-down list box,
FEMLARB either randomly selects the fraction of elements or it works with the worst
fraction in terms of element quality. You can disable these settings by unchecking the
check box in the frame title for element selection. These settings apply on top of the
suppression of boundaries and subdomains (see “Suppressing Boundaries and
Subdomains” on page 1-107).

The following picture illustrates how to use the logical expression for inclusion
feature on the feeder_clamp model from the Model Library. This example plots
only those elements with all their nodes fulfilling the inclusion condition y<40. From
it you can see the quality of the volume elements in the open cuts.
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The 3D View

When working with 3D geometry objects, it’s important to be able to casily change
the view so as to take close-up examination of a geometry part or select objects hidden
behind other objects. This section applies to all modeling modes.

When you look at graphics objects displayed in a 3D axes, you’re viewing the scene
from a particular location in space (in FEMLAB known as the camera position) and
with a particular orientation (the camera up-vector). The center of the scene is the
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camera target, which appears to be near or far away depending on the view angle,
which you set with the camera zoom lens.

CHANGING THE VIEW

You can completely define a 3D view in terms of camera position, camera up-vector,
target position, viewing angle and projection type. You can select between two
possible projection types on the Orbit/Pan/Zoom page of the Visualization/Selection
Settings dialog box. The orthographic option projects graphics objects so as to
maintain their actual size and the angles between them; object size does not depend
on relative distance to the camera. The perspective option projects objects so as to
make those further from the camera appear smaller. This projection type is useful for
displaying realistic views of real objects.

Mouse Movement Actions

On the same page you can find a frame for Mouse movement action, which defines
what happens when you click-and-drag in the 3D main axes. Selecting Orbit has the
camera orbit around the target position, Pan orbits the target about the camera
position, while Zoom changes the viewing angle. Dolly up/down moves the camera and
target position up and down, while Dolly in/fout moves the camera towards or away
from the target position. This powerful tool can, for instance, make it possible to
examine the inside of a geometry object. Selecting the Orbit scenelight radio button
orbits the scenelight around the scene to get another lighting angle.

The frame also contains a Nene radio button that disables click-and-drag functionality
and enables rubber band box selection. Further, the Move as box check box deactivates
geometry updates during mouse dragging. Instead, the graphical interface represents
the geometry by a bounding box and follows the mouse movement. The screen
redraws the geometry only when a dragging session is finished, that is, when you
release the mouse button. This functionality is useful when working with complex
geometries that are heavy to render. All the controls in the mouse movement action
frame have corresponding buttons in the orbit/pan/zoom toolbar.

The mouse movement action and selection functionality are both active concurrently
in the 3D graphical interface (see the section “Click-and-Drag in 3D” on page 1-102).

Fine Tuning the View

To fine tune the view using the tools described above, you can press the right mouse
button instead of the left (or use Ctrl-clicking). This action improves precision by a
factor of four compared to left-clicking.

THE FEMLAB GRAPHICAL USER INTERFACE

1-93



1-94 |

Continuous Rotation

For Orbit, Pan, and Orbit Scenelight, a Shift-click (or click on the middle button in a
3-button mouse) starts a continuous rotation you interrupt by clicking anywhere in
the graphical interface.

Explicit View Settings

If it becomes difficult to attain a specific view with the tools on the FEMLAB
graphical interface, you can define a particular view by using the Explicit View Settings
dialog box. Open it from within the Orbit/Pan/Zoom page in the Visualization/Selection
Settings dialog box.

i
% ¥ z
Camera postior: | 23 | 33 | 13
Camera target I 13 I 30 I 21
Camera up vector I 0.5 I 0E I 0.7

Camera view angle: | 140

0K | Cancel | Apply |

Example

Let us look at how to use explicit view settings and lighting settings to examine the
solution plot of the example “Deformation of a Feeder Clamp” on page 2-372. in the
Model Library, from the inside. Open the Model Library page in the Model Navigator.
Select the feeder_clamp model from the Structural_Mechanics branch in the
FEMLAB directory and press OK.

Go into post mode and open the Plot Parameters dialog box, deselect Color bar on
the Surface page and click OK.

Open the Visualization/Selection Settings dialog box from the Options menu. On the
Orbit/Pan/Zoom page in the Lighting frame, sclect Scenelight. On the Performance page
select the OpenGL renderer. Select perspective projection from the Perspective
drop-down list box on the Orbit/Pan/Zoom page and press the Apply button. Press the
Explicit View Settings... button to change the 3D view. Enter the coordinates
(25,45,20) in the fields for Camera position and the coordinates (15, 30,20) for the
Camera target position. Set Camera up vector to (-1,1, -1). Finally, enter a view
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angle of 140 degrees and click OK to get the following fish-eye view from inside the
middle cylindrical part of the clamp.
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You can achieve the same effect using the Dolly In/Out and Zeom buttons on the orbit/
pan/zoom toolbar.

Object Selection Methods in 3D

The selection mechanism in FEMLAB relies on clicking 3D objects in the main axes
of the graphical interface. In other words, you do not have to call up any dialog boxes
to make object selections. Throughout the 3D graphical interface, similar principles
apply for selecting a variety of items including geometry objects, subdomains,
boundaries, edges, and points.

SINGLE SELECTION

You perform a single selection using the left mouse button, and the interface
highlights selected objects in red. You select objects by clicking on them or by clicking
on adjacent objects. Sometimes this method can be faster and easier than clicking
directly on the desired object. For example, you might select a face object by clicking
on the face or its label, on its adjacent vertices or edges, or on the labels of its adjacent
subdomains. See “Adjacency Selection Methods” on page 1-102 for details.

To be able to click on an object, you must set its object type to clickable. The
rendering/highlighting settings also entail certain restrictions (see “Clicking” on page
1-87).
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OVERLAPPING OBJECTS
When you click on a 3D geometry within the main axes, occasionally several objects

might be overlapping at the cursor. Thus the intention of the click is ambiguous.
How does FEMLAB handle this situation?

An object’s priority depends on its type. Labels have the highest priority, then come
vertices, then edges, and finally face objects. As a result, you can always select a point
or a curve object, even if a face object in the foreground covers it.

Ordering within an object type exists only for faces. Faces are initially sorted based
on their area; the smallest face has highest priority, so the first click on overlapping
faces selects the smallest one. A subsequent click selects the second smallest face under
the cursor, and so on. In other words, multiple clicking on overlapping faces cycles
among them.

Object precedence also means it’s easy to accidentally click on labels, vertices or edges
when you’re aiming for a face object. While you're releasing the mouse button, look
at the coordinate field on the Status bar to see which object you’re actually selecting;
the selection action doesn’t trigger until you release the mouse button. See
“Click-and-Drag in 3D on page 1-102 for a description of how to cancel a pending
selection.

Example
This example demonstrates the selection of a single face segment and object
precedence when clicking on overlapping faces.

Open the Model Library page in the Model Navigator. Select the feeder_clamp model
from the Structural_Mechanics branch in the FEMLAB directory and press OK.
Enter boundary mode by pressing the Boundary Mode button in the main toolbar.
DPress the Reset 3D View button in the orbit/pan/zoom toolbar to get the default 3D
view and turn off the lighting by deselecting the Headlight button. Select the Select
button in the main toolbar to disable mouse movement action during this example.
Move the mouse cursor to the position indicated by the arrow in the figure below
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and click once with the left button. As illustrated below, two faces are overlapping at
the cursor position, and you’ve selected the smaller of the two.
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The face and its adjacent edges are highlighted in red. Click again using the left mouse
button, without moving the mouse; doing so selects the larger face behind the
previously selected face. Continuous clicking on the same spot cycles between the
two faces.

MULTIPLE SELECTIONS

By holding down the Shift key during selection, you can add another object to the
current selection. This feature allows for quick multiple selections. An alternate way
to accomplish the same task is by using the middle button on a 3-button mouse
because its assigned function is equivalent to holding the Shift key. You might find,
though, that making multiple selections with Shift-clicking isn’t always satisfactory
when several objects are overlapping. To avoid such difficulties you can confirm
selections as described in the next section below. To select all objects, use Select All
from the Edit menu or use the shortcut Ctrl-a.

Example

Continuing from the previous example, hold down the Shift-key and click two times
with the left mouse button on the same spot as before; both overlapping faces are
now selected simultaneously. You can move the mouse to other faces and Shift-click
on them to add them to the current selection. If you do not hold the Shift key down,
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you end up with just a single selection. The following figure shows a selection of four
faces made in this fashion.
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You can also employ a rubber band box to select objects. Press the Select button in
the main toolbar to enable rubber band box selection. Click and drag while holding
the mouse button to create a rubber band box. The selection applies only to objects
that the rubber band box surrounds completely. Shift-clicking adds the rubber band
box selection to the current selection, while Ctrl-clicking performs the logical and
operation with the current selection (only presently selected objects inside the rubber
band box will be selected).

CONFIRMING SELECTIONS

The confirmation feature is a way to lock in the current selection so that the interface
keeps it active until you explicitly deselect it. Previously selected objects (highlighted
in red according to the visualization settings) turn blue when confirmed. You
confirm and thereby lock in a selection by clicking anywhere in the main axes, on the
geometry, or outside the geometry either using the right mouse button or by holding
the Ctrl key when clicking; an alternate is to press the Confirm Selection toolbar button
in the Selection toolbar. Locking in a selection prevents it from being removed by
accident, a feature that proves useful when you’re making multiple selections among
many overlapping objects.

You can reselect confirmed selections in order to mark them for removal. Their
appearance in green indicates this action. When you confirm a green selection the
objects become deselected. Hence, red and green selections can exist at the same time
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as blue selections. A confirm-click at this point removes green selections, and red
selections turn blue.

A selection’s color—red, green, or blue—doesn’t matter from a physical point of
view. A selected object is always selected, whether it is confirmed or not.

Example

Proceeding from the previous example, click on the same spot as in the
single-selection example until you’ve selected the larger of the two faces. Confirm the
current single selection by clicking with the right mouse button (or Ctrl-clicking)
anywhere in the graphical interface main axes. The selected face now turns blue.
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The selection of this face segment is now locked, and it won’t become deselected
when you make additional single or multiple selections. Click on the top face of the
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middle cylindrical part of the clamp using the left mouse button and also confirm that
selection by right-clicking. The selection now looks like this:
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DESELECTION

Clicking outside the geometry with the left mouse button deselects all unconfirmed
selections whereas confirmed selections remain intact. Deselection of a subset of
confirmed (blue) selections is possible by selecting the desired objects with the left
mouse button (the blue objects turn green) and removing them with a Ctrl-click or
by clicking the right mouse button. To deselect everything, including confirmed
selections, use Deselect All from the Edit menu or the shortcut Ctrl-d.

Example

Continuing from the previous example, left-click on the bottom face segment of the
cylindrical subdomain in the middle of the clamp. You now have two blue faces and
one red face selected. Click outside the geometry using the left mouse button and the
red selection disappears. However, the confirmed selections remain. To remove the
confirmed selection on the top of the cylindrical subdomain, click on the blue
circular-shaped face until it turns green. You will probably need to click twice because
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the first click might result in selection of an underlying face object. The graphical
interface now has the following appearance:
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At this point, clicking in the main axes using the right mouse button (or Ctrl-clicking)
removes the green selection. Now only one selection remains. Shift-click anywhere on
the geometry to add more selections. Press Ctrl-d or select Deselect All from the Edit
menu to deselect all faces.

LIST BOX SELECTIONS

In many dialog boxes, such as in the one for specifying boundary conditions, you can
select objects from within a list box. It is thus important to note that a direct
correspondence exists between selections that are active in a list box and selections in
the graphical interface main axes. Further, any list box selection overrides confirmed
selections in the graphical interface. Shortcuts for Select All and Deselect All also work
in list boxes.

DOUBLE-CLICKING

Double-clicking an object opens its associated dialog box. In 3D you do so with the
right mouse button; recall that a double-click with the left button is reserved for rapid
cycling between overlapping objects and adjacent objects when the target of selection
is ambiguous. You can use double-click in draw mode to open the object properties
dialog box, but only if a single geometry object is selected. In point, edge, boundary
and subdomain mode, double-clicking opens the point settings, edge settings,
boundary settings, and subdomain settings dialog boxes, respectively.
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CLICK-AND-DRAG IN 3D

In FEMLAB you can make selections and rotate a geometry without pressing any
graphical interface buttons to change between the two operations. It is very
convenient to be able to work with both at the same time, such as using both rotation
and selection. In fact, any mouse-movement action available in the orbit/pan/zoom
toolbar can be active at the same time as selection. Selection is always available, but
you can deactivate mouse movement actions by pressing the Select button in the main
toolbar or by pressing the selected mouse movement action button once again. This
enables rubber band box selection.

In addition, the combination of the two makes it possible to cancel a pending
selection. When you click on an object in the graphical interface main axes while
holding the left mouse button, the object’s label appears in the coordinate field on the
Status bar. The interface doesn’t actually select the object until you release the mouse
button. If you move the mouse before releasing the mouse button, the interface never
selects the object and it instead executes the chosen mouse movement action. You can
verify this new condition by looking at the Status bar, where the name of the mouse
movement action now replaces the object label, or by looking at the mouse pointer,
which now takes on the shape of the current mouse movement action icon.

ADJACENCY SELECTION METHODS

In FEMLAB you can select 3D objects by clicking on them or on their adjacent
objects. However, an adjacent object is often next to more than one object. In such a
case you can either choose to select all adjacent objects or to cycle among them
(multiple clicking selects adjacent objects one at a time). These two methods of
selection are called adjacency selection methods, and controls for them appear on the
Rendering/Selection page in the Visualization/Selection Settings dialog box and at the
top of the select toolbar.

Example

Continuing from the previous example, go to boundary mode and turn on vertex
rendering by selecting the Render Vertices button in the select toolbar. At the top of
the select toolbar, make sure that the Cycle Adjacent button is selected in the first
group of buttons. Select Show Vertex Labels from the Labels submenu on the Options
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menu. With the left mouse button click once on vertex 5 (to the lower left of the

middle cylindrical object) and you should see the following,.
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One of the face segments adjacent to the selected vertex is now selected. Click on

vertex 5 again. This action selects another of the adjacent faces. A third click on the

same vertex selects the last of the three adjacent faces, and repeated clicking continues

the cycle from the first selected face. Deselect the current selection by clicking outside

the geometry. Select the All Adjacent toolbar button at the absolute top of the select

toolbar. Click on vertex 5 again and all the adjacent faces are selected.
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BOUNDARY SELECTION METHODS

When you click a face object in boundary mode, such as when selecting boundaries,
the clicked object is normally selected and highlighted according to your visualization
settings. However, a few shortcuts can help get a desired multiple selection. The
definitions of these shortcuts appear in the Boundary selection methods found on the
Rendering/Selection page in the Visualization Selection Settings dialog box. The
selection methods have corresponding toolbar buttons in the select toolbar.

* Normal face selection selects only the face segment being clicked. Multiple clicks
cycle among overlapping faces.

Al faces with same adjacent subdomains selects all face segments in the geometry
that have the exact same adjacent subdomains as the clicked face. Multiple clicks
cycle among overlapping faces.

o All faces adjacent to subdomain selects all faces on the subdomain that are adjacent
to the clicked face. If the face is adjacent to two subdomains, repeated clicking on
it cycles between the subdomains. In addition, multiple clicking on overlapping
faces cycles among the faces.

Example

Continuing from the previous example, open the Visualization/Selection Settings
dialog box from the Options menu. On the Rendering/Selection page, uncheck vertex
labels in the Labels frame and check the Face Labels check box. Make sure that the
Normal selection radio button is selected in the Boundary selection method frame
before clicking OK.

Select Enable Borders from the Boundary menu. Click on face 6 using the left mouse
button (you can also click on the label if desired). Doing so results in the single
selection of face 6 or any underlying face object. Now select the Cycle All Adjacent to
Subdomain button in the select toolbar. Click outside the geometry to remove the
current selection. Click on the label for face 6 (just to make sure you won’t select an
underlying object by mistake) and all the faces on the cylindrical subdomain get
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selected. Click on the Headlight button in the orbit/pan/zoom toolbar to get a better
3D effect.
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Change the boundary selection method by clicking the All with Same Adjacent
Subdomains button. Click outside the geometry to remove the current selection and
click on the label for face 6 again. This time you should see a hole in the lateral area
of the selection:
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The difference between this selection and the previous one arises from the fact that
the differing faces are adjacent not only to the cylindrical subdomain but also to
another adjoining subdomain. Note that the differing faces are so-called internal
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borders, in other words, they lie between two subdomains. You can select such faces
only when you’ve sclected Enable Borders in the Boundary menu.

Suppression of Objects in 3D

If you want to select objects buried deep inside a complex geometry it might be useful
to suppress parts of the geometry. Another way to do so is with the tools on the orbit/
pan/zoom toolbar. They allow you to change the 3D view and thereby make it easier
to reach the desired objects. The suppression feature makes selected objects invisible
according to the visualization settings.

SUPPRESS ADJACENT OBJECTS

On the Rendering/Selection page of the Visualization/Selection Settings dialog box you
can specify which parts of suppressed objects to display. Each of the Vertices, Edges,
and Faces frames have a Suppress Adjacent check box. If you activate this selection for
an object type, adjacent objects of that type disappear from any object you suppress—
provided it’s not adjacent to another object that isn’t suppressed, as well.

The label of a suppressed object is always invisible. You can highlight a suppressed
object if you haven’t suppressed all of the highlighted object types. If a suppressed
object is highlighted in any way, you can then select it by clicking on an adjacent
object; otherwise you cannot select it by clicking. The only way to select a completely
suppressed object is from a list box, apart from the Select All menu item which selects
all objects including suppressed ones.

SUPPRESSING GEOMETRY OBJECTS

In 3D draw mode you can suppress geometry objects. Do so from the Geometry
Object Suppression dialog box that opens when you choose Suppress Object(s)... from
the Draw menu. The geometry object suppression affects only draw mode.

<} Geometry Object Suppressiol - |E| 1'

Object selectian: Select Current Suppression
Cycle Suppression
Invert Suppression

Suppress Mone

v Ontop

Ok I Cancel | Apply I
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On the left side of the dialog box you select those objects you wish to suppress. You
can also select objects by clicking in the graphical interface main axes. Pressing Apply
or OK suppresses the selected objects. Now those objects are more or less invisible
depending on the visualization settings. The Select Current Suppression button is a
useful tool to quickly select all suppressed objects. The Cycle Suppression button
cycles the current suppression by extending the selection in the list box downwards
one step and removing a selection from the top. The Invert Suppression button
suppresses objects not currently suppressed and vice versa. To remove all
suppressions, press the Suppress None button or deselect all objects in the list box by
Ctrl-clicking and pressing the Apply button.

SUPPRESSING BOUNDARIES AND SUBDOMAINS

By sclecting Suppress Boundaries... from the Boundary menu you can open the
Boundary Suppression dialog box. This dialog box looks like the geometry
suppression dialog box, but its list box contains boundary labels instead of geometry
object labels. The dialog box works in the same way as the geometry suppression
dialog box. Boundary suppression is available in boundary mode, mesh mode and
post mode. Similarly, on the Subdomain menu you can select Suppress Subdomains...
to open the Subdomain Suppression dialog box. Subdomain suppression is available in
subdomain mode, mesh mode, and post mode.

In mesh mode and post mode you cannot get visual feedback on the current selection
in the graphical interface main axes. Nevertheless, you can still open the boundary
and subdomain suppression dialog boxes to select and change the suppression of
boundaries and subdomains. In mesh mode, element selections in the mesh
visualization settings are added to the current suppression.
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Modeling with FEMLAB
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The objective of this section is to give an introduction to the FEMLAB modeling
process by working through a number of models using the GUI. All models are set
up from the start. You work your way through all the stages of modeling, from

geometry creation to the postprocessing of solution data. Communication with
MATLAB and Simulink is also described.

Style Conventions for the Model Descriptions

The basic flow of actions is indicated by the way the toolbar buttons and the menus
are ordered from left to right. You work your way from left to right in the process of
modeling, defining, solving, and postprocessing your problem using the FEMLAB
GUI. Considering this, a certain style convention, or format, is used throughout the
documentation for describing the models in the User’s Guide and Introduction, as
well as in the Model Library. The format includes a number of headlines
corresponding to each major step in the modeling process. The headlines also
roughly correspond to the different GUI modes.

MODEL NAVIGATOR

The Model Navigator starts on the New page when initializing a model, if you have not
altered the preferences. Here you specify the space dimension (1D, 2D, or 3D),
application mode, and number of dependent variables. On the Multiphysics page, you
can also set up a combination of application modes. See the section “The Model
Navigator” on page 4-4 for details on the Model Navigator dialog box.

OPTIONS AND SETTINGS

This section covers the basic settings, for example, the axis or grid spacing settings.

These settings can usually be made with the Options menu or by double-clicking on
the status bar. See the sections “Options Menu” on page 4-34 and “The Status Bar”
on page 4-201 for details. You may also need to use the Add/Edit Constants dialog box
to enter model parameters.

DRAW MODE

Here you set up the geometry of the model. You need to know how to use the draw
menu and the draw toolbar. The details on this can be found in the sections “1D
Draw Menu” on page 4-71 for 1D geometry modeling, “2D Draw Menu™ on page
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4-54 for 2D geometry modeling, and “3D Draw Menu” on page 4-59 for 3D
modeling. It is advisable to get acquainted with 2D modeling before looking at the
3D modeling section. You can also refer to “The 2D Draw Toolbar” on page 4-187
and “The 3D Draw Toolbar” on page 4-189. For general information on the CAD
modeling features and how to use them, see “Geometry Modeling” on page 1-170.

BOUNDARY MODE, EDGE MODE, POINT MODE

In these modes, a standard table format is used to describe the settings in the
corresponding Specify Boundary/Edge/Point Settings dialog. For details on the
corresponding menu items, see the sections “Boundary Menu™ on page 4-75, “Edge
Menu” on page 4-73, and “Point Menu” on page 4-72. The physics mode parameters
in the dialog boxes are discussed in “Application Mode Reference” on page 4-203.

SUBDOMAIN MODE

In subdomain mode, a standard table format is used to describe the settings in the
Subdomain Settings dialog. Details on the subdomain menu items can be found in the
section “Subdomain Menu” on page 4-81. The physics mode parameters in the
dialog box are discussed in “The Application Modes” on page 1-239 and
“Application Mode Reference” on page 4-203.

MESH MODE

Here you mesh the geometry of the problem. Normally you just need to click the
mesh buttons on the main toolbar. In some cases, you need to use the Mesh menu
described in the section “Mesh Menu” on page 4-90.

SOLVING

Often you only have to press the = button on the main toolbar. Sometimes you need
to open the Solver Parameters dialog box. See the section “Solve Menu” on page
4-102 for details.

POST MODE

The visualization settings are made here. You need to be familiar with the Plot
Parameters dialog box. See the sections “2D Post Menu” on page 4-127 and “3D Post
Menu” on page 4-156 for details.

Thermo-Electric Heating in a Bus Bar

This model examines the relationship between current throughput and temperature
inside a solid copper bar. Such bus bars are used as conductors in industrial
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environments requiring very high currents, for example, aluminum smelters and
certain chemical plants.

The thermo-electric coupling is two-way: volume currents inside the bus bar, which
are proportional to the conductivity, act as a distributed heat source, while at the
same time the temperature affects the metal’s conductivity. These kinds of
dependencies makes it necessary to create a multiphysics model.

As a first step, the stationary current distribution at constant temperature will be
modeled. It is highly recommended that you follow along with the description of the
modeling process in this example even if you’re not an electromagnetics expert. The
discussion focuses on how to use FEMLAB’s graphical interface rather than on the
underlying physics.

The second part of the example adds a heat transfer equation, bidirectionally coupled
to the stationary current model. This part is primarily about multiphysics modeling,
showing how to connect phenomena from different fields of physics. It also shows
how you define coupled variables, which can be, for example, an integral of the
solution, evaluated on some part of the model geometry.
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GEOMETRY AND BOUNDARY CONDITIONS

The bus bar is mounted as an intermediate step between two high voltage cables and
a load. Because of the symmetry, it’s only necessary to model one half of the true
geometry.

The copper bus bar is electrically insulated everywhere, except for two contact plates
around the mounting holes. The temperature is constant on the contact plates, and
on the parts in contact with the load or mounting screw. All free faces have heat
transfer coefficients corresponding to free air convection, but the symmetry face is
isolated in all respects.

Symmetry face, no current
and no heat conduction

Constant temperature ¥

Contact plates
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SETTING UP THE MODEL IN FEMLAB

Start FEMLAB either by typing femlab at the MATLAB prompt or by choosing
FEMLAB from the start menu, if you have a Windows PC. Either option first
invokes FEMLAB’s Model Navigator.

S

Mew | todel Library | User Models I Multiphysics | Preferences |

Dirnension
’7(' 1D 2D * 3D

Geometry only :I
— Physics modes o
— Conduc = media DO
Linear stationary
Honlinear stationary
Dif fusion
Electrostatics
Hagnetostatics
Heat transfer
Incompressible Nawier-Stokes
Structural Mechanics
FDE modes
Weak modes
Classical PDEs . Conductive media DC. inear, stationary
Structural Mechanics Module 2.0 model,
Electromagnetics Module
Chemical Engineering Module

+ o+t

Description:

o+t

MNo. of dependent variables: I 1
Element: | Lagrange - Quadratic 'I More »»

0K Cancel

* Go to the New page, and select the 3D radio button. The space dimension should
always be selected first, as the Physics modes available differ.

* Sclect Physics modes, and expose its submenu by double-clicking on the tree view
control (the plus sign).

* Expand to the next submenu by double-clicking on Conductive media DC and select
Linear stationary.

* The default finite elements are second order Lagrange elements, Lagrange -
Quadratic. If you have limited memory and/or a very slow computer, you might
want to change to linear elements. Do this by selecting Lagrange - Linear from the
Element drop-down list.

* Dress OK to confirm your choices and hide the Model Navigator.

Note This model can be found on the Model Library page under FEMLAB/
Multiphysics/bus_bar.

1-112 | USER’S GUIDE AND INTRODUCTION



At this point, the graphical interface opens up in the Conductive media DC
application mode. You can always find out in which application mode the package is
presently running because its name appears on the bar at the very top of the
FEMLAB window.

Options and Settings

Entering the same numerical material data at different locations in the equations is
tedious, and makes it difficult to change the model. Therefore, FEMLAB lets you
introduce short-hand names for numerical constants and symbolic expressions. These
are defined using dialog boxes accessed from the Options menu in the main menu bar
at the top of the FEMLAB window.

Constants are global, that is, the same for all geometries and subdomains, and are
always evaluated once—when you press the Apply or OK button in the Add/Edit
Constants dialog box. They may depend on other user-defined constants, and contain
any scalar MATLAB expression.

Symbolic expressions are added and modified using the Expression Variable Settings
dialog box, also in the Options menu. Expression variables can have different
meanings on different parts of the model geometry, and may contain any variables
and expressions computable at the time the FEM problem is solved, for example the
solution itself, other expression variables, the space variables, and time. As the
expression definitions are linked to the geometry, they cannot be created until the
geometry has been drawn.

The most powerful option is the Coupling variables. These are a generalization of
expressions, which can define non-local couplings, including mesh transformations,
integrals over subdomains, and projections. The coupling variables are also the
foundation of FEMLAB’s Extended Multiphysics capabilities.

This model, in the end, uses all three kinds of variables. Now, before the geometry is
drawn, you can enter some constants that will be needed later on.

* Select the Options menu at the top of the FEMLAB window and choose Add/Edit

Constants.

* First add the resistivity of copper at room temperature: Enter rho0 in the Name of
constant ficld. Press Tab to move the cursor to the Expression field and enter
1.754e-8. The value is saved when you press Enter, press the Set button, or
otherwise leave the Expression field.

MODELING WITH FEMLAB

1-113



* Go on adding the reference temperature, T0=293; the temperature coefficient,
alpha=3.9e-3; and the input voltage, VO= 50e-3.

<) Add/Edit Constants o ] |
Mame: Expression: Walue: ok |
rhal 1.754e-8
TO 293 ;I Cancel

alpha 0.0039
Wi 3

Name of constant: I T

_ Cercel |
_teb |
d [ o) Lok |
_ Movelp |
| Heve o |

Expression: I 283 Iave Do

¥ Use az input variable for Simulink/state-space export

* Finally, add a constant T with value 293, that will represent the real temperature
during the first part of the model. Later it will be replaced by the solution of the
coupled heat equation. Press OK.

Draw Mode

With the constants set, your first task in running a simulation is to define the model’s
geometry. For this task you need to work in draw mode. Conveniently, the graphical
interface automatically enters this mode when you exit the Model Navigator by
pressing the OK button.

When drawing objects, it’s often useful to take advantage of FEMLAB’s snap-to-grid
option, which is active by default (see page 4-35 of the Reference Manual for details
on making sure it is set or how to change its setting). Snapping makes it casier to align
the cursor to the grid and reach exact coordinate values.

The first part of this model is drawn in a 2D environment known as a work plane. See
“Boundary Modeling” on page 1-180 on how to create and edit work planes. The
default work plane is the x-y plane at z=0.

* Select Draw on the main menu bar of the FEMLAB window. Choose Work plane |
at the very bottom to enter the default work plane. The toolbar on the left changes,
and the user interface is transfered to a 2D mode, almost identical to the draw
mode when creating a 2D model.
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It is often necessary to adjust the settings of the graphical interface. For example, you

might wish to modify the axis limits if the geometry you wish to draw doesn’t fit the

default settings or, as in this example, is too small.

* On the menu bar at the top of the screen select the Options menu, and from the

drop-down choices choose Axes/Grid Settings...

=10
Bixis | Grid I
¥ Az equal
21" limits -Z limits
% mie 016 W Auto
% max 01E Z it -
Vo e Z e 1
¥ mas 008
0K | Cancel | Apply |

* A dialog box opens up, and on the Axis page enter -0.16, 0.16, -0.08,and 0.08

as X min, X max, Y min, and Y max, respectively.

* Click the tab for the Grid page and deselect the Aute check box. Enter 0.02 as both

X spacing and Y spacing.
e
Axiz | Grid |
I Auta V' Visible ¥ Labels
7 grid -Z grid
¥ spacing: | 0.02 Z spacing: I
Extrax: ExtraZ. I

¥ spacing: | 0.02

Extra™r:

ok |

Cancel |

Apply |

* Press OK to close the dialog box and to apply the settings.

Your next task is to draw one half of the S-shaped bus bar profile. This is most

conveniently accomplished using Boolean operations on primitives. When drawing

in a work plane or in a 2D model, you have access to rectangles and ellipses, as well

as polygonal lines, and second and third order Bézier curves. Using these, together

with Boolean operations, scaling, translation and rotation, almost anything can be

drawn.
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* First draw a circle with radius 0.06, centered at the origin. Press the Draw Centered

=] Ellipse draw toolbar button. It is the fourth button on the draw toolbar, which is
% located on the left side of the graphical interface. Then, using the right mouse
§§ button, click at the origin and drag the mouse, keeping the button down, until the
_ [oraw Contaredtipss] circle has the desired radius. Using the right mouse button ensures that a circle,
4 and not an ellipse, is drawn.

% * Draw a second circle, also centered at the origin, but with radius 0.04.

* Select both circles. Either you can draw a rubber band box around both them, or
you can use Select All from the Edit menu, or simply press Ctrl-a to quickly select
all objects.

¢ DPress the Difference button on the draw toolbar.

& Tl Eat Oplons Diow Pone Edpe Boundy Subdoman Mesh Sove os Nulphysks Window Feb
D|z|Q|S| & [=[8|[k Alal2=|2(4| 2|8|5|#|[7 klklxo|c]a] 2|
an Wor plane 1
| m——] i
= T T —T T T T T =
o Difference
cot
i ey s O Sy S e e, s St x|
01 G0 G G0i o0z 0 00z 0o 0% 0® 01 0z 01 0
=8 =
ects. =l
[650 [545" [GRiD. [€GUAL [SNaP [VorTT [sou0. [GTee |

The next step is to cut one-eighth out of the ring created so far. This is done most
casily covering the desired part with a polygon and taking the intersection.

* On the draw toolbar, press the Draw Line button.

v

=15 - lololalo
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* Draw a triangle using the left mouse button: click in turn at (0,0), (0.06,0.06),
and(0,0.06). Press the right mouse button to close and solidify the curve.

) FEMLAB - Geom / Condutive Media DE (dc): [Untitled] =]
Flo Edt Optirs Oraw Pork Edge Boundary Subdman Mesh Sove Post Muliphysks Window

- = 3
0[RS & [B(8|[F AlaB =28 22|87 klkl=le|@4| 2]

Work plane 1
| ——

il=

il T T T T T T T T T T

co1

0| ) ; i

1 i 1 i | i I L i —
016 01 02 01 0@ 005 004 002 0 002 004 005 008 01 012 014 016

= |

[oe0 [ [GAID [EGUAL [SNaP [o [sod [oAreo |

¢ Select both the circle and the triangle, using one of the methods above or by
clicking them in turn, keeping the Ctrl key down.

* DPress the Intersection button on the draw toolbar.

B

E\ After this, a rectangle is added and joined to the left side of the ring section. When
2_ unioning, intersecting and subtracting geometrical objects, the resulting composite
x| object still contains all original boundaries. These, so called, internal borders define
% anumber of subdomains, which can have different physics. In this case, you want the
7] S-shaped part to contain only two subdomains—the part you’re drawing, and its
H mirror reflection. Therefore, you have to remove the inner border between the

rectangle and the ring section before continuing,.

* Draw arectangle with corners at (-0.1, 0.04) and (0, 0.06). Select the best drawing

) tool for the job by pressing the Draw Rectangle button. Point the mouse at
(-0.1,0.04), press the left mouse button, drag the mouse to (0,0.06) and release

the button.
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* Once again, select all objects using one of the suggested techniques. Press the

lk Union button on the draw toolbar.
®
@) * The composite object still contains a border between the rectangle and the ring
3% section. Make sure the object is selected, and remove the border by pressing the
D Delete Internal Borders toolbar button.
)
| Tl S iy ke P i Tt A Wi 1 FEE
L D (E8| &|=@|[F Alsl2l=24 28|87 &lklela|0]4| 2
3| e
o ]
Z
3 |
Glf oot » .
[=i] \{/
L
% |
D
‘
2]
,E[ 004
2
[=]
th Tabel 'R1 |
- g
[@oor &[G [€auaL [swe [ [sou0 [0 |
One half of the S-shaped profile is done. The next step is to move it to its final
position and make a copy, which is mirrored to produce the desired shape.
o Select the single composite object still remaining and press the Move toolbar
-+ button. A small dialog box opens up.
G . . .
e Enter -0.05/sqrt(2) both in the X-displacement and Y-displacement ficlds. Press
OK to move the symmetry line of the final shape to the origin.
* Copy the composite solid object by pressing the Copy button in the main toolbar,
choosing Copy from the Edit menu, or pressing Ctrl-c.
Copy * DPress the Paste button, or use the short-cut Ctrl-v, to open the Paste dialog box.
% Enter 0 in the fields for both the X-axis displacement and the Y-axis displacement
and press OK.

) rene i

=-ariz dizplacement: 0K
I a
Canesl

‘r-ariz dizplacement
I a
Mumber of repeats:

o
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* With the copy still selected, press the Scale button on the draw toolbar. Enter -1
as both X scale factor and Y scale factor. Press OK. This mirrors the copy in the line
y=X.

) scale =l0i=

Recokfactor |1 ok |
t seale factor: [« | cancel |
Rwaksbmecood [0
Veskbmecood [0

* Select both parts of the profile and press the Union toolbar button.

ive Medta DC (dc [Untiied] ol
S Bodary Subdaman Miesh Sobe Fos Mithyses Window o
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The 2D profile should now be extruded to produce a 3D solid object. FEMLAB can
create 3D objects from 2D profiles by extruding them along a line or revolving them
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around an axis. As will be seen later on, it’s also possible to embed 0D, 1D and 2D
objects directly into the 3D space.

* Choose Extrude... on the Draw menu. Make sure the single object CO1 is selected
in the list at the left of the dialog box that opens up.

) extrude =10

Select objects to extrude:

| Distance: 0.05

Scale |1—
Scale y: |17
Displacement = ID—
Displacement v IU—
j Extr. obj. name: IEX'H—

* Enter 0. 05 in the Distance ficld and press OK. The user interface switches to the 3D
view.

* DPress the Zoom Extents button located on the main toolbar just below the menu
CIPSIES bar at the top of the screen. When you press it, FEMLAB automatically adjusts the
axes’ scales so the graphical interface displays the model geometry for optimal

viewing and manipulation.

juctive Media DC (dc): [Untitied] =lolx|
Fle Gt Cpllrs Oraw Pork Edge Boundsry Subdoman Mesh Sohve Fost Mulliphysks Window Help

D|=|Q|S| & [m(8] k| Ala|2|=|2(4| 2|o|8|#|[7 klklxo|o]a] 2|

[}
- =

s LI P
<]
el |FlEIR]E |2 (@8]« ol

Rading geonetzy obiscts 5]
[Extruded geonetry objects: 'CO1°
added 3D geonetry objects: 'EXT1 =

[@oor [ [am [ [ [ [ [ &%

The two holes for the fastening screws can be drilled using the cylinder primitive and
3D Boolean operations. It is easier, though, to position the holes and the
surrounding contact areas using work planes parallel to the surfaces in which the
contact areas should be embedded.
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New work planes are created using the Add/Edit/Delete Work Plane dialog box, which
can be accessed from the Draw menu. This dialog box presents a number of alternative
ways for positioning new work planes, or moving the existing ones around. See
further “Boundary Modeling” on page 1-180. The only one you’ll need right now is
the utility that positions a work plane parallel to a face in the selected geometry
object.

* Select the S-shaped object and then choose Add/Edit/Delete Work Plane from the
Draw menu.

* Press the Add button to create a new work plane called Work plane 2, and then
go to the Face Parallel page.

* Click the Face positioning radio button to enable the face positioning mode. Select

face EXT1:2 from the list on the left side of the page. You can see the face
highlighted in the 3D view.

<) Add/Edit/Delete Work Plane: 9 ] 3

General | Quick I Face Parallel I Edge Angle I Wertices |

+ Face positioning QDK
Select face: Offset from face: Cancel

[0 Add

‘work plane z-asis direction o
% Upward nomal _IE e
" Downward normal Disp Coord

Zoom Ext

Change/Rename work planes: Wark plane 2 EI

* To check how the local coordinate system of the new work plane is embedded in
3D space, press the Disp Coord button. A small triple of axes appear in the 3D view.
The blue x- and y-axes represent the local system of the created work plane, while
the green z-axis shows the direction of positive extrusion from the plane.
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Apparently, you’ll have to extrude a circle in the negative direction, to drill a hole

in the solid object.

) FEMLAB - Geom / Condutive Media DE (dc): [Untitled] =]
Flo Edt Optirs Oraw Pork Edge Boundary Subdman Mesh Sove Post Muliphysks Window

- = 3
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S
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= Em

[oe0 [ [ean e [ [ [ | (53

* Press OK to close the dialog box and enter straight into the new work plane.

While modeling in the work plane, you can choose how much you want to see of the
full 3D geometry. The options are to project all 3D geometries, meaning that all 3D
edges are projected as blue lines onto the work plane; just show the edges actually
lying in the work plane; or show nothing at all. The second option is default.

* Check that the Project Work Plane Intersection draw toolbar button is selected.

i< This means that you can see only the contours of the face, parallel to which the

= . . .
work plane is positioned. If you press the Zoom Extents button now, the view

Tproject Work Plane Inkersection adapts to the blue projected lines, and not to the objects you have drawn in the
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work plane. Note also that the origin of the local system of coordinates is the lower

left corner of the projected face.

ol
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v £ undy o o 3
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[oe0 [ [GAID [EGUAL [SNaP [o [sod [oAreo |

* Again, use Axes/Grid Settings, accessible from the Options menu, to change the
density of the grid. On the Grid page of the dialog box, deselect Auto, enter 0.01
as X spacing and 0.005 as Y spacing, and press OK.

* Draw a circle, centered at (0.04,0.025) and with radius 0.005.

* Create asolid 3D cylinder by selecting the circle, choosing Extrude... from the Draw
menu, entering a Distance of -0.02 and pressing OK.

* You’re now in 3D view and can see the new cylinder inside the S-shaped bar.
Choose Work plane 2 from the Draw menu to return to the work plane, from which

you also can embed the necessary contact area.
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 Everything you draw remains in the work plane until you delete it. Therefore you
can re-use the circle employed in creating the cylinder. Draw a second circle using
the same center point, but with radius 0.01.

ive Media DC (dc): [Untiled]
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Difference

N el

* Select both circles and press the Difference draw toolbar button.

* Choose Embed... from the Draw menu, make sure the composite object CO1 is

selected in the list, and press OK.

) embed S E/ET]

Select objects to embed:

Embeded object name:

EC
Ok | Cancel

The annular contact area is now embedded in the 3D view.

) FEMLAB - Geom /Conductive Media DC (dc): [Untiled]
Fle Gt Cpllrs Oraw Pork Edge Boundsry Subdoman Mesh Sohve Fost Mulliphysks Window Help
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Now, you have to repeat the same steps for the second hole and contact area.

* Create anew work plane as before, but this time parallel to face EXT1: 5. Check the

orientation of the local system of coordinates using the Disp Coord button.

* Adjust the grid settings and then draw a circle with radius 0.005, centered at

(0.06,0.025).

 Extrude the circle 0.02 units in the negative direction to create a cylinder.
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* Return to Work plane 3 and add a second circle with radius 0.01. Select both
circles and press the Difference button.

* Embed the annular contact area into the 3D view using Embed... from the Draw
menu.

The final step in the geometry modeling is to actually drill the holes and glue the
contact areas to the bar.

o Select all objects and press the Difference button on the draw toolbar. Note that
Boolean operations on solid objects do not affect embedded faces.

* Again select all objects, but now press the Coerce to Solid draw toolbar button. This
incorporates the contact faces into the bus bar.
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Boundary Mode

Now that you’ve created the model’s physical geometry, it’s time to set its boundary
conditions. Everything that has to do with boundary conditions is handled in
boundary mode, using the options under Boundary in the main menu bar. To enter
boundary mode, press the Boundary Mode button in the main toolbar, or choose
Boundary Mode from the Boundary menu.

Boundary conditions are set in the Boundary Settings dialog box, which can be
opened from the Boundary menu, or by double-clicking anywhere in the model
window outside the model geometry. The Boundary Settings dialog box is customized
to fit the active application mode, because different modes support various types of
boundary conditions. The short-hand name of the active mode —in this case dc —can
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be seen after the slash (/) in the title bar of the dialog box. This is important when
using different modes simultaneously in a multiphysics model.

When setting boundary conditions, you can select boundaries either by clicking or
drawing a rubber band box in the geometry; or by selecting from the Boundary
selection list in the Boundary Settings dialog box. To find out more about the flexible
selection tools in FEMLAB, see “Object Selection Methods in 3D” on page 1-95.

The bus bar is electrically insulated everywhere, except on the contact plates, of which
one is grounded, and the other held at a constant potential of 50 mV.

* Choose Boundary Settings from the Boundary menu to open the Boundary Settings
dialog box.

* First set an insulation condition everywhere: select all boundaries and click the
Insulation/symmetry radio button. The conditions on the contact plates will be
changed in the following steps.

* Select the first contact plate—boundary number 6—and click the Antisymmetry/

ground radio button. In the edit fields you can enter real or complex numbers or
even MATLAB expressions.

* Select the second contact plate, which is boundary number 20, click the Electric
potential radio button and enter VO in the edit field.

<) Boundary Settings,dc =100
E quation: % :VD
rDomain selection —Boundary coeffizients ¥ LUnlock
Quantity VYalue Description
[l | i} Inward cument density
q 1} Film conductance:
" g=g=0 Insulation/spmmety
w0y ) Electric potential
Mame: | 20
©W=0 At /! d
I Select by group MEHMMET L
™ Enatle borders
¥ Ontap Ok I Cancel | Apply I

* Close the Boundary Settings dialog box, pressing the OK button.

Subdomain Mode

Subdomains, in FEMLAB, are the different cells that the geometry is divided into. In
the subdomain mode, you set material properties (PDE coefficients). It is often
necessary to set different parameters for different subdomains.
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Subdomain Mode

In the parameters, you can use MATLAB expressions that contain application mode
dependent variables, such as the electric potential V and its derivatives, making a
model nonlinear. In a multiphysics model, the dependent variables from all included
application modes are available to create couplings between the modes. Further, you
can always use the space and time variables, for example, X, Y, z, and t.

You enter subdomain mode either by pressing the Subdomain Mede button in the
main toolbar, or by choosing Subdomain Mode from the Subdomain menu. Also,
opening the Subdomain Settings dialog box, by choosing Subdoemain Settings... from
the Subdomain menu, automatically transfers the user interface to subdomain mode.

The only necessary parameters for the Conductive media DC application mode are
the conductivity, 0, and the distributed current source, Q. In order to prepare for the
multiphysics coupling introduced below, the conductivity is written as a nonlinear
expression of temperature, T, reference temperature, T, resistivity at the reference
temperature, Pg, and temperature coefficient, a, all of which have been entered as
constants into the model:

1

O @ Fa(T—Tg)

As the expression for 0 will be needed more than once in the future, this is the right

time to introduce an expression variable.

* Choosec Add/Edit Expressions from the Options menu. This opens the Expression
Variable Settings dialog box. As you can see, there are no expression variables
defined yet.
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* Enter the name sigmaT in the Variable name field and press Add. This creates a new,
as yet undefined, expression variable named sigmaT.
o =3

Varisbles | Definkion |

MName: Type: Defined in

geonet ry

=
| |

Wariable name: IsigmaT
Add
“Wariable type: Igeometly i
Delete
¥ Ontop aK | Cancel | Apply |

* Go to the Definition page. Here you can give the expression variable different
meanings on different parts of the geometry or, as is more apropriate in this case,
the same meaning everywhere. Just enter 1/ (rho0* (1+alpha*(T-T0))) in the
Expression field, and press OK.

-} Enpression Yariable Settings — = x|

Variables | Defiion |
“Wariable: sigmaT

~Domain selestion ———————  ~Definition 7 Capy from

Geometry: IGEunﬂ 'I Expression: I 1/{tho0%(1+alpha(T-TO))]
Level: Igeomally ‘I

-

=

I~ Select by group

¥ Ontop oK | Cancel | Apply |

Using the expression for o, setting the actual material parameters is simple.

* Open the Subdomain Settings dialog box, by choosing Subdomain Settings... from
the Subdomain menu, or by double-clicking anywhere in the axes outside the
geometry.

e Select both subdomains. You can select subdomains both in the list on the left side
of the Subdomain Settings dialog box, and directly in the user interface, using
almost the same selection techniques as for boundaries.
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» Enter sigmaT in the Conductivity ficld, and set the Current source to 0.

<) Subdomain Settings/dc - |E| ﬂ
Equation: ¥ [s¥) =0, E =T,V = electic potential
Coefficients I Init I Element |
rDomain selection PDE coefficients [ Unlocl
Coefficient Value Description
o I sigmaT Conductivity
] I il Current source
Hame: I
™ Select by goup
¥ Active in this domain
¥ Ontop aK | Cancel | Apply |

* Dress OK to apply the subdomain settings and close the dialog box.

In subdomain mode you can also enter initial values. The initial values are used as an
initial guess by the nonlinear and iterative solvers, and as initial conditions when
solving a time-dependent problem. As this particular model is linear and stationary,
the initial data has no effect and can be left at the default value, which is 0.

Mesh Mode

Because FEMLAB is based on the finite element method (FEM), it needs a
subdivision of the geometry known as a mesh. To create this representation you work
in mesh mode. For simple models, chiefly in 2D, you typically just click one of the
mesh buttons on the main toolbar; alternatively, you can ignore mesh mode and
solve the model directly.

For more complex models, more often than not in 3D, you’re better off trying to
create the most appropriate mesh for your specific needs. The default mesh is
sometimes, as in this case, too dense for a first solution. To change the mesh
parameters, you use the Mesh Parameters dialog box.

* Go to mesh mode by pressing the Mesh Mode button in the main toolbar, pressing

é}{é@lﬂ%@ the Initialize Mesh button, or choosing Mesh Mode from the Mesh menu. This
creates a default mesh with roughly three thousand node points and twelve

thousand elements, as you can see in the message log at the bottom of the
FEMLAB window. Note that the automatic settings have created a mesh that is
rather dense close to curved surfaces, but quite coarse far from the smaller details
in the geometry.
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* If you’re using second order elements (default) you should create a coarser mesh
to save memory and time. Open the Mesh Parameters dialog box by choosing

Parameters... from the Mesh menu.

e Make sure the Use default mesh settings check box is checked and select Coarser
from the drop-down list. This will create a much coarser mesh, but still one where
the element size varies greatly. To make the mesh smoother, also add a global limit
on the mesh element size: enter 0.011 in the Max edge size, general ficld.

<} Mesh Parameters

General mesh p

™ Use default mesh settings: ICDa[Se[ 'I

=gl x|

Max edge size, general: 0.011
Mesh edge size, scaling factor: 9

Mesh grawth rate: 1

11

Mesh curvature factor:
tesh curvature cut off 0.03

Symmetry boundaries,

¥ Jigale mesh

Refinement method: longest ‘I
tore 3> |
Remesh I ok | Cancel I

* Press Remesh and then OK. The new mesh consists of slightly more than one

thousand nodes and almost five thousand elements.

=lolx|

hosove ost Muliphysis window Help

ot S Bodary Subcan e
=|0|&)| & |B8| k| Alal8]=|2|4 2|S]|5]%] 2alnlx|oE 4 2|

lelet |FlF || |2 (DLl |olelslolr oo 2]

FopIied nev boundary conditions |
Appiicd nev BDE. coef ficients
Thitialize Consists of 1226 nodes and 4846 elenents =

[050 [5G0 [ [ [ [ [ [&%
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Note that the number of nodes in the mesh is the same as the number of degrees of
freedom only when using linear elements. If higher-order elements are used, extra
degrees of freedom are introduced.

Solving

Before solving, you can fine tune your solver parameters in the Solver Parameters
dialog box, a step not strictly necessary for this model. You can adjust solver
parameters to achieve higher accuracy or to gain greater control over nonlinear or
time-dependent models. For linear 3D models, the iterative solver with Incomplete
LU preconditioner is default, and does a fair job on this problem. Equations of
Poisson type are, however, solved much more efficiently using the Algebraic
Multigrid preconditioner.

* Open the Solver Parameters dialog box, by choosing Parameters... from the Solve
Ald| =R menu, or pressing the corresponding toolbar button.

* Go to the Iterative page and select AMG from the drop-down list under

Preconditioner. Press OK.

-} Solver Parameters =1 x|
Generall Adaption | Nonhneall T\mestepp\ngl Eigenvalual Iterative | Multigrid | Multiphysics

IV Iterative sobver

rLinear solver

Marimurm rumber of linear iterations: 1000
Restart value for the lingar iterative solver: 10
FReliability of the inear ermar estimate: 40

Iterative tolerance: 1EE
rPreconditioner

IAMGiE Parameters. |

Drop talerance; 0.01

Salve I aK | Cancel I Apply |

* To solve the model, press the Solve Problem button on the main toolbar. Solving

Als| R 52| R can require anything from 13 seconds up to a couple of minutes depending on
your computer.
Post Mode

When the solution is ready, FEMLAB automatically transfers to post mode and the
solution is plotted. The default 3D plot is displayed on five evenly spaced cross
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sections of the geometry parallel to the y-z plane. Which quantity is plotted depends
on the application mode. In the Conductive media DC application mode, it is the
potential, V.

") FEMLAD - Geom1,/Conductive Media D (dc): [Untitied] JT=T]
Fle £ Opls. Dron Port Eipo Eoundary Subonan Mesh S Past lphyss Window el
0|z (@|S] 4[| ) & Alo]|S|=|2|4| £|2|8|%| alale2|0f5 2

Slice: electric potential (V)

Wax 005
005

005

Teex st Borping Stepsize nfun misc mite mo |
o 1
1 0 1.0000000 27841 1 1 15 0 =

[@oor [ [am [ [ [ [ [ &%

It is extremely useful to examine solution results in a graphical form. Therefore
FEMLAB?’s post mode provides plenty of visualization tools, which you access
through the Plot Parameters dialog box. You can switch quickly between the standard
plot types by simply pressing corresponding buttons on the plot toolbar, the default
toolbar in this mode. Other powerful options include plotting expressions evaluated
on faces, edges, cross sections and lines in separate windows and integrating
expressions over subdomains or boundaries.

* Try out the buttons on the plot toolbar.

The Slice plot, Isosurface plot and Tetrahedron plot all by default plot the same scalar
variable, in this case the potential V. The Arrow and Flow plots are used to visualize
vector fields. The default vector field for the Conductive media DC application mode
is the current density vector, J. The Surface plot, finally, plots the normal component
of the default vector field. If you try it out, you can see that the current enters at one
of the contact plates and exits at the other, the rest is insulated, just as expected.

The easiest way to get a good visualization of the solution is often to start from the
default plot given by one of the buttons on the plot toolbar. Then you open the Plot
Parameters dialog box, and change the parameters until you’re satisfied.
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* For example, first press the Isosurface toolbar button. Open the Plot Parameters

A& R[=|S|R dialog box by pressing the Plot Parameters button in the main toolbar, or by
e choosing Plot Parameters from the Post menu.

* Increase the number of isosurfaces: Go to the Isosurface page and enter 20 in the
Isosurface levels ficld. You can also specify manually, as a MATLAB vector, at what
values the isosurfaces are drawn. Try, for example, 1inspace(0,0.01,10).
Always press Apply to see the changes.

i
General | Slice | lsosurface | Tetrahedron I Surface I Arrow I Deform | Flow I Animate

¥ lsosurtace plot

rlsosurtace data

Isosurface expression | electric potential [+ |j ¥ Smooth

lsosurface color I color vI

I~ Maw 7 min marker

rlsosurtace color data
Color expression: Inone Ij W Smooth

Range... |

rFlat stple
Faces: I interpolated j
Edges: Inone j
lzosurtace levels: I 20
Colormap: Icuul j ¥ Calor bar

aK | Cancel I Apply |

* Then add, for example, a flow plot. Go to the Flow page and check the Flow plot
check box on the top left. Then decrease the number of streamlines by entering 7
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in the top field in the Streamline parameters frame, and make them red, selecting

from the Streamline color drop-down list.

<) Plot Parameters — 3] x|

General | Slice | lsosurface I Tetrahedron I Surface I Arrow I Dreform | Flow | Animate
¥ Flow plat
Flow data
Flow » expression: Icurlent density [Jx] Ij ¥ Smooth
Flow v expression: |cur|ent denszity [ly] |j ¥ Smooth
Flow z expression: Icurlent density [z) Ij ¥ Smooth
Streamline p 1¢

Murber of strearmlines: I 7
Stieamling type: Itube 'I

Streamline color: red

Start streamlines in Icentals vl
¥ Auto tube radius Scale factor, 1.0

Advanced... ¥ Allow backward time integration

ok | Cancel | Apply |

* Dress OK to close the dialog box and see the final result. Add some light by pressing
the Scenelight or the Headlight button on the draw toolbar.

ol
0|3 (=S| %58 k| Als 2|4 2|28 Aldlklx(e|C4 2|
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00475
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: ,ﬂ 00405
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% {00265
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joote
00143
lootis
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logort
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loooz4
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Tter ErzEst Denping Stepsize nfun njec mito mitn =
H o 1.0000000 ERTOIUTVRNE S G =
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Integration on Boundaries

One interesting property of a bus bar is its lumped resistance, that is, the total
resistance of the bus bar when incorporated in an electric network. The lumped
resistance is defined as the applied voltage divided by the associated total current. The
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total current is found by integrating the normal component of the current density
over the internal border between subdomains 1 and 2. Integration on boundaries is
controlled from the Boundary Integration dialog box, which can be opened from the
Post menu.

* Choose Boundary Integration... from the Post Menu. Select boundary 13 in the list

on the left. This is the internal border between the two subdomains in the model.

<) Boundary Integration =10

Integration on boundanies:  Expression:

I\:Incu Ij ¥ Smoath

= Wultiply expression by 2pi Smoath Settings.

Solution &t ime
I none Ij
an LI Solution at angle [phaze): 0 degrees

Interation order: ¥ Auto | 4

¥ Display result in log

V¥ Export result to workspace:

¥ Ontop oK | Cancel I Apply |

e Enter dncu in the Expression ficld, check the Export result to workspace box and
press OK. The reason that you cannot use the predefined current density variable
nJ is that it represents a jump in the current density rather than the current density
itself. To read more about the dncu variable, see “Boundary Coupled Equation
Variables” on page 3-70 in the Reference Guide.

The total current is now present in the MATLAB workspace, as a variable called ans.
The ans variable always contains the result of the last calculation. Therefore, it will
be overwritten by the next operation in the workspace. So, you should make a copy
under a different name. Then calculate the resistance.

* At the MATLAB prompt, write

Itot = ans
* Now find the lumped resistance by writing

R = 0.05/Itot

also at the prompt. The result is displayed immediately.
Annotations in Separate Figure Window

If you choose to plot the solution not in the user interface, but in a separate
MATLARB figure window, you gain access to MATLAB’s tools for setting figure
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properties. Further, you can use the versatile printing routines available in MATLAB
to produce prints and image files on various formats.

* To plot results in a separate MATLAB figure window, again call up the Plot
Parameters dialog box. Go to the General page and deselect the Plot in main GUI
axes check box. Press OK to create the plot.

i
General I Slice | Isosurface I Tetrahedron I Surface I Arrow I Dieform | Flow I Animate
_lFlm;Ii: | Soltionttme lnune—E
¥ lsosurface Solution at angle [phasel | 0 degress
™ Tetahedon Element selection
I Suface Logical expression for inclusion;

I Amow I

I Deformed shape Inelugion e

¥ Flow lines Im
™ Geomety boundaries

Smaoath Settings.

Element refinement: v Auta | 2

rTitle
W Auto I Isosuface: electric potential (V] Flow: [curment density [Jx)curent density [Jy
™ Platin main GLI axes ¥ Use GUI settings in separate window plats

¥ Plot solution automatically

aK | Cancel Apply

* To remove the axes from the figure, you can enter

axis off

at the MATLAB prompt. If you use MATLAB 5.3 or later, you can write

cameramenu

to get access to a number of tools letting you move the camera around, change the
lighting and other rendering options.
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* You also have access to all of MATLAB’s annotation tools. For instance, to add

NA A/ some descriptive text inside the figure window, press the Add text toolbar button,
X click in the window and start writing,

1-138 |

* You can also add objects such as lines and arrows. MATLAB’s documentation
provides details on how to create annotations in figure windows.

Isosurface: electric potential (V) Flow: [current density (Jx),current density (Jy),current density (Jz)]

0.0476
0.0452
0.0429
0.0405
Pure copper 0.0381
0.0357
0.0333
0.031

0.0286
0.0262
0.0238
0.0214
0.0191
0.0167
0.0143
0.0119
0.0095

Contact plate, 50 mV'
Contact plate, grounded 0.0071
0.0048

0.0024

Saving
* To save the model, including all settings in the graphical user interface, go to the
File menu on the menu bar at the top, then sclect Save As and Model MAT-file....

It is also possible to save the model as a MATLAB script file for parameterized
models and optimal design by selecting Save As and Model M-file.... A description of
the Model M-file concept appears in this book in the section “Model M-files” on page
1-51.

Thermo-Electric Heating in a Bus Bar with Multiphysics

In the first step of modeling the thermo-electric heating in a bus bar, the stationary
DC current distribution at constant temperature was found. See “Thermo-Electric

Heating in a Bus Bar” on page 1-109 above for instructions on how to create and save
the first part of the model. Here you’ll add an application mode for heat transfer and
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couple the equations. You also need an extra point in the geometry, where you can
define the total current, using a coupling variable. Then a time-dependent simulation
will be run, and the total current and the lumped resistance of the bus bar as functions
of time can be plotted.

Loading Previously Saved Model

If you’ve previously saved the results from the first part of the model as a Model
MAT-file (.mat) or Model M-file (.m), you should now load it into the user interface.
When you, as in this case, want to continue modeling in the user interface, you
should save your model as a binary Model MAT-file. These can be loaded complete
with solution and all, while the text-based Model M-files have to recreate the final
state by repeating all steps in the solution. The Model M-files, however, have other
advantages; sece “Model M-files” on page 1-51.

* To load the previously saved model, choose Open from the File menu, and then
Model MAT-file or Model M-file, as appropriate, in the submenu. You can also press
the Open button on the main toolbar to load a Model MAT-file.

* Locate your model file and press OK.

Options and Settings
The first thing you have to do is remove the constant T, otherwise it will conflict with
the solution T in the heat transfer equation.

* Choose Add/Edit Constants... from the Options menu. Select the constant T and
press the Delete button. Press OK to close the dialog box.

Multiphysics

Now add the Heat transfer application mode. Additional modes are added using the
Model Navigator, which for this purpose can be accessed from the Multiphysics menu.
You also should change the solution form from Coefficient form to General form.
This is necessary because in Coefficient form, the nonlinear couplings between the
electric potential V and the temperature T aren’t considered when assembling the
Jacobian (essentially the same as the stiffness matrix for a linear stationary problem).
The correct Jacobian is essential in order to obtain good convergence from the
nonlinear and time-dependent solvers. See “The Nonlinear Solver” on page 3-108
and “The Time-Dependent Solver” on page 3-112, both in the Reference Guide.

* Choose Add/Edit Modes... form the Multiphysics menu. The Model Navigator—the
same dialog box that is used for creating new models—opens up on the
Multiphysics page. The other pages are inactive; they are only accessible when
creating a new model, or loading an old one.
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* Sclect Heat transfer in the application mode list on the left. Note that the default
name of the dependent variable is T and the Element type is Lagrange - Quadratic.
Accept this and add the Heat transfer mode to the model by pressing the right
arrow (>>) in the middle of the dialog box.

* Change Solver type to Time dependent and Solution form to General, by
selecting from the corresponding drop-down lists.

<) Model Navigator x|

(H=20 I F el Litrary | Usen adels I Multiphysics I Preferences |

Geometry narne: I Geomnl 3 Add | Salver type: IT\me dependent had

Dimension: 10 £ a0 ¥ Use preferred submodes

Independent variables: | V2 Salution form: IGeﬂera\ 'I
Conductive media DC - Geonl: Conductive media DO«
Diffusion Geoml: Heat transfer
Electrostatics

Magnetostatics

Inconpressible Navier-Stokes
Structural mechanics

FDE. coefficient form s |
PDE. general form

Weak. subdomain < |
Weal, boundary

Weal, edge

Weak. point

Weak. boundarv constraint _'LI
4 | +

El
Application made name: ht2 Application mode name: ht
Dependent variables: T
Dependent variables: I T2
Element: |Lagrange - Quadratic j Submode: Standard 'I

Ok Cancel

* Press OK to accept the choices and close the Model Navigator. The user interface is
now in Heat Transfer mode, as can be seen in the title bar of the FEMLAB window.

Draw Mode

A coupling variable representing the total current flux from subdomain 2 to
subdomain 1 will be introduced below. Coupling variables must have a source—in
this case boundary number 13 —and a destination. As the total current is a scalar
value, it makes sense to have it defined on a point, and also to embed a new point for
this purpose.
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* Enter Work plane | by choosing from the Draw menu. Press the Draw Point button

= on the draw toolbar and draw a single point at (-0.14,-0.04).

=

ra) * Choose Embed... from the Draw menu. Make sure only the point PT1 is selected in
§ the list, and press OK.

7\ * The new embeded point is invisible in the 3D view until you press the Render
F[@ Vertices button on the select toolbar next to the draw toolbar.

Fie Edt Optons Cram

o s By S M S Pus Nokpscs Wit
D[3|@|S8| &[0 & Als[S|=|2|%| 2L|L1%[7 alslel2(0]4] 2|

« |Render Yertices

T o ST R 3
e P Y B P
ity e P 3

[oe0 [ [ean e [ [ [ | (53

Boundary Mode

The boundary conditions for the Heat transfer mode are somewhat more
complicated than for the Conductive media DC mode: One face, the inside of one of
the fastening holes, and the contact plates are kept at a constant temperature equal to
the temperature of the surrounding air. The free faces have a heat transfer coefficient
of 10, while on the inside of the other hole it’s only 5. Finally, one of the end surfaces
has an Insulation/symmetry condition, representing the fact that the modeled bus bar
is mounted end-to-end with another, of similar shape.

MODELING WITH FEMLAB | [1-141



1-142 |

The following table contains an overview of the boundary conditions. You’ll meet

more tables like this one in the rest of the examples in this book, and also throughout

the Model Library.

BOUNDARY  I-4,11-19  5-10,20 21-24 25

Type Flux Temperature  Flux Insulation/symmetry
q 0 - 0 -

h 10 - 5 -

Tinf T0 - TO -

Const 0 - 0 R

Tamb 0 - 0 -

T - TO - -

* Choose Boundary Settings from the Boundary menu. Note that the title bar of the

dialog box now reads Boundary Settings/ht, to show that you’re working with the

Heat transfer mode.

¢ Select boundaries 1-4, 11-19 and 21-24, and press the top radio button for a flux
condition. Enter 10 in the h field and TO0 in the Tinf field.

<) Boundary Settings/ht

Equation: n-[(k7T] = g+h. [Tinl

rDomain selection

(ol

Name:

™ Select by group
I Enable borders ©

~
~

rBoundary coefficients ¥ Uklock

ThComst T4 0 T4

=10l |

Quantity Value Description

q ID— Inward heat Aux

h lmi Heat transfer coefficient
T\nf ITD— External temperature

Const ID— Problem-dependent canstant
T il IU— Ambient temperature

(k- gradT)=0 Insulationd symmetry

T ID— Temperature

T=0 Zero temperature

¥ Ontop 0K | Cancel |

Apply

* Deselect all boundaries except 21-24 and change h to 5.

* Select boundaries 5-10 and 20, select the Temperature radio button and enter TO

in the edit field.

* Finally, select boundary 25 and select Insulation/Symmetry. Press OK.
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Subdomain Mode

The application mode specific material parameters for the Heat transfer mode are
density, p, heat capacity, C, thermal conductivity, K, and volume heat source Q. The
heat source in this case is the electrical heating, which depends on the solution from
the Conductive media DC problem. The heating power per unit volume from the
current density J is:

J2 2 2
P:E:JEE:GE = o|dvVv|

where E is the electric field and V the potential —the dependent variable in the
Conductive media DC application mode. The conductivity, 0, is temperature
dependent, as before. The heat source is best entered using an expression variable.

* Choose Add/Edit Expressions... from the Options menu. Enter the new expression
name Qj and press the Add button.

* On the Definition page, set the variable to mean sigmaT* (Vx"2+Vy~2+Vz~2) on
the geometry level. Press OK. Note that the new expression variable includes the
old sigmaT in its definition.
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Now enter the material parameters (PDE coefficients) according to the following
table, and set the initial conditions:

SUBDOMAIN I,2

p 8960
c 340
k 384
Q Qj

* Choose Subdomain Settings from the Subdomain menu. Select both subdomains
and enter the values for p, C, and k, and write Qj in the Q field.

<) Subdomain Settings/ht =10l ]

Equation: p-C-T'-¥.[k¥T) =0, T = temperature

Coefficients I Init I Elemnent |
FDE coefficients [ nlock

rDamain selection

Coefficient Value Descnplion

p I 8560 Density

C 340 Heat capacity

k 384 Thermal conductivity

El
Q I o Heat source
Mame: I

™ Select by group

W Active in this domain

[¥ Ontop ok | cancel | apey |

* Click the Init tab to show the Init page. Still with both subdomains selected, enter
TO in the T(tg) field. This begins the simulation from room temperature.

It is important that your initial conditions are consistent. Now that you have set an
initial temperature, you should set an initial condition for the electric potential
corresponding to the stationary solution of the Conductive media DC problem at the
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same temperature. This you can accomplish by setting a previously stored solution as
initial condition for the following calculations.

* Choose the Conductive media DC application mode from the bottom of the
Multiphysics menu. This transfers the user interface and all open dialog boxes to the
Conductive media DC mode.

<} subdomain Settings,/dc ;IEIEI

Equation: -¥-[7] = 0. E =-7%. Y = electiic potential

Coefficients | it | Element |
Initial walue [¥ Uriock

Variable Value Description

Witg 1 I Y Initial value

rDomain selection

[
Namne: I

I Select by goup
¥ Active in this domain

¥ Ontop oK | Cancel | Apply |

* EnterV in the V(ty) field and press OK to confirm and close the Subdomain
Settings dialog box.

Now add a coupling variable which puts the value of the integral of the current flux
over the border between subdomains 1 and 2 into point number 1, the single point
embedded above.

* Choosc Add/Edit Coupling Variables... from the Options menu. This opens the
Coupling Variable Settings dialog box. Enter the variable name I of type Scalar and
press Add.

-} Coupling Yariable Settings — = x|

Vaniables | Source | Destination I

MName: Type: Defined from -> Awailable in:

Geonl:sub  —» Geoml:sub

=
| | »

Wariable name: II
Add
Wariable type: Iscalar hd
¥ Ontop oK Cancal | Apply |
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* Go on to the Source page. Choose Level boundary from the drop down list, and
then select boundary 13.

* Enter the Integrand ungai and Integration order 4.

<) Coupling Yariable Settings - EI|1|
Wariables | Source | Destination I
“Wariable: |
~Damain selection —————— ~Definition ¥ Capy from 15
Geometry: IEEnm1 'I Integrand: Idncu1
Level: Iboundary 'I Integration ardsr: 4
Lozalimesh tansformation;: i
o
.
[~ Select by group
¥ Ontap 0K | Cancel | Apply I

The variable nga1 is a so called coupled boundary variable that in general form
defines the normal flux on the boundary. On an outer boundary you would use just
nga1, or even simpler, the postprocessing variable nJ —the normal component of the
current density vector. But, for internal borders these are averages of the currents as
evaluated on the up and down side of the border, which is generally zero; that is nga1
is the jump in the flux. ungat, on the other hand, is the flux out of the upper
subdomain, and therefore into the subdomain on the down side. Se further “The
FEMLAB PDE Language” on page 1-336 in this book.

<} Coupling Yariable Settings - Ellil
Wariables | Source | Destination |
Wariable: |
—Damain selection ——————  ~Defintion ¥ Copy from |
Geometry: IGEUm] vI
Levek Ipmnt 'I ¥ Active in this domain
2 = Ealuation paint transtarmation: x:
3
4 i
5
& >
7
5 =l
I~ Select by group
¥ Ontap Ok | Cancel | Apply I

* Proceed to the Destination page, where you choose Level point and select point 1.
Check the box Active in this domain and press OK. You now have a variable |
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Initialize Mesh

OB =E2(R

Solver Parameters

defined on point number 1, whose value is always the total current through the
bus bar.

Mesh Mode

As you have changed the geometry, the mesh will be re-initialized when you enter
mesh mode. The settings in the Mesh Parameters dialog box are also lost, so you have
to reenter them to create practically the same mesh as before.

o First select Use default mesh settings and Coarser. Then enter a Max edge size,
general of 0.011 and press OK.

e Press the Initialize mesh button on the main toolbar.

Solving

This time you’re going to use the time-dependent solver. You always have to specify
the time interval for the solution. Normally, it’s best to specify exactly at what times
the solution should be stored, as the timestepping algorithms calculate the solution
at more points in time, than you probably want to keep. That is, the timestepping
algorithms use automatic time step control, but you can specify certain times for
which the solution will be interpolated and stored.

If the output times are given as a MATLAB vector of more than two elements, they
are considered to be times for storing the solution. If, on the other hand, the output
times are given as a vector of only two numbers, these are taken as start and end
points of an interval where all time steps, as decided by the timestepping algorithm,
should be saved.

* Open the Solver Parameters dialog box by pressing the Solver Parameters button
on the main toolbar. Among the Advanced options on the General page, you find
Direct linear solver. If you are running MATLAB 6.0 or later, select SuperLU; this
solver works better than the built-in MATLAB solver for large problems, which
may require virtual memory.

¢ Click the Timestepping tab.

* In the Output times ficld, enter 0:5:180, which means that the solution will be
saved every five seconds during three minutes.
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* Sclect the fldae Timestepping algorithm. The ODE system at hand is a
diffevential-algebraic equation (DAE), because it contains no time derivatives of
the potential V. In other words, the mass matrix is singular.

<) Solver Parameters =1 x|
General | Adaption | Nonlinear I Timestspping | Eigerwalus I Iberative: I tultigrid | Fultiphysic:s
Output times: 05180
rODE/DAE solver
Timestepping algorithrn: fidae 'I

Relative tolerance: 0.0
Absolute tolerance: T 0.0001 ¥ inf
Advanced...

tass matrix
’7(" Lumped & Ful ‘
- Marwal control of reassembly
I | tass constant I | Mass independent of u
I Load constart I~ Jacohbian constant
™ Constraint constant I= | Constraint.J acabian constant
Salve I aK | Cancel I Apply |

* As the system is a DAE, the accuracy in the potential V will be within tolerance,
given enough accuracy in the temperature T. Therefore set the Absolute tolerance
toT 0.0001 V inf. This means that there is no explicit limit on the accuracy in
V. Also, change the Relative tolerance to 0.001.

* Go to the Multiphysics page and press the Store Solution button. This stores the
previous solution for the electric potential V, so that it can be used as initial value
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Solve Problem

for the multiphysics problem. Press OK to confirm and close the Solver Parameters
dialog box.

<) Solver Parameters =1 x|
General | Adaption | Monlinear I Timestepping | Eigervalug I Iberative: I b uiltigrid | Multiphysics
rSolve for variables ——————  ~Update mechanism for initial value u

Show variables
= Stare Solution

[ Store solution automaticaly

Use solution number I 1 E

Salve aK Cancel Apply

Note This problem requires approximately 500 MB of memory. When using the
SuperLU linear solver, solving in virtual memory (“swap”) is reasonably efficient. It
is also possible to reduce the memory requirements by selecting Solution form
coefficient on the General page of the Solver Parameters dialog box (300 MB) or
switching to linear elements (150 MB). The former option gives an accurate result,
as the tolerances are always met, but forces the timestepping algorithm to take more
and shorter steps. The latter alternative gives a much faster, but less accurate,
solution.

* Dress the Solve Problem button in the main toolbar to solve the problem. The time
required to solve the problem on a 1.5 GHz Pentium 4 is approximately 529
seconds.

Post Mode

The current plot settings in the Plot Parameters dialog box are used when the new
solution is plotted. Only the last time step is plotted automatically. This time, you’ll
rather want to have a look at the temperature distribution in the bar.

* Open the Plot Parameters dialog box. Deselect Flow lines under Plot type on the
General page.
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* Continue to the Isosurface page and select temperature (T) from the Isosurface
expression drop-down list. Press Apply.

* Return to the General page and have a look at the solution at some earlier
timesteps. You choose which time to display by selecting from the Solution at time
drop-down list. Do not forget to press Apply.

dia DC (dc): CURRENT_COLLECTOR_PARTLM =]
Boundary Subckman Medh Sove Post Muliphyacs Window Help

] Alal8|=|2(4] ple|Rl#] ¢lnlblelalofF 2|

Time=25 [sosurface: temperature (1) e 310

a0 797
{208,007

| Tine: 175 E|

[oe0 [ [ean e [ [ [ | (53

Animating the Solution
The time evolution of a model can be visualized by displaying the saved solutions as
an animation. Surface plots often look particularly good as animations.

* Open the Plot Parameters dialog box, deselect the Isosurface plot, select Surface
instead and change the Surface Expression on the Surface page to temperature
(T). Press OK.

* Dress the Animation button on the plot toolbar. A MATLAB figure window opens,
where the animation is first recorded frame by frame and then played five times. If
you press the animation button again, the movie is played directly without the
recording step.

Plotting the Resistance

# e |v|=

To plot the time evolution of the lumped resistance, you can use the cross-section plot

facilities for nodes. As the total current already has been extracted out to the free-lying
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point, all that is needed is to plot the specified voltage 50 mV divided by this value
for all time steps.

* Open the Cross-Section Plot Parameters dialog box, by choosing Cross-Section Plot
Parameters... from the Post menu. Click Point under Plot type and select all time

steps in the Solution at time list.

<) Cross-Section Plot Parameters i ]

General | Surface | Line | Poirit |

= Paint plot

Poairt expression: |VD:’\ |ﬂ ¥ Smaath

Select paint wia
" Coordinates * Vertices

7 —— 5
7 C—
Z:ID—

000~ 4 L R

Line Settings.

ok | Cancel | Apply |

* On the Point page, choose to plot data for vertices rather than for specified
coordinates by clicking the Vertices radio button under Select point via. Then select
vertex number 1 from the list. Enter VO/I in the Point Expression ficld.

-} Cross-Section Plot Parameters == x|
General I Surface | Line | Point I
7';L°t lype Solution at time: Solution at angle [phase):
Surface
I 1] degrees
" Line
Renderer:
' Point
IZEuffer 4

Smooth Settings... |

—Flot tite and axis settings

Title: ' Auta % ILumped resistance as function of time

-auis label LT I Grid I Logscals
-z label " Aue (+ | Resistance I” Grid [~ Logscale
Z-anis label o Ayt I Grid [ Logscale

¥ Display cross-section in GUI axes Calor. .

aK | Cancel Apply
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Return to the General page and set a title for the plot: Activate the Title edit field by
clicking the radio button just to the left of it. Enter, for example, Lumped
resistance as function of time. Then change the Y-axis label to read
Resistance, and press OK.

x10° Lumped resistance as function of time
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Exporting Data to Text File

The plotted data in the cross sectional plot above can also be exported to a text file.
The data in the text file can then be loaded into other programs, such as Microsoft
Excel. A text file with the plot data is generated by first extracting the values used to
generate the plot above, using the corresponding command line function
postcrossplot at the MATLAB command prompt, followed by issuing the
MATLAB command save -ascii to save the plot data to a text file.

* Start by exporting the FEM structure to the command line by selecting Export FEM
structure as ‘fem’ in the File menu or by pressing the ctrl-f key.

* Extract the plotted data in the cross sectional plot by issuing the following
command at the MATLAB command prompt (for a description of
postcrossplot type help postcrossplot atthe MATLAB command prompt).
[h,data] = postcrossplot(fem,0,1,’Pointdata’,’Vv0o/I’,...

>Solnum’,1:37);

* Create a matrix with the x-data and y-data values from the structure data.
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resistance = [data.XData(:) data.YData(:)];

* Save the data values in the matrix resistance to a text file called
Resistance.txt.

save Resistance.txt resistance -ascii

The data in the text file Resistance. txt can now be loaded into Microsoft Excel
and be used in creating a diagram.
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Controlling Temperature, Exporting to Simulink ®

This model simulates a heated metal block with a thermal controller, and
demonstrates how to set up communication between FEMLAB and Simulink.

It is also possible to simulate this system without Simulink by using a FEMLAB
model with two geometries and non-local coupling variables to implement the
interaction between the equations in the two geometries. The model
thermal_controller_ode follows on page 2-288 in the Model Library, showing
how to set up this alternative formulation.

Note The second part of this model requires Simulink on your system.
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The study of this thermal controller involves two distinct modeling situations:

* Taken as a whole, this dynamic system assumes only a small number of states,
making it a good candidate for modeling and simulation with a package such as
Simulink.

* One of the model’s elements, the controller, contains a subsystem that involves
heat distribution. You can model that phenomenon with a PDE, the well-known
heat equation. It is easy to break this portion of the problem down and describe it
in FEMLAB.

The dynamic system consists of a metal block that exchanges heat with the
environment. A heater and a thermostat switch are situated inside the glass-enclosed
system, which works in a simple manner: The thermostat turns the heater on or off
when the temperature becomes too low or high.

Metal Block

Thermostat Temperature

Exterior
Temperature

The finite-element model of the metal block requires two inputs:

* The state of the heater, which can be On (1) or Off (0).

* The exterior temperature, T,
As its output, the model supplies the temperature at the thermostat’s location.

The PDE describes the overall system’s temperature distribution given the
temperature of the heater and the exterior environment. If the heat transfer is so rapid
such that for all practical purposes the heat distribution is constant (in space, not in
time), a single state is sufficient. One way to simplify the solution is to replace the
PDE with a gain function, thereby reducing the modeling process to computing the
effective heat conductance. Otherwise, you must merge FEMLAB into the Simulink
environment, a task this model illustrates.
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The heat equation is:

oT

pCSt -

ot

0QkOT) = Q.

The boundary conditions come from the level of insulation around the system. On
well-insulated sides the temperature flux is zero, which gives the Neumann boundary
condition n {kOT) = 0. The poorly insulated sides involve the Neumann
condition n (kOT) = kg/ |g Tyut—T), where kg and Ig are the thermal
conductivity and the thickness of the glass sheet that separates the metal block and the

exterior.
Heat source
Glass PS
layer
Thermostat
Insulation

For the purposes of this discussion, assign system objects with some specific

characteristics as noted below. Since we are only interested in the temperature

distribution in the xy-plane, the model is carried out in 2D. For the units to make

sense, you have to think of the domain as having a depth (z-direction) of 1 m.

FEMLAB doesn’t specify any units, which allows you to choose any self-consistent
system. This model, as the rest of the Model library, is based on the SI system. But,
to more appropriately represent the time scale of the problem, the time is counted in

minutes. This means that all involved quantities whose units contain the basic unit of
time must be scaled by a factor 60 compared to their standard SI values. This

conversion is carried out below for the thermal conductivity k and the heat source Q,
before the values are entered into FEMLAB.

Metal block:

e Dimensions 30 x20x 100cm = 0.3 x0.2x1m

« Density p =7.82[10° kg/m3
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Heat capacity C = 449 J/kgK
Thermal conductivity K = 82 W/mlK = 4.92010° J/mhinK

Glass sheet:

Thermal conductivity k,= 0.9 W/mlK = 54 J/mmin[K

Thickness Ig =1mm=103m

Heater:

e Dimensions 4 x4 x100cm = 0.04x0.04 x1 m

Heat source Q = 2kW / Viearer = 2€3 / (1[0.04%) W/m? = 7.5007 J/m3min

MODELING THE TIME-DEPENDENT TEMPERATURE DISTRIBUTION

Before exporting the model description to Simulink, you should run a
time-dependent simulation in FEMLAB.

Model Library FEMLAB/Multidisciplinary/thermal_controller

Model Navigator

On the New page, double-click on Physics modes, then double-click on the Heat
transfer tree control to expand it. Select the Time-dependent tree control and press
OK to close the Model Navigator. Sccond order Lagrange elements are used by
default.

Draw Mode

First modify the scales of the user-interface coordinate axes to fit the size of the
metal block (0.3 x 0.2 m). Choose Axes/Grid Settings from the Options menu. On
the Axis page, enter 0.1, 0.4, —0.05, and 0.25 as X min, X max, Y min, and Y max,
respectively.

On the Grid page, deselect the Auto check box and insert 0.08 and 0.12 as extra
ticks for the x- and y-axis. Enter 0.05 for both x-spacing and y-spacing. Press OK to
close the dialog box.

DPress the Draw Rectangle button to create the object that represents the metal plate.
Position the pointer at (0,0), press the left mouse button, move the pointer to

(0.3,0.2) and release the button. A rectangle denoted R1 appears. (By
double-clicking on the rectangle you can check its coordinates.)
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Next model the heater as a small rectangle within Rectangle R1:

e Dress the Draw Rectangle button.
* Draw a rectangle with corners at (0.08,0.08) and (0.12,0.12). An object
designated R2 appears.

You now need two points in the geometry model to measure temperature in the
metal plate.

* Press the Draw Point button.
* Click at (0.05,0.1) to draw the first point.

* Press the Draw Point button again and draw another point at (0.2,0.1).
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Options and Settings
Before specifying the PDE and boundary parameters, define the constants
HeatState and Tout as below.

NAME EXPRESSION
HeatState 1
Tout 20

* Open the Add/Edit Constants dialog box on the Options menu. Enter the name
HeatState and the value 1, then press the Set button. Do the same for the
constant Tout using the value 20. Press the OK button. Note that at this time
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you’re specifying arbitrary values for the constants; they assume new values when
you run the model in Simulink.

<) Add/Edit Constants o ] |
Mame: Expression: Walue: ok |

HeatState 1

Name of constant: I Tout

_ Cercel |
_teb |
d [ o) Lok |
_ Movelp |
| Heve o |

Expression: I 20 Iave Do

¥ Use az input variable for Simulink/state-space export

Boundary Mode
Enter the following boundary conditions:

BOUNDARY I 23,8

Type Convection Insulation/
symmetry

q 54/1e-3*Tout

h 54/1e-3

* Open the Boundary Settings dialog box by selecting Boundary Settings... from the
Boundary menu.
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* For the insulated sides (boundaries 2, 3 and 8) use the Insulation/symmetry

boundary condition.

* For the poorly insulated side (boundary 1) specify an Inward heat flux of 54/
1e-3*Tout and a Heat transfer coefficient of 54/1e-3.

-} Boundary Settings/ht

Equation: n-[k¥T] = q+h'[Tiﬂ’-T]+EDnSl'[Tgmb'T 4]

~=1alx|

rBoundary coefficients ¥ Unlock.

rDomain selection
Quantity Value

T

= inf
==

Const
Name: | 1

™ Select by group
I Enable borders

T

i n-(k-gradT)=0

T

o oT=0

ID— Irussard heat

g h |54f1e-3— Heat transfer coefficient
ITUuli Extemal temperature
IU— Problem-dependent constant
il IU— Ambient temperature

I o Temperature

Description

Insulationd symmetry

Zero temperature

¥ Ontop Ok

| Cancel Apply

* Press OK to close the dialog box.

Subdomain Mode
Enter PDE coefficients according to the table:

SUBDOMAIN I 2

P 7.82e3 7.82e3

C 449 449

k 4.92e3 4.92e3

Q 0 7.5e7*HeatState

* Open the Subdomain Settings dialog box by selecting Subdomain Settings... from

the Subdomain menu.

* Assume the metal plate is iron. For both subdomains enter the values p= 7.82e3,

C = 449,and k = 4.92e3, corresponding to the Density, Heat capacity and Coeff.

of heat conduction, respectively.
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* The Heat source Q equals 0 for the metal block (Subdomain 1) and
7.5e7*HeatState for the heater (Subdomain 2).

¢ Click the Init tab and enter the initial value 20 for T(t() for both subdomains. Press
OK to close the dialog box.

<} Subdomain Settings/ht ;Iglﬁl

Equation p.CT' - TKTT) =0+ hy o oo TG e T THLT = temperature

Coefficients | it | Element |
rDamain selection ————— Initial value ¥ Urlock
Yarable ¥alue Description

Tit 0 1 I 20 Iitial value

|
Hame: l—

™ Select by group
¥ Active in this domain

¥ Ontop aK Cancel Apply
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Mesh Mode

* Open the Mesh Parameters dialog box by selecting Parameters... from the Mesh
menu.

* Sect the Max. edge size, general to 0.05 and press OK.

=iElx]

General mesh p

Max edae size. general: 0.05

Mesh grawth rate: |13—
Mesh curvature factor: |U37
Symmetry boundaries:

¥ Jiggle mesh

—tesh smoothing parameters

Oplimization method: mean ‘I

Mumber of jiggle iterations:

Refinement method: regular 'I
tore > |

Remesh | 0K | Caneel |

* Press the Initialize Mesh button. The mesh parameter settings generate a mesh
coarser than the default.
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Solving
* Sclect Show Vertex Labels on the Options menu. In the GUT it’s clear that the two
points where you expect to detect the temperature have the numbers 3 and 8.

* Open the Solver Parameters dialog box by selecting Parameters... on the Solve

menu.

* To run a simulation from 0 to 20 minutes, go to the Timestepping page and set
0:1:20 for the Output times.

<) Solver Parameters =1 x|
General | Adapion | Morliear | Timestepping | Eigenwatue | herative | Mutigid | Muliphysics

Output times: 0:1:20

rODEADAE solver
Timestepping algarithrn: lm
Relative tolerance: 0.m
Absolute tolerance: lDUm—
Advanced...

Tl ass matrix
’7(" Lumped & Full ‘
I Manual control of reassembly
™ Hass constant = Mass independent of u
I Load constant I™ | Jacobian constant
™ Constrairt constant I~ ConstraintJ acobian constart
Salve | ok | Cancel | Apply |

* Press the Solve Problem button to start the simulation. (Time to solve: 8 s)
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A plot of the surface temperature at Time = 20 appears as in this figure:
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You can also run an animation by pressing the Animation button.

SIMULINK EXPORT AND TEMPERATURE CONTROL

As mentioned before, it’s possible to model the temperature control system without
using Simulink and an implementation of this follows from “Controlling
Temperature using Non-local Coupling Variables” on page 2-288, along with a short
discussion of some of the advantages and disadvantages of each approach. In this case
it’s preferable to use Simulink because of the nature of the control mechanism, but
the alternative is included as an illustration.

The result of exporting a model from FEMLAB to Simulink is a structure in the
MATLAB main workspace. To use the model in Simulink, simply drag the FEMLAB
Subsystem block to your Simulink model as described below.

The following variables affect the temperature of the metal block:

* the exterior temperature, Tout

e the state of the heater, HeatState, which can assume the values 1 or 0,
corresponding to On or Off, respectively.

The output from the FEMLAB model is the temperature in the block where the
thermostat is located:

 thermostat temperature, Temp
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You'll need this variable to control the heater.

Open the Export Simulink Model dialog box from the File menu.

Specify the Structure name blocksct. This structure contains the FEMLAB data.

Check the Use state-space model check box to linearize the model. Because the
FEMLAB model is linear, the linearization doesn’t change the solution’s accuracy.
Using the state-space version of the FEMLAB model prevents MATLAB from
calling the FEMLAB kernel from within Simulink, saving computation time.

To verify that you’re working with the correct input variables, check that the
variable names HeatState and Tout appear below the Add/Edit Constants button.

Press the Add button, then set the output to be the first component of the solution
at node 3 by entering 3 in the edit field for Node no.

Set the Output variable name to Temp.

* Dress OK to export the model.

<) Enport Simulink Model o ] |
Structure name: blacksct LI
Time: for evaluation: ] Cancel

Add/Edit Constants | &l

2 input variables: HeatState, Tout
— Mods reduction
¥ Irelude static modes v Use state-space model

Muraber of eigenmodss: [ Use static solver

— Output wariabl

0
Output wariable number: 1 - Add Delete
Output variable name: Temp

Output wariable definition:

& Solution Node no |3_ Companent: m
€ Erpression Node no I'l_ Expression; l—
€ Function Function marme: l—

™ Lingar functional Functional: struct'equ’stuct(,1]]

Fl

* Start Simulink by typing simulink in the MATLAB Command Window.
Immediately draw a model as shown below. You can find the FEMLAB Subsystem
block under FEMLAB in the Simulink library. Refer to the Simulink manual for
more information about creating models. Alternatively, you can load a prewritten
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model from the FEMLAB Model Library into Simulink: .. ./models/FEMLAB/

Multidisciplinary/thermal_controller_mdl.mdl.

ﬁthermal_l:ontruller_mdl _|EI 5[
Eile Edit View Simulation Format Tools  Help

DSES| 2R |2 hEs®|

Heat State
Temp 3
Thermastat Relay Tout
setting
FEMLAB Subsystem Scope

Exterior
Temp

g, Exterior
Temp

Variation of
Exterior Temp

Ready |100% |ode15s

4

* To set up the input and output ports of the FEMLAB Subsystem block, double-click

on that block and set the structure name to blocksct. Press OK to close the dialog

box.

Block Parameters: FEMLAB Subsysten |
i~ FEMLAB Subsystem [mask)
Models a FEMLAE subsystem.

The FEM Simulink Stucture can be created with FEMSIM or with the
"Expart to Simulink..." option in the FEMLAB Graphical User Interface.

o
F

FEM Simulink. Structure
Iblo:kscl

Ok I Cancel | Help | Ay |

* Specify the values of the constant blocks for Thermostat Setting and Average

Exterior Temperature as in the previous figure.

* In the Relay block, enter the value 1 as the Switch on point and -1 as the Switch off
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point.

Block Parameters: Relay |

—Rel
Rela

Output the specified 'on’ or 'off* walue by comparing the input ta the:
specified thiesholds. The on/off state of the relay is not affected by input
between the upper and lower limits,

o

IS witch on point:
[1
Switch off point:
|1
Output when on:
1
Output when off:

E

Ok I Cancel | Help | Ay |

In the Sine Wave block, set the Amplitude to 10 and the Frequency to 2*pi/120,
which corresponds to a period of 120 minutes.

Block Parameters: ¥ariation of Exterior Temp E|
 Sine wa

Output a sine wave where the sine type determines the computational
techhique uzed. The parameters in the bwo types are related through:

Samples per period = 2*pi / [Frequency * Sample time]
Mumber of offset zamples = Phase * Samples per period £ [2°pi]

Use the sample-based sine type if numerical problems due to running far
large times [e.g. overflow in absolute time) ocour.

Sine type: {3

Amplitude:
|10

Bias:
B

Frequency [rad/zec)
|2‘piﬂ 20

Phase [rad):
E

Sample time:
E

¥ Interpret vector parameters as 1-D

Ok I Cancel | Help | Apply I

Open the Simulation Parameters dialog box by making a selection from the
Simulation menu. Set the Stop time to 240 minutes and the Solver to odel5s. The
stability of discrete heat equations is known to put severe constraints on the time
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step of explicit methods. Thus you should select the odel5s solver (implicit) rather

than the explicit integrators.

-} Simulation Parameters: thermal_controlle; o ] |
Salver | Workspace I.r‘Ell D\agnustlcsl Advancedl

Simulatior time:

Start tirne: I oo Stap time: I 240

Solver options

Type: [Variable-step ™| [odel5s [stit/NDF) =l

Min step size: | auto Absolute tolerance: | auto
Initial step size: | auto M aximum order: ]

Output options
Riefine output 'I Refine tactor: | 1

Max step size: | auta Relative tolerance: | 1e-3
=

oK | Eancell Help | Apply |

* Now solve the system by selecting Start from the Simulation menu.
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* To view the temperature at node 3, double-click on the Scope block. The result
from the simulation appears in the figure below.

lemor o &

* Finally switch node 3 for node 8 in the Export Simulink Model dialog box, and press
0K once more. Then restart the simulation in Simulink.

lox|

Note a few interesting details in the solutions. For instance, the distance between the
thermostat and the exterior has an effect on the delay between the peaks of the two
curves. Node 8 is further away from the exterior compared to node 3, and the delay
is obviously larger in the second plot than in the first.

Note also the qualitative differences between the two simulations. This extra
information comes as a bonus for solving a detailed heat-flow problem that takes into

USER’S GUIDE AND INTRODUCTION



account geometry and heat-diffusion properties. Of course, you pay a price in terms
of computing speed compared to other modeling approaches such as the one used in
the demonstration model thermo in Simulink.
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This section describes geometry modeling within FEMLAB and explains the
concepts of solid modeling and boundary modeling. The examples demonstrate how
to use the graphical interface and the FEMLAB functions in programming.

In FEMLAB you can use solid modeling or boundary modeling to create geometry
objects.

During solid modeling, you form a geometry as a combination of solid objects using
Boolean operations. These geometry-modeling operations 0 including union,
intersection and difference[] have been popular since the early days of computer
aided design (CAD) because they resemble traditional manufacturing methods such
as welding, milling, drilling, and cutting. The use of Boolean operations together
with the boundary-modeling method presented here continue to represent the most
widespread modeling paradigms in CAD. In FEMLAB, objects you form as a
combination of solid objects using Boolean operations are known as composite solid
objects.

Boundary modeling is the process of defining a solid in terms of its boundaries.

It is also possible to overlay additional non-solid objects on top of solid objects to
control the distribution of the mesh and to improve postprocessing capabilities. For
example, a curve3 object can be added to a geometry to be able to control the mesh
clement size along a 3D curve.

Additionally, you can import geometry objects from, or export to, the MATLAB
main workspace. A 2D geometry can also be imported from or exported to a DXF
file, and a 3D geometry can be imported from an IGES file. See “Importing CAD
Models” on page 1-209 for a description of how to use these CAD file formats.

If your geometry data is available in image format or as magnetic resonance imaging
(MRI) data, you can convert this into FEMLAB geometry objects, using the
programming modeling tools described in the section “Image and MRI Import” on
page 1-220.

You can create 2D and 3D spline curves and surface interpolation of measured data
from the MATLAB prompt and insert the resulting geometry objects into the GUIL
For a description of this, see “Spline Interpolation for Creating Geometry Objects”
on page 1-225 and “Surface Interpolation” on page 1-228.
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FEMLAB provides the tools for creating 1D, 2D, or 3D geometry objects. This
chapter starts with a discussion of 2D modeling because it forms the basis of 3D
geometry modeling. For details on the other geometry dimensions, please refer to the
sections “Creating a 3D Geometry Model” on page 1-186 or “Creating a 1D
Geometry Model” on page 1-207.

Creating a 2D Geometry Model

Using the draw toolbar, you can easily create many different types of geometry

objects.
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The graphical interface automatically assigns each geometry object a unique name. It
supplies defaults in a predefined sequence: for circles, C1, C2, C3, and so on; for
rectangles, R1, R2, and R3; for ellipses, E1, E2, and E3. Although squares are just a
special type of rectangle, the interface gives them a dedicated name of the type SQ1,
SQ2, or SQ3. Composite objects take on designations such as CO1, CO2, and CO3,
and Bézier curves become B1, B2, and B3.

The names appear on the objects. In draw mode, the act of double-clicking on an
object opens a dialog box in which you can edit the name and other geometry
properties. You can change the default name to any unique name as long as it contains
no spaces.
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SOLID OBJECTS

A solid object consists of a boundary part and an interior part. Sometimes a solid
object has internal borders that separate internal subdomains. A solid object always
consists of one or more subdomains that can serve, for instance, to specify material
properties in different regions of a solid. Additional points and borders can control
the distribution of the mesh inside a solid object, which can be useful for
postprocessing purposes.

A solid’s boundary, including borders, consists of a number of edge segments. A solid
is completely defined in terms of its boundary (and optionally its internal borders)
and is thus said to have a boundary representation. For example, a primitive solid
rectangle or solid square has a boundary that consists of four line segments and one
subdomain. A primitive solid circle or solid ellipse has a boundary that consists of
four circular or elliptical arcs and a single subdomain.

SOLID MODELING USING THE GUI

This section demonstrates the use of Boolean operations ( union, intersection and
difference) on solid objects. These operations are suited for rapid generation of
complex geometries. The examples show how to create composite solids starting

from primitive solids.
Start by selecting Geometry only from the Model Navigator tree.

Creating Holes

Let us first learn how to drill a hole through a solid rectangle. Start by creating the
solid rectangle. If not already selected, select snap by double-clicking on SNAP on the
Status bar. Go to the top of the draw toolbar and press the button that corresponds
to a corner-aligned rectangle, or select Rectangle/Square from the Draw menu. Using
the left mouse button, click and drag from (-1,-1) to (1,1) to describe the rectangle’s
corners. Depending on settings in the graphical interface, you might need to adjust
axis and grid settings to reach these coordinates.

To create the circular hole, press the draw toolbar button for centered ellipse. Click
and drag, this time using the right mouse button (the left button lets you create
ellipses instead of just circles). Start the center at (0,0) and release the button at a
position that results in a solid circle with a radius of 0.5. Depending on the settings
you might find it helpful to add an extra grid line, in this case at X = 0.5. You can
undo the last drawn solid by pressing the Delete or Backspace keys or by selecting
Undo from the Edit menu.
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The act of drilling a hole through the solid rectangle actually involves the creation of
a composite solid object. First select both objects presently in the graphical interface
(go to Select All on the Edit menu, or use the shortcut Ctrl-a). Now simply press the
Difference draw toolbar button and the hole appears. This button subtracts objects

with smaller areas from the object with the largest area.

You can also try an alternative approach. Before drilling the hole, select Create
Composite Object... from the Draw menu (or press the corresponding button on the
draw toolbar) and this dialog box opens up:

<} Create Composite Object

=101 x|

[ s I

— Object b Shartcut |
JECE WP ortcLl oK
' Salids Union |
Cancel |
7 Curves Intersection |
Apply |
 Paints Select Al |
Fesvert |
— Object selection ¥ Ontop
Set formula:

|F|1+E1

¥ Keep internal borders

To select both objects, choose Select all. Edit the Set formula by changing the + sign
toa - sign. Doing so results in the set formula R1 - C1, here meaning that the interface
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subtracts the solid circle from the solid rectangle. Press OK to apply the set formula
and close the dialog box. You can see the result of this operation in the figure below.
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Trimming Solids

Suppose it is necessary to remove the corners on the solid you just created. To do so,
create a second solid rectangle with the same size as the previously created rectangle,
rotate it 45 degrees, and then form the intersection of the two objects.

In more detail, create a new solid rectangle with corners at (-1,1) and (1,1). Press the

= Rotate button on the draw toolbar to open the Rotate dialog box. Enter 45 degrees
%y of rotation, press OK to apply that value and close the dialog box. To cut the corners
= off, first select all objects with, for example, Ctrl-a. Press the Intersection button on
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the draw toolbar to form the intersection of the first and the second solid objects. The

figure below shows the result of these operations.
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Adding Domains

What if you want to add a domain to a solid? Use the union operation. Continuing

with the solid with the trimmed corners, let us assume you want to attach an elliptical

domain on its right side.

First open the Axes/Grid Settings dialog box from the Options menu. On the Grid page,

deselect automatic grid spacing by unchecking the Auto check box. Then add extra
ticks in the y-direction by entering -0.25 0.25 in the Extra Y ticks edit field. In

addition, add a grid spacing of 0.5 in the x-direction and 0.2 in the y-direction. Press

OK to apply these values and close the dialog box.
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Now draw an ellipse centered at (1,0) with semi-axes of length 0.5 and 0.25 in the x-
and y-directions, respectively. Use the draw toolbar button for a centered ellipse.
Finally select all the objects and press the draw toolbar icon for union.
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USING THE PROGRAMMING LANGUAGE

Now let us learn how to run these same Boolean operations on solid objects from
MATLAB.

The following examples illustrate how to create composite solids starting with
primitive solids, repeating what you just did with the graphical interface. Some
readers might want to skip over this section during a first reading of this manual
because you generally perform geometry modeling with the graphical interface.
However, the programming language can prove useful for creating geometry objects
such as when sequences of commands compute exact coordinates for objects. You can
import the resulting geometry objects into the graphical interface for further
manipulations.

Creating Holes
To learn how to drill a hole, first create a solid rectangle with corners at (-1,-1) and
(L,D):

s1 = rect2(-1,1,-1,1);

geomplot(s1)
axis equal
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In the first line, the function rect2 creates a solid rectangular object s1. The function
geomplot plots the rectangle, which in this case is a square. The command axis
equal is necessary for proper visualization of the rectangle as a square.

Now create a circular hole with a radius of 0.5 and center it at (0,0).
s2 = ¢irc2(0,0,0.5);
The function circ2 creates a circular object 82. Use it to effectively drill a hole in the
first object (the square) by forming the difference
s3 = s1-82;
or by entering
s3 = geomcomp({s1,s2},’ns’,{’s1’,’s2’},’sf’,’s1-52’);
Finally, visualize the result

geomplot(s3)

axis equal
When entering s3 = s1-s2 you take advantage of MATLAB’s object-orientated
capabilities by means of object arithmetic. In this case, both s1 and s2 are solid
objects, and the operation you run is equivalent to calling the function geomcomp
with the parameters shown. The intersection operator “*” and the union operator
“+” work in a similar fashion. The function geomcomp analyzes the specified
geometric objects and returns the analyzed geometric object. The analyzed object is
of the same class as the input objects.

Trimming Solids
To remove the corners from the solid rectangle, create a second solid rectangle of the
same size, rotate it 45 degrees, and then take the intersection of the two. Notice that

this sequence effectively cuts material from the outside of the rotated solid rectangle.

First rotate s1 about (0,0)

s2 = rotate(s1,45*(pi/180),0,0);
then form the intersection

S = 83*s2;
and visualize the result

geomplot(s)
axis equal
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The reason for (pi/180)in the argument for rotate is that the function expects
you to express the angle of rotation in radians rather than degrees.

Adding Domains
To add a domain to a solid, use the union operator (+). Take the object you’re
creating, still named solid s, and attach an elliptical domain on its right side.

First create a solid ellipse centered at (0,0) and with semi-axes (0.5, 0.25):
e = ellip2(0,0,0.5,0.25,45%pi/180);

The final argument, 45*pi/180, expresses the angle of rotation in radians with
respect to the semi-axes and the coordinate axes. Now rotate the solid ellipse by -45
degrees to get an ellipse with semi-axes parallel to the coordinate axes. We include
this step merely to illustrate how to rotate objects using FEMLAB functions:

e = rotate(e,-45*pi/180);
Move the center of the ellipse from (0,0) to (1,0):
e = move(e,1,0);

The second and third parameters in the function call correspond to the x- and
y-displacements. Finally, use the union operation to add the solid ellipse to the solid s

s = s+e;
and visualize the result
geomplot(s)

EDITING SOLIDS IN THE GUI

You can move objects by clicking and dragging them using the left mouse button. To
edit the intrinsic geometrical properties of a geometry object, choose Object
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Properties from the Draw menu or double-click on the object using the left mouse
button.

<} Object Properties

Object type:  Fectangle oK

rObject dimensions

= mir; I -1
Apply |

F max: 1
I Fesvert |
' min: I -1
' max: I 1
Fiotation [degrees): I 1]

M ame: IFH Base: IEomer j

dil

Cancel

The contents of the Object Properties dialog box vary depending on which type of
object you have selected for editing. For primitive solid objects, you can modify
object-specific information such as center and semi-axes for ellipse primitives and
corner positions for rectangle primitives. For composite solids, the entries allow
editing of boundary curves and the removal of borders. For details see “Object
Properties...” on page 4-55. You can also edit the name of both primitive solids and
composite solids.

An alternative way for modifying control vertices is a drag-and-drop technique. Click
on one of the control vertices of a solid’s boundary using the left mouse button, hold
the button down and drag the vertex to a new position, then release the button. Any
change that alters a solid’s topology, such as one that creates new intersections or
wraps a solid’s domain, results in a warning message.

SUBDOMAINS AND THE SPLIT OPERATION

When you work with the union operator, the internal borders will partition the
resulting solid into subdomains. These subdomains can, for example, specify
different material properties. If you do not want FEMLAB to create these borders,
deselect the check box Keep internal borders in the Create Composite Object dialog
box.

It is possible to split a solid consisting of multiple subdomains into a collection of
minimal solids that each consists of only one domain. To do so in the graphical
interface, press the Split button on the draw toolbar. Using programming for the
same task, the line of code
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ss = split(s);

divides the solid s into multiple solid objects, all of which are now contained in the
cell array ss.

CURVE OBJECTS

When drawing a line, arc, or any other curve, you are creating a curve object. Primitive
curve objects in FEMLAB include lines, arcs (or 2nd degree Bézier curves), and 3rd
degree Bézier curves. A composite curve object consists of a collection of primitive
curve objects, and to form one, select Create Composite Object... from the Draw menu.
Before doing so, hold down the Ctrl key to select the constituent objects and click on

the curves using the left mouse button; alternatively, enclose them with a rubber
band box.

BOUNDARY MODELING

When using boundary modeling, you explicitly define a composite solid object’s
boundary by drawing each curve segment of it. The example below shows how to
create a composite solid by means of boundary modeling. The solid consists of two
line segments and four arc segments.

USING THE GRAPHICAL USER INTERFACE

If you haven’t already done so, select grid snapping by double-clicking SNAP on the
Status bar. Open the Axes/Grid Settings dialog box from the Options menu. On the Grid
page, deselect the Auto check box and enter a grid spacing of 0.5 for both the x- and
y-directions. Press OK to apply these selections and close the dialog box.

Choose Arc from the Draw menu or press the Draw Arc button on the draw toolbar.
Create the boundary by clicking at (-0.5,-0.5), (-1,-0.5), (-1,0), (-1,0.5) and
(-0.5,0.5) using the left mouse button. This action generates two arcs. Now choose
Line from the Draw menu or press the Draw Line button on the draw toolbar. Click at
(0.5,0.5) to create a horizontal line segment. Choose Arc again and click at (1,0.5),
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(1,0), (1,-0.5) and (0.5,-0.5). Finally, clicking on the right mouse button creates a

solid object.
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You can force the transformation of a solid object into a curve object by choosing
Coerce Object(s) To > Curve from the Draw menu or by pressing the Coerce to Curve
button on the draw toolbar. This action coerces the boundary into one composite
curve object. To split a composite curve object into its constituent primitive objects,
select Split Object from the Draw menu or press the Split button on the draw toolbar.
™ [Coerce fo Soid You can also coerce a curve object to a solid object by using the Coerce Object(s) To >
Solid functionality, either by using the corresponding Draw menu item or draw

B |

toolbar button.

USING THE PROGRAMMING LANGUAGE
Let us now create the solid from the previous example using boundary modeling
from the MATLAB prompt. First create the six boundary curve objects:

w = 1/sqrt(2)
W [Coerce to Curve] cl1 = curve2([
c2 = curve2([
c3 = curve2([
(1
(1
([

i0.5 -1 -1],[-0.5 -0.5 0],[1 w 1]);
-1 -1 -0.5],[0 0.5 0.5],[1 w 1]);
0.5 0.5]1,[0.5 0.5]);

]

c4 = curve2
c5 = curve2
c6 = curve2

0.5 1 1],[0.5 0.5 0],[1 w 1]);
11 0.5],[0 -0.5 -0.5],[1 w 1]);
0.5 -0.5],[-0.5 -0.5]);

The objects ¢1,¢2,¢3,c4,c5, and ¢6 are all curve2 objects. The vector [1 w 1]
specifies the weights for a rational Bézier curve that is equivalent to a quarter-circle
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arc. The graphical interface automatically adjusts weights so that it always creates
elliptical or circular arcs. For more information on available geometry objects see the
Reference Manual.

Create a solid object s of the object type solid2
s = geomcoerce(’solid’,{c1,c2,c3,c4,c5,c6});

and visualize the result
geomplot(s)

You can create a single-curve object by converting a so1id2 object to a curve2 object
C = curve2(s);

You can accomplish the same thing with a call to geomcomp

¢ = geomcomp({c1,c2,c3,c4,c5,c6});

ARCS

The solid you created in the previous example has rounded corners consisting of
circular arcs. When drawing arcs, whether you create circular or elliptical curve
segments depends on the control polygon. FEMLAB draws a civcular avc only if the
control polygon is isosceles. In other words, to ensure an arc is circular, keep the
distance between the first and second control vertices equal to the distance between
the second and third control vertices.

The underlying representation of arcs is a 2nd degree Bézier curve with weights that
depend on the shape of the control polygon. When using the graphical interface,
FEMLAB automatically adapts the weights to the shape of the control polygon in
order to create elliptical or circular curve segments. For more information on the
underlying representation of curves, see the Reference Manual.

RATIONAL BEZIER CURVES

This section gives an elementary introduction to some of the more important
properties of rational Bézier curves. It also describes how to use the graphical
interface or the programming language to generate them.

Why Rational Bézier Curves?

When you work in draw mode and create a geometry object with a curved boundary,
FEMLAB represents that object in terms of rational Bézier curves. This
representational scheme has become a standard in the CAD community because of
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its intuitive behavior and representational power. Rational Bézier curves of degree 2
can represent all different types of conic sections including circles, ellipses, parabolas,
and hyperbolas. FEMLAB includes 3rd degree rational Bézier curves to assist in the
creation of additional free-form shapes such as curves with inflection points
(S-shaped curves) and advanced fillets.

Control Vertices and Weights

A rational Bézier curve of degree n is completely defined in terms of a control
polygon consisting of n+1 control vertices and n+1 associated control weights. The
curve always interpolates the two end points of the control polygon. A change in the
control polygon’s shape, such as by moving a control vertex, produces a
corresponding change in the curve’s appearance. Its shape, in a sense, always mimics
that of the control polygon. The higher curve degree, n, the more complicated are
the shapes you can create due to the increased number of control vertices. If you
increase the weight associated with one of the control polygon points, that action
pulls the curve toward the corresponding control vertex.

This simple and intuitive interaction between the control polygon, with its weights,
and the curve makes the rational Bézier curve representation so useful. Below you can
examine some simple examples of how alterations in control vertices and weights
affect curve shape.

Using the Graphical User Interface
Start by examining an S-shaped 3rd degree rational Bézier curve. To produce this
shape, position the control vertices at b= (-1,0), b; = (-0.5,1), b, = (0.5,-1), and b
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=(1,0) in a zigzag pattern. FEMLAB starts with the control weights W, W;, w5, and
wjall set to 1.
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To create the curve shown above, first open the graphical interface. If you haven’t
already done so, select grid snapping by double-clicking on SNAP on the Status bar.
Deselect the solidifying mode by double-clicking on SOLID on the Status bar. Press
the Draw Cubic Bézier Curve button on the draw toolbar, or select 3rd Degree Bézier
Curve from the Draw menu. Using the left mouse button, click in order at (-1,0),
(-0.5,1), (0.5,-1) and (1,0). You can also click and hold down the left mouse button
at the starting point, move to the next point and release the button, repeating this
process for each point. This drag-and-drop technique gives you visual feedback and
shows the control polygon’s edges while creating the curve.

Deselect the 3rd degree curve mode by clicking on the right mouse button or by
pressing the toolbar for cubic Bézier curves a second time. Doing so coerces the curve
into an editable curve object. Next move b to (-0.5,0.4) by clicking on the second
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control vertex at (-0.5,1), holding down the left mouse button and releasing it at the

new location. The curve adapts to the altered shape of the control polygon:
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Increasing weight w, (the third weight) from 1 to another value, for example 7, pulls

the curve towards the corresponding control vertex b ,:
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You can perform this action in the graphical interface by opening the Object

Properties dialog box from the Draw menu or by double-clicking on the curve object.
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Choose the Weights page, select Curve 1 and alter Weight 3 from 1 to 7. Finish by
pressing the OK button. Be especially aware that weights mathematically denoted w,
W, W,, and w; correspond to Weights 1, 2, 3, and 4 in the graphical interface.

Using the Programming Language
To achieve the same result as above, use this code:

¢ = curve2([-1 -0.5 0.5 1],[0 1 -1 0],[1 1 1 1]);
geomplot(c,’ctrlmode’,’on’)

In the first line the constructor creates a curve2 object named ¢, which corresponds
to the S-shaped curve. In the next line the method geomplot plots this object. You
can find a detailed discussion of various geometry methods and the geometry class
structure in the Reference Manual.

When you move the control vertex b; to (-0.5,0.4), the curve adapts to the altered
shape of the control polygon.

Change the position of the second control vertex by entering
¢ = change(c,2,-0.5,0.4);

or equivalently
c = curve2([-1 -0.5 0.5 1],[0 0.4 -1 0]);

and plot the changed curve
geomplot(c,’ctrlmode’,’on’)

Note that you can omit the weights when calling curve2; FEMLAB sets all weights
to 1 in this case.

If you now increase weight w, from 1 to 7, that change pulls the curve towards the
corresponding control vertex b .

Enter the following code to change the weights:
¢ = change(c,1,[1 1 7 1]);

geomplot(c,’ctrlmode’,’on’)

Creating a 3D Geometry Model

The computer’s two-dimensional screen limits the possibilities of defining a 3D
geometry object by means of clicking and dragging the mouse. The standard way of
creating 3D geometries is to model a cross section in 2D and then use operations
such as extrude or revolve to extend it into a 3D geometry object. You can implement
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even more complex geometries by using Boolean operations as described below. In
FEMLAB, you model 2D cross sections in local 2D coordinate systems called work
planes that you position anywhere in space.

Clearly 2D modeling is an essential part of the 3D modeling process. If you are not
familiar with 2D modeling, you may want to review the previous section, “Creating
a 2D Geometry Model” on page 1-171 before proceeding with this chapter.

FEMLAB also supplies a set of 3D primitives you can create easily without first
activating a work plane. These include &locks, cones, cylinders, ellipsoids, and spheres

and appear at the top of the draw toolbar.
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When you create a geometry object, the graphical interface automatically assigns it a
unique name. Default names for cylinders start with CYL1, moving on to CYL2,
CYL3, and so on; it uses BLK1, BLK2, BLLK3, and so on for blocks; while CON1,
CON?2, and CON3 are used for cones. A geometry object you create from a work
plane with an extrusion operation takes on names such as EXT1, EXT2, or EXT3.
Similarly, a revolve operation results in names such as REV1, REV2, or REV3.

CREATING WORK PLANES

A work plane is a 2D plane positioned anywhere in 3D space. To completely define
such a plane you need three points and a normal direction. In FEMLAB you can
specify a work plane’s orientation by specifying these properties either explicitly, by
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specifying its coordinates, or by using existing 3D geometry objects as reference
points.

To create a work plane, open the Add/Edit/Delete Work Plane... dialog box from the
draw menu. Note that if you have any objects selected at this time, all others
temporarily disappear. In the dialog box you can choose among five ways to specify
a work plane. You can add new work planes, edit or delete existing work planes, and
rename them.

On the General page you select a method: Quick positioning, Face positioning, Edge
positioning, Vertex positioning or Specify position. Use quick positioning to obtain a
work plane equal to the xy-, yz-, or zw-plane. When creating a work plane using face
positioning, edge positioning, or vertex positioning, you select existing 3D objects
as reference points. Another possibility to define a work plane is to specify three
points in 3D space. In this case, the normal direction depends on the order of the
specified points. For more information on the different methods to create a work
plane, see the section “3D Draw Menu” on page 4-59 in the Reference Manual.

Pressing the Disp Coord toggle button displays a small axis in the 3D view that
indicates a work space’s origin and its normal vector direction. Pressing OK for this
dialog allows you to then enter the currently selected work plane and start working
in that local 2D coordinate system.

it/Delete Work Plane o ] 5
General | Quick | Face Parallel | Edge Angle | Wertices |
Drefine by Specify position QK |
+ Quick positioning % y z : I
ance |
" Face positioning st I 1] I 1] I 1]
itioni Add
" Edge positioning nd I 1 I il I il
" Vertex positioning
B 3 [0 [ E _ Dekte_|
(" Specify position
Dizp Coord
Zoom Ext |
Change/Rename work planes: I Wwork, plane 1 j

When you enter a work plane, a 2D draw toolbar replaces the 3D draw toolbar. It
contains the same buttons as the standard 2D toolbar but adds three more at the
bottom that define which portion of the 3D geometry to project onto the plane. This
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method helps you capture the orientation of a work plane in 3D space. Here you can
choose to see a projection of the entire 3D geometry, see parts of the geometry that
intersect the current plane, or see nothing of the 3D geometry. FEMLAB considers
this geometry projection as a background plot to which you can snap the cursor when

drawing 2D objects.
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Drawing in a work plane is essentially the same as 2D geometry modeling. Here you
create a cross-section geometry using standard 2D solid modeling or boundary
modeling techniques. It is possible to embed, extrude, or rotate objects to form a 3D

geometry object.

EXTRUDE, REVOLVE, AND EMBED OPERATIONS

The Extrude item in the Draw menu opens a dialog box in which you select objects to
extrude. You also specify the length of the extruded object in the direction
perpendicular to the plane and other optional parameters. See “Extrude...” on page
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4-69 for a detailed description of this dialog box. The figure below shows the result
of an extrusion.

The Revolve menu item rotates the selected 2D geometry objects between two angles
and about an axis that you specify in the Revolve dialog box. See “Revolve...” on page
4-70 for a details. Below, a result of a revolution is shown.

You can also embed 2D geometry objects in 3D space, yet still in their existing form,
by choosing the Embed menu item.

SOLID OBJECTS

As is the case with 2D solid objects, a 3D solid object consists of a boundary part and
an interior part. The boundary, including any borders, consists of a number of face
segments. You can completely define a solid in terms of its boundary and optionally
its internal borders, and thus we say it has a boundary representation. For example, a
primitive solid block object or solid cube object has a boundary that consists of six
rectangular face segments and one subdomain. A primitive solid cylinder has a
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Block

boundary that consists of two circular faces (top and bottom), four bent rectangular
faces building the lateral area, and a single subdomain.

SOLID MODELING AND BOOLEAN OPERATIONS

This section demonstrates the use of work planes and the Boolean operations (union,
intersection and difference) on solid objects in the graphical interface. The Boolean
operations are suited for rapid generation of complex geometries.

The following examples show how to use the graphical interface to create composite
solids from those you previously created using work planes.

Start by selecting the 3D radio button in the Dimension frame. Then select Geometry
only from the Model Navigator tree.

Using the Graphical User Interface

The first operation shows how to drill holes through a block primitive. Start by
pressing the Block toolbar button, or select Block from the 3D Primitives submenu in
the upper part of the Draw menu. This action opens a dialog box in which you specify
the primitive’s dimensions and position.

i

r Style Base
' Solid % Corner
" Face " Center
r Length

M ame: IBLK'I
More > |

()3 | Cancel |

In the Style frame you can choose to create a face object or a solid object. The Base
frame defines where to put the origin of the block’s internal coordinate system.
Pressing the More button reveals additional parameters that specify the block’s
position in 3D space. For this exercise, enter the length of the block’s sides as 1, 2,
and 0.2 according to the figure above and press OK.
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Open the Add/Edit/Delete Work Plane dialog box from the Draw menu. On the Quick
page select the Quick positioning radio button. Select the x-y radio button to create a
work plane in the xy-plane. To view its position and normal direction, simply press

the Disp Coord button. You can change the work plane’s name by clicking on its title
at the bottom of the dialog box. Press OK and you automatically enter the work plane.

Now that you have entered that local 2D coordinate environment, press the Project
Work Plane Intersection toolbar button at the bottom of the draw toolbar if it’s not

already selected. Doing so shows a blue wireframe plot of the 3D geometry. The three
bottom toolbar buttons together with the Geometry Object Suppression dialog box on
the Draw menu control how much of the 3D geometry is displayed in the work plane.
See “Suppressing Geometry Objects” on page 1-106 for more information on how

to suppress geometry objects.

Using the background image for orientation, you can easily find the middle of the
block. Open the Axes/Grid Settings dialog from the Options menu. On the Grid tab,
uncheck the Auto check box and enter 0.25 in the X-spacing, and Y-spacing edit fields.
Press 0K

To create the circular hole, press the toolbar button for centered ellipse. Click the
right mouse button and drag the cursor starting at the circle’s center at (0.5,1) and
releasing the mouse button when you’ve created a solid circle with a radius of 0.25.
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Now open the Extrude dialog box from the Draw menu to turn the circle into a 3D
cylinder.
i

Select objects to extrude:

_3 Distance: |D2—
Scale u |1—
Scale v |1—
Dizplacement x: ID—
Dizplacement y: ID—

LI Extr. obj. name: |E><T1—

()3 | Cancel |

Select C1 in the object list box and enter the distance 0.2 in the Distance edit field.
Press OK. You can extrude an object in numerous ways. This includes scaling the
geometry in the x- or y-direction to create conic geometries and skew the geometry
by setting an x- or y-displacement. You can also make piece-wise linear and cubic
extrusions by entering matrices in these edit fields. See the reference entry on
extrude on page 5-93 in the Function Reference for details.

To create a chamfer, that is, a flattened corner, select the block by clicking it, and open
the Add/Edit/Delete Work Plane dialog box. Press the Add button to create a new work
plane, which FEMLAB names Work plane 2. On the Face Parallel page, check the Face
positioning radio button and select face 3. Enter an offset of 1 in the Offset from face
edit field. Choose Upward normal in the Work plane z-axis direction frame. Press the
Disp Coord button to view the work plane’s position and normal direction. Press OK,
which puts you automatically into the new work plane.

Select the Project All 3D Geometries button in the draw toolbar, and click the Zoom
Extents button in the main toolbar to view the entire projection of the 3D geometry.
Open the Axis and Grid Settings dialog box from the Options menu. On the Grid tab,
clear the Auto check box and enter 0.05 in both the X-spacing and Y-spacing edit fields.
Press OK.

Make sure that SNAP and SOLID are selected in the Status bar. Create a solid triangle by
selecting the Draw Line button and clicking at (0.15,0.75), (0.2,0.75), and (0.2, 0.8)
using the left mouse button. Right-click anywhere in the axes to create the solid

triangular object.
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Now rotate this triangular object by selecting Revolve... from the Draw menu. In the
resulting Revolve dialog box, choose the axis about which you want to rotate the
object, and enter the angles between which it should rotate.

i
Select objects to revolve: — Revaolve axi
Faint an awis:

o I 0
LI 0 I 05
Fievaolved object name:

Aziz direction through:
I REW1 ) .
' Second point " Angle from work plane #-axis

Revolve between angles . _
ol and 2. Al I 1 i I 0 [deqress]
ol I 0 [degrees) | TT: I 05
ol I 360 [degrees]
0K | Cancel |

Select the composite triangle object CO1. Specify a point on the axis of rotation by
entering 0 and 0.5 in the X0 and YO fields, respectively. Specify the axis direction by
selecting the Second point radio button and entering 1 and 0.5 in the X1 and Y1 fields,
respectively. Use the default angles to revolve between 0 and 360 degrees, and press
the OK button. The resulting revolved 3D object is selected in the 3D view.
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Now let us drill the hole through the solid block by creating a composite solid object.
First choose Select All from the Edit menu or use the shortcut Ctrl-a. Press the draw
toolbar button for difference, which creates the hole. The difference toolbar button
subtracts objects with small volumes from the one with the largest volume.

To get a better view of the 3D geometry use the Headlight button and the Orbit button

on the orbit/pan/zoom toolbar. Turn the axis on or off by double-clicking on AXIS in
the Status bar.
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To round off the edges, re-enter the first work plane by selecting Work plane 1 from
the Draw menu. Next, select the old circle object, C1, and press the Delete key or
choose Clear from the Edit menu. Draw a rectangle from (0,0) to (1,2), covering the
entire projection of the 3D geometry. Double-click MULTI on the Status bar to be able
to draw multiple objects without the need to reselect the draw tool. Choose Draw
Ellipse from the drawing toolbar, and then draw four circles with radii of 0.125, using
the right mouse button, aligned to the corners of the rectangular geometry as shown
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below. Then select all objects by pressing Ctrl-a, and press the Difference toolbar
button in the draw toolbar.
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Use the Split Object toolbar button to split the composite solid object into five
objects. To remove the largest middle object, click on it with the mouse and press
delete, or choose Clear from the Edit menu. Now extrude the remaining objects a
distance of 0.2.
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In the 3D view, select all objects once again and press the Difference toolbar button

to get the final geometry object.
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Using the Programming Language

This section demonstrates the use of Boolean operations (union, intersection, and

difference) on solid objects in the programming language.

The following examples show how to use the FEMLAB functions to create
composite solids starting from primitive solids, repeating the work you just
completed within the graphical interface. Some users might opt to postpone a
reading of this section because you generally perform geometry modeling from the
graphical interface. However, using the programming language for creating
geometry objects can be useful, for instance, when you need a sequence of commands
to compute exact coordinates of geometry objects or, as in this case, to access
advanced functionality not yet implemented in the graphical interface. It is then easy
to import geometry objects you create on the MATLAB prompt into the graphical

interface for further manipulation.

To create a geometry similar to the one in the previous example, first create a solid

rectangle with corners at (0,0) and (1,2).
r = rect2(0,1,0,2);
Then use the fillet utility to take off its edges.

rf = fillet(r,’radii’,0.125);
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Create a circle object with radius 0.25, and form a triangle using three curve objects.

¢l = circ2(0.5,1,0.25);

t1 = curve2([0.15 0.2],[0.75 0.75]);
t2 = curve2([0.2 0.2],[0.75 0.8]);
t3 = curve2([0.2 0.15],[0.8 0.75]);

Create a solid triangle by a call to geomcoerce.
t = geomcoerce(’solid’,{t1,t2,t3});

The function geomcoerce analyzes the specified geometric objects and coerces the
resulting geometric object into the specified class.

Extrude the rectangle along the z-axis from 0 to 0.2, and extrude circle ¢1 from 0 to
0.2.

blk = extrude(rf,0.2);

hole = extrude(c1,0.2);
Create the chamfer by revolving the triangle object, t, 360 degrees about the center
of the hole. To do so, first define a work plane going through the center of the hole,
then define an axis of rotation.

wrkpln = [[0;1;0],[0;1;1],[1;1;0]11;

ax = [[0;0.5],[1;0]];

chamf = revolve(t,’angles’,[0,2*pi],...

’revaxis’,ax,’wrkpln’,wrkpln);

chamf = solid3(chamf);
Use the resulting 3D objects to create the composite solid object by subtracting the
chamfer and hole from the filleted block using the Boolean operations “+” and “->

plate = blk-(chamf+hole);

Plot the final geometry using the geomplot method. The last line adds light to the
plot.

geomplot(plate)
axis equal
camlight

EDITING SOLIDS IN THE GUI

It is not possible to move 3D objects by clicking and dragging them using the mouse
as when working with 2D objects. Instead, you edit a geometry object’s intrinsic
properties by choosing Object Properties from the Draw menu or by double-clicking
on it using the right mouse button. Note that you must use the right button when
double-clicking due to the ambiguity of selection in 3D, but this choice implies that
the selected object is locked. See “Object Selection Methods in 3D” on page 1-95 for
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information about selection in 3D. The only objects that FEMLAB allows you to edit
are primitive objects; you cannot edit any object created using a Boolean operation

or a work plane in this way.

Choosing Object Properties opens a primitive’s dialog box, which is the same as the
one that appears when you first created it. Further, you can open it only when exactly
one primitive is selected. The contents of the dialog box differ depending on which
type of primitive you’re working on. You can edit object-specific information such as
its name, dimensions and orientation in 3D space. To rename a non-primitive object,
use the Create Composite Object dialog box.

You can move, scale, or rotate a 3D object with the Move, Scale, and Rotate toolbar
buttons or by selecting Linear Transformation on the Draw menu. In the Rotate dialog
box, you specify an angle of rotation plus the axis of rotation. You define the axis of
rotation with a point on the axis plus a direction vector specified in cither Cartesian
or spherical coordinates.

<} Rotate o ] 5

r Rotation angle————— — Point on rotation axis

o ID [degrees) b ID

r— Riotation axis direction vector

' Cartesian coordinates " Spherical coordinates
b I 0 & I 0 [deqrees]
Y I 0 i I 0 [deqrees]

S

()3 | Cancel

SUBDOMAINS AND THE SPLIT OPERATION

The union operator partitions the resulting solid into subdomains defined by the
internal borders. These subdomains can, for example, specify different material
properties. If you do not want to create borders, deselect the check box Keep internal
borders in the Create Composite Object dialog box.

It is possible to split a solid with multiple subdomains into a collection of minimal
solids that each consists of only one domain. To do so in the graphical interface, press
the $plit button on the draw toolbar. The same process from the MATLAB prompt is

ss = split(s);
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which splits a solid object s into a number of solid objects contained in the cell array
ss.

FACE OBJECTS

When embedding a 2D solid, or extruding or revolving a curve object, you create a
3D face object. A composite face object consists of a collection of face objects. You can
create it by selecting Create Composite Object... from the Draw menu or by coercing a
3D solid into a face object by pressing the Coerce to Face toolbar button.

BOUNDARY MODELING

When using boundary modeling, you explicitly define a composite solid object’s
boundary by drawing each of its face segments. When modeling 3D geometries there
are actually two possible levels of boundary modeling because you can create 3D
boundaries using 2D solid modeling or 2D boundary modeling.

The following example shows how to create a composite solid tetrahedron with
boundary modeling.

Using the Graphical User Interface

Open the Model Navigator, select the 3D radio button, choose Geometry Only and
press OK. Enter the default work plane, Work plane 1, from the lower part of the Draw
menu. By default this work plane is the xy-plane.

Using boundary modeling, create a solid triangle with equal sides. For this task, open
the Axis and Grid Settings dialog box from the Options menu, uncheck Auto on the Grid
page, set the x- and y-spacing to 0.5, and add an extra y-grid line at sqrt(3) /2.
Check that SOLID and SNAP are enabled on the Status bar.
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Select Draw Line from the toolbar, then click with the left mouse button at (0,0), (1,0)
and (0.5,(./3)/2). Click anywhere in the axes using the right mouse button to

complete the triangle and solidify it.
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Open the Embed dialog box from the Draw menu and select the triangle before

pressing OK.

To create the next face, open the Add/Edit/Delete Work Plane dialog box and select the
Edge Angle page. Check the Edge positioning radio button and select the first edge in
the list box. Select the face in the list box to the right, then enter the expression

asin(sqrt(2)*2/3)*180/pi inthe editfield for the angle between the face and the
work plane. Change the z-axis direction to Downward normal and press the Disp Coord
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button to see the new definition of Work plane 1 before pressing OK and entering the

plane.
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Once you are in that local coordinate system, embed the triangle once again without

making any changes.

1-202 | USER’S GUIDE AND INTRODUCTION



CRElENE

A Highlight *ertices

=lox
File Edt Options Draw FPoiot Edge Boundary Subdomain Mesh Solve Post Mukiphysics Window Help
D[S & |sa] k] Ala|2=|2w] 22|8[#|[7 &klalx|c|@]a] 2
a ’!”E :
B|[E 2|
Slm 2]
clee
[<) i‘i 08
+ a2 o7
06
£
=} 05
@® %E
04
a2z
% I3 E 03
vz
] =
=
Pz 01
ez] |
)|
-01
12
1
14
08 12
z 08 1
T8 ot
02
0 02
Added 3D geomstry cbjects: 'ENBI' =
Enbeded_geomstry ohjects: 'CO1'
idded 3D geonetzy chjects: 'ENE2' &

[o00 [xis” [AiD [EQUAL | [ [

I [&sv

Select both faces by pressing Ctrl-a or clicking the faces while holding the Shift key

down. Turn on vertex highlighting by pressing the corresponding toolbar button in
the select toolbar (if not already selected), and open the Add/Edit/Delete Work Plane

dialog again. Now use Vertex positioning, and in the list box to the left select vertices
1 and 3 from triangle EMB1 and vertex 2 from triangle EMB2. Press the Add button
to move the selected vertices to the right list box. Choose upward normal direction

and confirm the orientation of the work plane using the Disp Coord button.
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Coerce to Solid

Press OK and embed the triangle again from the work plane. At this point you’ve
created three of the four faces. To create the last one, make sure to select all existing
faces before opening the Add/Edit/Delete Work Plane dialog box one more time.
Remove the vertices from the right list box on the Vertices page by selecting them and
pressing the Remove button. Select vertex 3 from triangle EMB1, vertex 1 from triangle
EMB2, and vertex 2 from triangle EMB3, and then add them to the list box on the
right-hand side. Press the Disp Coord button to verify that the work plane is correctly
oriented before pressing OK. By embedding the triangle a last time, you create the
final face object.

To create a 3D solid object from these face objects, select all the faces by pressing
Ctrl-a or by choosing Select All from the Edit menu. Press the Coerce to Solid button
in the draw toolbar. FEMLAB automatically names the final solid object CO1.

Enbeded geonstry objects: 'COL
Added 3D geomstry cbjects: 'ENB4
Coerced selected obiect(s) to solid
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Using the Programming Language
This section demonstrates how to create the solid from the previous example using
boundary modeling and FEMLAB functions. First create the three boundary curve
objects, forming the triangle using the method curve2.

c1 = curve2([0 0.5],[0 sqrt(3)/2]);

c2 curve2([0.5 1],[sqrt(3)/2 0]);
c3 = curve2([1 01,[0 01);

For more information on the various geometry objects available, see the Reference
Manual.
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Create a solid triangle object s of the object type solid2.
s = geomcoerce(’solid’,{c1,c2,c3});

In FEMLAB, you can perform extrude, revolve or embed operations, using the
low-level methods extrude, revolve, and embed directly on 2D objects. Let us look
at this in detail.

Begin by defining three constants; they contain the height for the base triangle in the

xy-plane, the top of the tetrahedron, and the center of the base triangle, respectively:

height= [0.5;sqrt(3)/2;0];

top = [0.5;sqrt(1/12);sqrt(2/3)];

center = top.*[1;1;0];
Create the 3D face objects by embedding the solid triangle, s, using the embed
function. The second argument to this utility is a 3-by-3 matrix containing three
points that define a work plane. The first point is the origin of the work plane. The
second and the third point define the work plane x- and y-axis, respectively.

f1 = embed
f2 = embed
3 = embed
f4 = embed

s,[00;0;0],[1;0;0],[0;1;011);
s,[[0;0;0],[1;0;0],top]);
s, [height, [0;0;0],top]);
s,[[1;0;0],height,top]);

—_— e~ —~ —~

Finally, create the solid 3D object of type sol1id3 from the face3 objects by

t = geomcoerce(’solid’,{f1,f2,f3,f4});
geomplot(t)

The last line plots the tetrahedron in a figure window.

RATIONAL BEZIER PATCHES

This section gives an overview of rational Bézier patches, as used in 3D geometry
modeling in FEMLAB.

Why Rational Bézier Surfaces?

The reason for using rational Bézier surfaces in 3D is the same as that for using
rational Bézier curves in 2D —it is the current industry standard. When you work in
the 3D draw mode and create a geometry object with a curved boundary, FEMLAB
represents that object in terms of rational Bézier surfaces. Two types of Bézier surfaces
are supported: rectangular and triangular surfaces. A rectangular Bézier surface is
assigned a mixed degree (12, #), which represents the degree of the surface in terms
of two parameters, often nameds and ¢. A triangular Bézier surface is assigned a single
degree, m, just as a Bézier curve.
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FEMLAB supports rectangular surfaces of mixed degree at most (3,3) and triangular
surfaces of degree 1 to represent planar surfaces. Rectangular rational Bézier surfaces,
of mixed degree up to (2,2) can represent all the common CAD-surfaces including
bilinear patches, cylinders, cones, spheres, ellipsoids, and tori. FEMLAB also
includes (3,3)-degree rational Bézier curves to assist in the creation of additional
free-form surfaces. Rational Bézier surfaces are closely connected to so called
NURBS-surfaces (non-uniform rational basis spline surfaces) in that a
NURBS-surface can always be decomposed into a net of rational Bézier surfaces. You
can envision this as considering rational Bézier surfaces as the atomic constituents of
a NURBS-surface.

Control Vertices and Weights

A rectangular rational Bézier surface of degree (m,n) is completely defined in terms
of a control net consisting of (mM+1)X (n+1) control vertices, each assigned an
associated positive control weight. The surface always interpolates the four corner
points of the control net. A change in the control net’s shape, such as by moving a
control vertex, produces a corresponding change in the surface’s appearance. Its
shape, in a sense, always mimics that of the control net. The higher the surface degree
the more complicated are the shapes you can create due to the increased number of
control vertices. If you increase the weight associated with one of the control vertex
points, that action pulls the curve toward the corresponding control vertex.

This simple and intuitive interaction between the control net, with its weights, and
the surface makes the rational Bézier surface representation so useful. By using the
face3 command, you can examine how alterations in control vertices and weights
affect surface shape. You can import free-form face objects into the GUI and
incorporate them with your solid models.

3D Geometry Objects

The 3D geometry objects in FEMLAB are formed by a set of trimmed and
untrimmed rational Bézier surfaces. A cylinder, for instance, consists of four
untrimmed rectangular degree (2,1) patches and two trimmed triangular planar
patches. The planar patches are trimmed, so only a circular portion of each planar
patch is actually used. When using geometry modeling operations, the Bézier patches
are trimmed by the intersection curves between surfaces. By trimming surfaces, patch
boundaries can take virtually any shape. The connected trimmed and untrimmed
patches of a 3D geometry object are called faces. It is possible for a patch to be divided
into any number of faces curved areas bounded by trimming (intersection) curves.
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For more information on rational Bézier patches, see “Rational Bézier Patches” on

page 3-13 in the Reference Manual.

Creating o 1D Geometry Model

USING THE GRAPHICAL USER INTERFACE

You can also perform geometry modeling in 1D. From the graphical interface, start

by pressing the 1D radio button in the Model Navigator.

<} Model Navigator

Mew | Model Library | User Models | Multiphysics | Preferences |
rDimensziorn

1D LSy 30

Geonetry only ;I
+ Phy=ics nodes
— PDE modes

dt

Lin
Honlinear =tationary
Time dependent
Time dep.. wave extension
Eigenvalue

+ General

Weak modes

g-Vu+au=f

- Cosfficient do%¥ + V- (—cVu — au+7) +

x|

Clas=sical PDEs

Chemical Engineering Hodule Desciiption:

++ +

Coefficient, linear, stationary model.

Mo. of dependent variables: I1
Element: ILagrange - Quadratic 'l More > |

()3 | Cancel |
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In draw mode you open the Specify Geometry dialog box from the Draw menu. Here
you enter names and coordinates for 1D solid objects and points. The dialog box is
similar to the Add/Edit Constants dialog box.

<) specify Geometry x|

Object: Coordinates:
ol [0 1] N oK
o2 [3 8] —I —I
Cancel |
- Apply |
| |

Mame: I 03 [ Enter points Set
Start: I 1 Delete |

Stop: I 3

For detailed examples of 1D geometry modeling in the graphical interface, go to the
Model Library and examine “The KdV Equation and Solitons” on page 2-172 and
“The Burgers Equation” on page 2-165.

USING THE PROGRAMMING LANGUAGE
From the MATLAB prompt, you create 1D geometry model using the constructors
solid1, point1, and the function geomcsg.

The command
s=s01id1([0 1 2])
creates a 1D solid object with two subdomains.
Entering
p=point1(0.5)
creates a 1D point object, and
g=geomcsg({s},{p})
merges the two geometry objects to a 1D analyzed geometry.

See the model “Tubular Reactor” on page 1-378 of this book for an example of 1D
geometry modeling using the programming language.
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Importing CAD Models

You can import both 2D and 3D CAD models into FEMLAB. In 2D, the DXF file
format is used, and in 3D the IGES format is used.

DXF IMPORT

FEMLAB allows you to import 2D CAD drawings via the DXF file format, which is
an industry standard format for CAD drawings. To be able to utilize the automatic
mesh generation, FEMLAB requires a high degree of accuracy within the CAD
drawing. If these requirements are not met, the geometry needs to be updated to
meet FEMLAB’s requirements. This can be done by applying different “geometry
repair” algorithms on the drawing when importing the DXF file into FEMLAB.

Often there is a need for closing small gaps and eliminate short edges in the imported
geometry. If small gaps or exceedingly short edges are present, FEMLAB might fail
in creating either a valid 2D solid or a mesh of acceptable quality. To remove these
short edges and to close small gaps between the end points of curves, the import
property DXF tolerance often need to be adjusted. This tolerance specifies the largest
distance between the end points of curves allowed in the imported geometry. For the
FEMLAB function, dxfread, this property is called tol. In the GUI you define this
property in the DXF file tolerance ficld found in the Insert DXF file dialog box. In order
to close gaps between end point of curves and curves within the specified tolerance,
the dxfread property curvesnap has to be activated. The corresponding GUI
setting can be made in the Advanced DXF File Properties dialog box. See “Insert from
File” on page 4-21 in the Reference Manual for details.

An Example Using the Graphical User Interface

To import the DXF file demo1 . dxf into the GUI, open the Insert DXF file dialog from
the Insert from File submenu found in the File menu. Start by importing the geometry
in demo1.dxf from the femlab directory as a composed curve object using the
default settings.

<)} Insert DXF File

Filename: I cA\FEMLAB 22\ femlabtdemaol. dxf Browse. . |
DiF file tolerance: I 1e-005 ok |
¥ Insert geometry a5 a compozed curve object Cancel |

Advanced... |

Ix

GEOMETRY MODELING

1-209



1-210 |

You can use the Browse... button to find the file. Pressing OK results in the following

plot.

) FEMLAB - Geom 2.: Unitled]
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The actual geometry in demo1 . dxf is found in the DXF layer 0. To import this layer
only (excluding the frame lying in the DXF layer named Layer1) select layer 0 in the
Advanced DXF File Properties dialog. First remove the current geometry by choosing
Undo Import DXF File from the Edit menu. Now, open the Insert DXF File dialog box
again and press the Advanced... button to open the Advanced DXF File Properties
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dialog box. Here, select layer 0 and press OK in both dialog boxes. This results in a

geometry without the bounding box.

<)} Advanced DXF File Properties

Select layers to include:

Layerl

V' Snap points

[™ Snap curves

M aximum number of iterations for snapping:

|5

x|

r Include solid

e Al
" None
7 Selected

Select solids to include (integers];

r Include cur

oAl
" None
7 Selected

Select curves tainclude (integers]:

r Include point:

oAl
" Mane
7 Selected

Select points tojinclude (integers];

0K

Cancel |

Alternatively this can be done by importing both layers but only the curves belonging

to layer 0. In demo1 . dxf the first 22 curves belong to layer 0. This curve selection is

done by checking Selected in the Include curves frame in the Advanced DXF File
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Properties dialog and specifying curves 1:22 in the ficld Select curves to include
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By solidifying the imported geometry it can be seen that parts of the geometry
disappear. This depends on small gaps in the geometry.

These gaps can be closed when importing the DXF file by setting the DXF file
tolerance in the Insert DXF file dialog to 0.001 and checking Snap curves in the
Advanced DXF File Properties dialog. If you clear the previously imported geometry
(for example by choosing Undo Import DXF File) and import the file once again with
these new settings, you can press the Coerce to Solid button in the draw toolbar to get
a solidified geometry. By pressing the Split Object button, you can split the object
into its subdomains. Now, pressing the Difference button in the draw toolbar
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removes the smaller geometries from the largest one. The result is the following
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IGES IMPORT

3D CAD geometric models can be imported to FEMLAB via the IGES format
(Initial Graphics Exchange Specification). The IGES format is a neutral standard
format for exchanging geometric models between different CAD systems. Geometric
models saved in the IGES format do not always pass flawlessly between different
CAD systems. This is unavoidable since the IGES format uses the lowest common
denominator approach to describe a geometric model which means that information
is lost. Furthermore, the IGES format allows a certain geometric model to have
different representations, and some representations are less compatible with the
receiving system than others.

In FEMLAB you get a printed report of the encountered problems during the
translation. This error summary is printed to the message log when you run the GUI
and to the MATLAB prompt when you run the FEMLAB function igesread. Often
there is a need for adjusting the geometry tolerance parameter used when translating
the geometric entities in the IGES file. This tolerance specifies the smallest distance
between coordinates that is considered as discernible. For the FEMILAB function,
this property is called agtol. In the GUI this property is defined in the IGES file
tolerance ficld found in the Insert IGES file dialog box.
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The surfaces that define the boundary of a solid in an IGES file are represented by
untrimmed surfaces and their corresponding trimming curves. If FEMLAB
encounters problems trying to trim some surface, the message ‘Unable to trim
surface? is printed. Then you are advised to try to import the IGES file without
applying the surface trimming or to adjust the geometry tolerance parameter. The
property that determines if the surfaces in an IGES file are trimmed is called
surftrim for the FEMLAB function, and in the Insert IGES file dialog box it is
defined in the Surface trimming check box.

If you just want to have a quick view of the geometry in the IGES file you should
import the surfaces in the IGES file without composing and coercing them into a
solid. Working from the GUI this is done by unchecking the check box Insert
geometry as a composed object in the Insert IGES file dialog box, and from the
MATLAB prompt by setting the property coercion to of f. You can also compose
your imported surfaces into one face object without coercing it into a solid by
checking the Insert geometry as a composed object check box and then choosing face
in the popup menu. On the MATLAB prompt this is done by setting the coercion
property to face.

For more information on the Insert IGES file dialog box, see “Insert from File” on
page 4-21 in the Reference Manual for details.

Using the Graphical User Interface

We will now study two examples of IGES file import working from the GUI. To
import the IGES file demo1. igs into the GUI, open the Insert IGES file dialog box
from the Insert from File submenu found in the File menu. Start by importing the
geometric model in demo1 . igs from the femlab directory using the default settings.

5|
Filemame: I C:\matlabR 124FEMLAB 224 femlabhdem: Browse...

IGES file tolerance: I 01

¥ Inseit geometry as a composed object solid 'I

v Surtace timming

-

v Frit report Ok

[~ Print IGES fils information Cancel
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You can use the Browse... button to find the file. Click OK to get the following plot.
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By studying the error summary in the message log, it can be seen that FEMLAB
encountered some problems while importing this IGES file. These problems can be
avoided by adjusting the IGES file tolerance in the Insert IGES file dialog box. First,
remove the current geometry by selecting Undo Import IGES File from the Edit menu.
Now, open the Insert IGES file dialog box again and set the IGES file tolerance ficld to
0.0001. By checking the Print IGES file information check box you get information on
the geometry tolerance and the entities defining the geometric model in the IGES file

printed to the message log.

zl
I chmatlabr] 2WFEMLAR 224 emlabtdemo™ Browse. .

IGES file tolerance: I 0.0001

Filename:

¥ Insert geometry as a composed abjzct solid 'I

[V Suface timming

¥ Print report OK

ik

[ Prirt IGES fil information Cancel
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By dlicking OK, the file is imported smoothly using the new settings.
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As mentioned earlier, a single geometric model can have many IGES format

representations. Several different combinations of IGES entities can be used to

represent a geometric model in the IGES format, and each combination is more or

less compatible with the receiving system. You can try to import another IGES file

storing the same geometric model, by using another combination of IGES entities to

represent the geometry. Remove the previously imported geometry and import the
IGES file demo2. igs, found in the femlab directory as well, with the Print IGES file

information check box checked.

7} Insert IGES File

Filename: I chmatlabR 1 24FE MLAR 22V femlabhdeme Browse. .

IGES file tolerance: I Te-007

¥ Insert geometry as a composed abjzct solid 'I

[V Suface timming
¥ Print report OK

[ Prirt IGES fil information Cancel

ik

x|
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By studying the entity summary in the message log, you can see that the file

demo2.igs does not use the same set of IGES entities.
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In the error summary, it can be seen that the translator encountered problems when

trying to trim some surfaces in the file demo2. igs. The surface trimming can be

turned off, when importing an IGES file, by unchecking the Surface trimming check

box. Remove the previously imported geometry, and try to import demo2. igs with

the surface trimming turned off.

51
Filename: I chmatlabR 1 24FE MLAR 22V femlabhdeme Browse. .

IGES file tolerance: I Te-007

¥ Insert geometry as a composed abjzct solid 'I

[~ Suiface timming

¥ Print report OK

[ Prirt IGES fil information Cancel
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By not trimming the surfaces in the IGES file, the translator succeeded in creating a

valid solid. There is a need for removing some subdomains, however, to obtain the
desired solid object.

Split the solid object into its constituents by pressing the Split Object toolbar button.
Press the Create Composite Object button on the draw toolbar to open the Create
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Composite Object dialog box where the solids to be deleted can be selected. Select the

solids 04, 06, 07, 08, 09, and OI 1.
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Click Cancel to close the dialog box and select Clear from the Edit menu (or press the
Ctrl-r key) to remove the selected solids. Select all objects by selecting Select All from
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the Edit menu (or by pressing the Ctrl-a key) and press the Union toolbar button to
create the final solid object.
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Image and MRI Import

Magnetic resonance imaging (MRI) is an imaging technique used primarily in
medical settings to produce high quality images of the inside of the human body. The
more general name for the analytical technique is NMR (Nuclear Magnetic
Resonance spectroscopy). MRI data is typically represented as a sequence of 2D
images.

MRI import consists of two steps. First the images need to be imported, and the
corresponding geometry objects in FEMLAB generated. After that, 3D geometry
objects can be created using a lofting technique.

IMPORT OF IMAGES

Images of the formats JPEG, TIFF, GIF, BMP, PNG, HDEF, PCX, XWD, ICO, and
CUR can be converted into 2D or 3D geometry objects, working from the MATLAB
prompt. To read graphic file format images use the MATLAB function imread. This
function converts images on graphic file format to a matrix format in the MATLAB
work space. Other useful functions are imwrite, for saving images, image, and
imagesc, for displaying images on matrix format, and imfinfo, for obtaining
information about graphics file format images. See the MATLAB documentation for

USER’S GUIDE AND INTRODUCTION



more information on the MATLAB functions available for image analysis. Note that
the Image Processing Toolbox contains additional functionality for advanced image
processing.

In FEMLAB, a 2D curve object can be created from an image using the function
flim2curve, and a 3D solid object from a sequence of images using the functions
flim2curve and loft. For more information, see below in this section and the
Function Reference entries flim2curve and loft.

A 2D curve describing the contour curves of an image is created by calling
flim2curve with appropriate property values. The function flim2curve utilizes
the MATLAB function imcontour for detecting contours in images. The following
example shows an image on matrix format, generated from MATLAB’s sample
function peaks, that is converted to a 2D curve object.

p = (peaks+7)*5;

figure

image(p)

vV = axis;
flim2curve(p,{[]1,[5:5:751});
geomcsg({rect2(5,45,0,50)},{c})
so0lid2(g);

c
9
S

Visualize the geometry object with the following commands.

figure
geomplot(s,’pointmode’,’off’,’sublabels’,’on’);
axis(v)
axis 1ij

e
i @

45r

5
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You can continue working on this model either from the MATLAB prompt or from
the GUI. To insert this geometry model into the GUI, select Insert from Workspace
and then Geometry Object(s)... from the File menu in the FEMLAB GUI. Once you
have done this, you can use the Split and Union buttons for creating the geometry to
be used in the simulation.

If the original image is noisy, the resulting geometry object may contain too many
edge segments to be practical to work with. The function f1im2curve provides basic
functionality for filtering data by supporting the same input argument properties as
flmesh2spline (see the Function Reference entries for these functions). Also,
MATLAB provides functionality for filtering images before converting them to
FEMLAB geometry objects. See the MATLAB documentation on the functions
filter2 and conv2 for more information on how to do this.

For more information on reducing noise in point data, see “Spline Interpolation for
Creating Geometry Objects” on page 1-225.

If the processed image is large, the computation time for the MRI import functions
can be long. To reduce the computation time one can often subsample the image
before processing it. That is, reduce the number of pixels in the image. The most
simple subsampling method is to include every second pixel in the x and y direction,
respectively. More advanced subsampling methods preprocess the image by low-pass
filtering (also referred to as softening or blurring) before reducing the number of
pixels. This often gives a higher quality of the subsampled image due to the fact that
low-pass filtering reduces the amount of high frequency components in the
subsampled image (due to rasterization effects).

MRI IMPORT

When creating a 3D geometry object from a sequence of images, for example, MRI
data, the work flows as follows.

* Load MRI data to MATLAB. The 3D MRI data is typically represented as a
sequence of 2D images.

* Create a set of 2D geometry sections from the images using the flim2curve
command.

* Use the loft command to create an interpolating 3D surface between the 2D
geometry sections.

* Define your FEM problem on the resulting geometry.

The example below shows how to create a FEMLAB 3D solid object from MRI-data.
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Start by loading MRI-data from MATLAB.

load mri

This loads a sequence of images stored in multi-dimensional array called mri. It also
loads a color map named map, for illustrating the images.

Create an index vector indicating which sections to include.

i=1[1612 17 22 27];
Visualize the sections.

figure

for k = 1:6
subplot(2,3,k)
image(D(:,:,1,1i(k)))
title(sprintf(’Image %d’,k))
axis equal,axis off

end

colormap(map)

Image 1 Image 3

Image 6

Before creating curve objects from the images, the threshold and keepfrac data

need to be defined. The threshold value is used for creating a binary image, where all
parts of the image with a lower value than the threshold value is turned white. This
binary image is used for creating contour curve as in the function imcontour. When
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the threshold value is set to 1, the contour curves are created on the boundaries of the
regions of the images that are completely black. The keepfrac property in
flim2curve is used for determining how many points in the contours created from
the images should be used for creating a curve object. This value need to be tuned for
all images so that every created curve object consists of the same number of segments.
This is crucial for creating a 3D geometry model of the cross-section images.

th
kf

[1t11111];
[0.11 0.10 0.112 0.115 0.129 0.165];

Loop over sections and save curve-data in the cell-array c.

for k = 1:6

[c{k},r] = ...

flim2curve(D(:,:,1,i(k)),{th(k),[]1}, KeepFrac’,kf(k));
end

Convert 2D curve objects to 2D solid objects.

for k = 1:6
c{k} = solid2(c{k});
end

Now, each of these solid objects could be used for creating a 2D mesh, and for
solving 2D problems. Alternatively, the objects could be given specific names and
then imported into FEMLAB. For example, create

s1=c{1}

and import the solid object s1 into the GUI using Insert from Workspace, Geometry
Objects from the File menu. You can then continue modeling from the GUI, creating
a mesh, specifying the boundary conditions and material parameters, solving, and
visualizing the results.

Instead, in this example, the 2D solids are seen as 2D cross-sections of a 3D
geometry, as follows.

Create a mapping table that maps edges between sections. (See loft help text or
Function Reference entry.)
el = {18 18 18 19 19 18};

This means that edge 18 of section 1 is mapped on edge 18 of section 2. The rest of
the edge mappings between sections 1 and 2 are then automatically derived from this.
The mappings between sections 2,3; 3,4; 4,5; and 5,6, then are: 18-18,18-19, 19-19
and 19-18, respectively.

Create 3D positioning data for the sections.
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dvr = {repmat(12.5,1,5),repmat(0,2,6),repmat(0,1,6)};
Loft between the sections using cubic lofting (the default lofting method), with the
lofting weights explicitly given.

1g = loft(c,’loftedge’,el,’loftsecpos’,dvr,...
>loftweights’,repmat(0.1,2,5));

This geometry object can now be imported to the GUI.

* In the Model Navigator, sclect the 3D, Geometry Only application mode.

 Sclect Insert from Workspace from the File menu. To import a geometry object,
select Geometry object(s)... and then type the name 1g.

¢ Click the Headlight and Perspective Projection toolbar buttons.

¢ Click the Render Edges and Highlight Edges toolbar buttons, to avoid visualizing the
edges in the geometry.
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You can now continue and use this geometry as part of a simulation: create a mesh,
solve, and post process the solution. Note that to be able to mesh this on a computer
with limited memory resources, you need to select a coarse mesh setting.

Spline Interpolation for Creating Geometry Objects

To create a curve object from a set of data points, the function geomspline can be
used. It creates C* or C? continuous splines for the interpolation between the points.

The use of geomspline is illustrated below by creating a geometry object with
splines created from irregularly distributed points on a circle.
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First create the circle data, sorted by the angle, and remove some of the points.

phi = 0:0.2:2*pi;
phi([1 3 6 7 10 20 21 25 28 32]) = [];
p = [cos(phi);sin(phi)];

Add some noise to the data points.

randn(’state’,17)

p = p+t0.01*randn(size(p));
Different global parametrization techniques can be used in geomspline. The global
parametrization is a parameter that varies from 0 in the first interpolated point to 1
in the last interpolated point. For a closed curve these two points coincide. For details
on the different parametrization techniques, see the reference entry on geomspline
in the Function Reference.

First use a uniform parametrization technique. This is the most straightforward
technique, but it does not always work well on irregularly distributed data.

plot(p(1,:),p(2,:),’ro’)

c = geomspline(p,’splinemethod’,’uniform’,’closed’,’on’)
hold on

geomplot(c,’pointmode’,’off’)

Then interpolate using centripetal parametrization and note the difference.

c = geomspline(p,’splinemethod’,’centripetal’,’closed’,’on’)
hold on

geomplot(c,’pointmode’,’off’,’edgecolor’,’b’)

axis equal

1

0.8

0.6

0.4

0.2
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For creating a solid geometry from this, on which you can set up a FEM problem,

simply enter

S

= so0lid2(c);

To use this geometry for modeling in the GUI select Insert from Workspace, and
Geometry Object(s)... from the File menu in the FEMLAB GUI. This is done when the
Draw Mode is active, cither when setting up a 2D problem or when a work plane has

been defined when setting up a 3D problem. Once this is done you can use the

ordinary geometry operations to continue working on the model.
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Occasionally, point data can be too dense or contain too much noise to be practical

to work with. The functions flcontour2curve and flmesh2spline contain basic

functionality to reduce the number of edge segments in a point set. To understand
the MATLAB contour data format, see the MATLAB functions imcontour,
contour, and contourc.

Note that you can also use geomspline for creating 3D curve objects. Using the data

created in the previous example, define the z coordinates to create the following 3D

curve object.

p
c

[p;linspace(0,3,22)];
= geomspline(p,’splinemethod’,’centripetal’,’closed’,’off’)
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Surface Interpolation

A 3D face object or a 2D solid object can be created from a 3D point set or a 2D point
set respectively using the function geomsurf; see the Function Reference entry
geomsurf for more information.

2D SOLID OBJECTS
A solid object with rectangular subdomains can be created from a rectangular point
set using geomsurf. In the following example a solid object with non-uniformly
distributed subdomains is generated from a non-uniform grid.

[x,y] = meshgrid(0:0.1:1,0:0.2:1);

rand(’state’,1);

x = x+repmat((0.1*rand(1,size(x,2))),size(x,1),1);

rand(’state’,1);
y= y+repmat((0.2*rand(size(y,1),1)),1,size(y,2));
(

s = geomsurf(x,y);
figure
geomplot(s,’pointmode’,’off’)
axis equal
1k
091
08|
0.7
06
05
041
03r
0.2t L

01 02 03 04 05 08 07 08 089 1 1.1

This can be used for defining a domain with a non-uniform distribution of some
material parameter.
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You can import this geometry object into the GUI.

e From the File menu, select Insert from Work Space, Geometry Object(s).

* Type the name of the object, s, in the edit field of the dialog box opened, and press
OK.

3D FACE OBJECTS

By using the function geomsurf, a surface can be created from height data defined
on a grid by bilinear interpolation. The surface created is identical in shape to the
surface created with the MATLAB command surf. The following example illustrates
how to generate a surface from simulated or measured data and how to insert the
generated surface as the top surface of a solid block.

The height data is defined as deviations, with a maximum deviation of 0.03, from a
reference plane situated at z equal to 0.7.

dev_max = 0.03;

ref_level = 0.7;

[x,y] = meshgrid(0:0.1:1,0:0.1:1);
randn(’state’,1);

z = ref_level+dev_max*randn(size(x));

Create a surface from the height data.

f = geomsurf(x,y,z);

Create a solid block whose top surface lies above the generated surface.
b = block3(1,1,ref_level+3*dev_max);
The geometry objects f and b can now be inserted in the GUIL

* Start the FEMLAB GUI. In the Model Navigator, sclect the 3D, Geometry Only
application mode.
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¢ On the File menu, select Insert from Work Space, Geometry Object(s).

¢ In the dialog box edit field, type a space-separated list of object names: b f, and
press OK.

¢ In the GUI, select both objects and click the Coerce to Solid toolbar button. This
will merge the objects, one face object and one solid object, into a single solid
object.

* Now, split the object by pressing the Split Object toolbar button.

¢ Delete the object on the top.

This is the resulting geometry object.
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* You can now create a mesh by pressing the Initialize Mesh button, and add any
application mode to solve a problem on this geometry.
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From the prompt, the same operations can be made as follows.

Intersect the solid block with the generated surface and split the resulting solid
object.

s = geomcoerce(’solid’,{b,f});
ss = split(s);
Mesh the solid object with the interpolated surface as top surface.
m = meshinit(ss{1});
figure
meshplot(m)

axis equal
cameramenu

This will visualize the mesh in a MATLAB figure window.

If the original data set is noisy, the resulting geometry object may contain too many
faces to be practical to work with. MATLAB provides functionality for filtering data
sets before converting them to FEMLAB geometry objects. See the MATLAB
documentation on the functions filter2 and conv2 for more information on how
to do this.
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Insertion of Points in Geometry Models

In some modeling situations it is desirable to insert a series of points into a geometry
model created in FEMLAB. This is typically the case in any of the following two
situations:

* You want to set point constraints or point sources, see “Example: Poisson’s
Equation with a Point Source” on page 3-85.

* You want to retrieve values of the solution for certain coordinates. Inserting
explicit points at the coordinate values is not necessary but is sometimes
convenient. This will ensure that the mesh have node points in the explicitly added
points.

Points are most casily inserted into a FEMLAB geometry model using the
Programming Language. You can also load the coordinate values from a file, see
“Importing Data from Text File” on page 1-294.

The following model illustrates how points can be inserted into a geometry.

* Select 3D, Electrostatics application mode from the Model Navigator.

* Draw a sphere with radius 5 centered at the origin, and a block with side lengths
of (10,10,5) centered at the point (0,0,-2.5).
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* Open the Create Composite Object dialog box, select both objects, type the formula
SPH1-BLK1 in the Set formula ficld and press OK. This results in the hemisphere
object COL.
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» Export the geometry object by selecting Export to Workspace, Geometry as
Objects... from the File menu. Then press OK to use the same name for the object in
the MATLAB workspace as in the FEMLAB GUI.

* Run the following script to create the vertices equally distributed on constant
radius in a spherical coordinate system.

% Radius as parameter

:5;

Create a grid of points using spherical coordinates

on the surface

=11; n = 11;

[theta,phi] = meshgrid(...
linspace(0,pi*(1-1/m),m),
linspace(0,2*pi*(1-1/n),n));

® °

3

o°

Evaluate coordinate values from parameters
= r*sin(theta).*cos(phi);
r*sin(theta).*sin(phi);

r*cos(theta);

N < X
1}

o°

Create cell array of POINT3 objects.
= {};

or k = 1:prod(size(x))

v{k} = point3(x(k),y(k),z(k));

end

-+ <
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% Insert the point object into original object and coerce to solid
CO01 = geomcoerce(’solid’, {CO1 v{:}});

The new object can now be inserted into the FEMLAB GUI. First remove the
original object named CO1. Then select Insert from Workspace from the File menu.
Choose Geometry as Object(s)... and give the name CO1. Press OK.

You can also insert the points directly into the GUI and draw the rest of the
geometry using the graphical CAD tools. To do this you create a composite point
object instead of a solid object by entering the MATLAB command

CO01 = geomcoerce(’point’,v);

To solve a simple problem, select Ground as boundary condition for boundary 1.

Then press the Solve Problem button.
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To study the values of the solution in the vertices you created above, select Export
FEM structure as ‘fem’ from the File menu. Then give the following command at
the MATLAB prompt.

Vi = posteval(fem,’V’,’edim’,0,°dl’,[3 5 7 13 21 35]);

The variable V1 is a cell array of length 1. The values of the vertices can be visually
inspected by selecting Surface plot in the GUI and giving V as the Surface expression
in the Plot Parameters dialog box. Also select Show Vertex Labels from the Options,

Labels menu.
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Parameterization of Curves and Faces

The curves and surfaces of a geometry object may have several different mathematical
representations. In FEMLAB, rational parameterizations are used in the
representation of curves and surfaces. For a detailed description of these
representations, see “Geometry Modeling” on page 3-10 in the Reference Manual.
This means that there is a parameter s1 for curves and two parameters, s1 and s2, for
faces that can be used when setting up a model or in the postprocessing functions
available in FEMLAB. More precisely, this means that for each value of the curve
parameter s1 there is a unique point lying on the curve. For faces, each pair of values
(s1,s2) corresponds to a unique point that lies on the face.

The faces and edges used in the FEMLAB geometry representation are trimmed
surfaces and curves respectively. This means that there is a well-defined boundary in
the parameter domain that determines the valid values of s1 and s2. In 2D, the
possible values of s1 will in almost all cases be the interval [0,1], but in 3D the
parameter domain is more complicated. For surfaces as well as for curves.

The best way of determining the parameterization is to plot the parameter values.
You can do this for a block as described below.

* Start any 3D application mode in the FEMLAB GUI.

* Draw a Block object with the side lengths 2, 4, and 1 respectively.

* To see how the faces and curves are parameterized before setting up the problem,
sclect Get Initial Value from the Post menu. This enables you to use the plotting
tools without solving the problem first.

* Deselect Slice plot and select Line plot instead. At the Line page, set the Line
expression to s1. The different geometric variables that are available for plotting
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are listed in the tables in“Geometric Variables” on page 1-352 and “Geometric
Variables” on page 3-56 in the Reference Manual.
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* To visualize the surface parameters on the faces, select Surface plot and give either
s1 or s2 as Surface expression. Make sure to deselect Smooth before plotting, to
avoid an incorrect smoothing over the edges.
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Sometimes you may need to modify the parameterization of one or several surfaces
or curves. This is often the case when using periodic boundary conditions in 3D.
Periodic boundary conditions means that two boundaries should be regarded as the
same when assembling the problem. This means that they must have identical
parameter representations.
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The best way of accomplishing equal parameterizations is to use the extrude and
revolve functionality when creating the geometry models. These functions are
naturally used together with periodic boundary conditions, since they are both two
forms of connecting several faces that are identical with respect to the
parametrization. In some cases, the geometry cannot be created this way. However,
there are alternative ways for obtaining matching parameterizations.

If you study the parameterization of the upper and lower face, with respect to the
z-axis, in the block object above, you can see that the s2 parameter is increasing along
the y-axis for one of the faces and decreasing for the other. This means that these two
faces cannot be used for setting up periodic boundary conditions. There may also be
other reasons than using periodic boundary conditions for wanting to change the
parameterization. Matching parameterizations can be accomplished as described
below.

* DPush the Draw mode button and select the object BLK1. Press the Coerce to Face
button followed by the Split Object button.

* Delete face object F4.
* Copy face F3 and set the z-displacement to 1, and the other two displacements to
0 when pasting the new object.

* Select all objects and press the Coerce to Solid button. A new solid object with the
desired parameterization has now been created. To see the new parameterization,
select Get Initial Value from the Post menu. Set the surface expression to s1 or s2
to see that the parametrization is the same for the two faces.
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Associative Geometry

Associative geometry is a notion for automatic updating of applied physical
properties, such as boundary conditions and PDE coefficients, under geometric
transformations. This means that if you have defined the physical properties of your
FEM model and return to draw mode to modify the geometric model, the physical
properties are updated according to the geometrical modifications as you leave draw
mode.

The associative geometry functionality is essentially built upon geometrical mapping
information between the domain groups, that is, vertices, edges, boundaries, and
subdomains in 3D, in the analyzed geometric object, and the corresponding domain
groups in the geometric model available in draw mode.

Note however that this geometrical mapping is not without ambiguities. This means
that some decisions have to be made by the associative geometry functionality when
mapping the physical properties between the analyzed geometric object, that is, the
object on which the physical properties are imposed, and the geometric model
available in draw mode. This implies that in some cases, the resulting updated
physical properties might not be as desired.
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