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Preface

The purpose of this book is to introduce hands-on model building and solving with
COMSOL® Multiphysics® software to scientists, engineers, and others interested in
exploring the behavior of different physical device structures on a computer, before
actually going to the workshop or laboratory and trying to build whatever it is.

The models presented in this text are built within the context of the physical world
(applied physics) and are explored in light of first principles analysis techniques. As
with any other method of problem solution, the information contained in the solutions
from these computer simulations is as good as the materials coefficients and the fun-
damental assumptions employed in building the models.

The primary advantage in combining computer simulation and first principles
analysis is that the modeler can try as many different approaches to the solution of the
same problem as needed to get it right (or at least close to right) in the workshop or
laboratory the first time that device components are fabricated.

Bl Acknowledgments

I would like to thank David Pallai of Jones and Bartlett Publishers for his ongoing
encouragement in the completion of this book. I would also like to thank the many
staff members of COMSOL, Inc., for their help and encouragement in completing
this effort.

I would especially like to thank my wife, Beverly E. Pryor, for the many hours
that she spent reading the manuscript and verifying the building instructions for each
of the models. Any errors that remain are mine and mine alone.

Roger W. Pryor, Ph.D.
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Introduction

COMSOL® Multiphysics® software is a powerful finite element (FEM), partial dif-
ferential equation (PDE) solution engine. The basic COMSOL Multiphysics soft-
ware has eight add-on modules that expand the capabilities of the basic software
into the following application areas: AC/DC, Acoustics, Chemical Engineering,
Earth Science, Heat Transfer, MEMS, RF, and Structural Mechanics. The COMSOL
Multiphysics software also has other supporting software, such as the CAD Import
Module and the Material Library.

In this book, scientists, engineers, and others interested in exploring the behavior
of different physical device structures through computer modeling are introduced to
the techniques of hands-on building and solving models through the direct application
of the COMSOL Multiphysics software, the AC/DC Module, the Heat Transfer
Module, and the RF Module. Chapter 9 explores the use of perfectly matched layers
(PML) in the RF Module. The final technical chapter (Chapter 10) explores the use of
the bioheat equation in the Heat Transfer Module.

The models presented here are built within the context of the physical world (applied
physics) and are presented in light of first principles analysis techniques. As with any
other methodology of problem solution, the information derived from the modeling
solutions through use of these computer simulations is only as good as the materials
coefficients and the fundamental assumptions employed in building the models.

The primary advantage derived from combining computer simulation and first prin-
ciples analysis is that the modeler can try as many different approaches to the solution
of the same problem as needed to get it right (or at least close to right) in the workshop
or laboratory before the first device components are fabricated and tested. The modeler
can also use the physical device test results to modify the model parameters and arrive
at a final solution more rapidly than by simply using the cut-and-try methodology.

B Chapter Topics

This book comprises ten technical chapters. Its primary focus is to demonstrate to the
reader the hands-on technique of model building and solving. The COMSOL Concepts
and Techniques are shown in Figure 1. The COMSOL modules employed in the various
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FIGURE2 COMSOL Modules Employed

models in specific chapters are shown in Figure 2, and the physics concepts and tech-
niques employed in the various models in specific chapters are shown in Figure 3.

These grids link the overall presentation of this book to the underlying modeling,
mathematical, and physical concepts. In this book, in contrast to some other books
with which the reader may be familiar, key ancillary information, in most cases, is
contained in the notes.

o= Please be sure to read, carefully consider, and apply, as needed, each note.

B Chapter 1. Modeling Methodology

Chapter 1 begins the introduction to the modeling process by discussing the fundamental
considerations involved: the hardware (computer platform), the coordinate systems
(physics), the implicit assumptions (lower dimensionality considerations), and first prin-
ciples analysis (physics). Three relatively simple 1D models are presented, built, and
solved for comparison: one-pane, two-pane, and three-pane thermal insulation window
structures. Comments are also included on common sources of modeling errors.

B Chapter 2. Materials and Databases

Chapter 2 briefly introduces three sources of materials properties data: the COMSOL
Material Library, MatWeb, and the PKS-MPD.

The COMSOL Material Library is a module that can be added to the basic COM-
SOL Multiphysics software package to expand the basic library that is already includ-
ed. It contains data on approximately 2500 materials, including elements, minerals,
soil, metal alloys, oxides, steels, thermal insulators, semiconductors, and optical mate-
rials. Each material can have up to 27 defined properties. Each of those defined prop-
erties is available as a function of temperature.

MatWeb is an online searchable subscription materials properties data source.
MatWeb has three classes of access: Unregistered (free limited feature access),
Registered Member (free expanded feature access), and Premium Member (fee-based
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access to all features, plus selected data storage and modeling software formatted data
export). MatWeb has 69,000 data sheets for materials, including plastics, metals,
ceramics, semiconductors, fibers, and various other commercially available materials.

PKS-MPD (Pryor Knowledge Systems—Materials Properties Database) is a new
searchable materials properties database with data on more than 4000 materials,
including elements, minerals, soil, metal alloys, oxides, steels, thermal insulators,
semiconductors, optical materials, and biomaterials (tissue). Each material can have
up to 43 defined properties. Each of those defined properties is associated with the
temperature of measurement and the frequency of measurement. The collection of
defined properties for each materials property datum is exportable in a format suitable
for use with the COMSOL Multiphysics software.

B Chapter 3. 1D Modeling

The first half of Chapter 3 models the 1D KdV equation and two variations. The KdV
equation is a powerful tool that is used to model soliton wave propagation in diverse
media (e.g., physical waves in liquids, electromagnetic waves in transparent media).
It is easily and simply modeled with a 1D PDE mode model.

The second half of Chapter 3 models the 1D telegraph equation and two variations.
The telegraph equation is a powerful tool that is used to model wave propagation in
diverse transmission lines. It can be used to thoroughly characterize the propagation
conditions of coaxial lines, twin pair lines, and microstrip lines, among other things.
The telegraph equation is easily and simply modeled with a 1D PDE mode model.

B Chapter 4. 2D Modeling

The first half of Chapter 4 models the 2D electrochemical polishing model. This
model is a powerful tool that can be used to model surface smoothing for diverse proj-
ects (e.g., microscope samples, precision metal parts, medical equipment and tools,
large and small metal drums, thin analytical samples, vacuum chambers).

The second half of Chapter 4 models the 2D Hall effect. The 2D Hall Effect model
is a powerful tool that can be used to model Hall effect magnetic sensors for sensing
fluid flow, rotating and linear motion, proximity, current, pressure, and orientation.

B Chapter 5. 2D Axisymmetric Modeling

The first half of Chapter 5 models three 2D axisymmetric cylinder conduction mod-
els. From a comparison of the three models, it can be readily observed that the pres-
ence of a vacuum cavity significantly reduces the rate of heat flow through the model
and raises the equilibrium temperature at the surface receiving the heat flux.
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The second half of Chapter 5 models three 2D axisymmetric thermos container
models. From a comparison of the three models, it can be readily observed that the
presence of a vacuum cavity significantly reduces the rate of heat flow through the
model and the associated heat loss.

B Chapter 6. 2D Simple Mixed-Mode Modeling

The first half of Chapter 6 models three 2D resistive heating models. These models are
more illustrative of the mixed-mode modeling concept than they are directly amenable
to the comparison of calculated values. They present different examples of the diversity
of applied scientific and engineering model designs that can be explored using electro-
thermal coupling and transient analysis. These models also demonstrate the significant
power of relatively simple physical principles, such as Ohm’s law and Joule’s law.

The second half of Chapter 6 models three 2D axisymmetric inductive heating
models. These models demonstrate the difference in level of complexity between
single-coil and multi-coil models. In the Inductive_Heating_1 model, the concept of
inductively produced heating is introduced. In the Inductive_Heating_2 model, the
concept of inductively produced heating is applied to a practical application (a heated
crucible) so as to present one example of the diverse applied scientific and engineering
model designs that can be explored using electro-thermal coupling and transient
analysis. In the Inductive_Heating_3 model, the crucible is filled with a commonly
used metal for melting.

These models are examples of the good first approximation type of model. In other
words, they demonstrate the significant power of relatively simple physical principles,
such as Ohm’s law and Joule’s law, when applied in the COMSOL Multiphysics mod-
eling environment. They could, of course, be modified by the addition of calculations,
insulating materials, and heat loss through convection, among other changes.

B Chapter 7. 2D Complex Mixed-Mode Modeling

The first third of Chapter 7 introduces two 2D electric impedance sensor models:
basic and advanced. Those models employ high-frequency currents—1 MHz alternat-
ing currents AC—to explore the differential impedance within a body of material in a
noninvasive fashion. Such currents are applied to the material of the modeled body to
locate volumes that differ in impedance from the impedance of the bulk material by
monitoring the local impedance.

The basic version models the location of a fixed-volume impedance difference.
The advanced version models the location of a fluctuating difference volume, as might
be seen in a medical application measuring lung function. 2D electric impedance
tomography research is currently exploring the application of this type of impedance

XV
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sensing measurement technology to the detection of breast cancer, lung function, brain
function, and numerous other areas.

The second third of Chapter 7 introduces two 2D AC generator models: static and
transient. These models generate low-frequency (60 Hz) current and voltage, as would
be typically found on the power transmission grid. They demonstrate the use of both
hard (not easily magnetized) and soft (easily magnetized) nonlinear magnetic materi-
als in the construction of rotating machines for the conversion of mechanical energy
to electrical energy.

The last third of Chapter 7 introduces two 2D AC generator sector models: static
and transient. These models generate low-frequency (60 Hz) current and voltage, as
would be typically found on the power transmission grid. They demonstrate the use of
both hard (not easily magnetized) and soft (easily magnetized) nonlinear magnetic
materials in the construction of a rotating machine for the conversion of mechanical
energy to electrical energy. An ordinary differential equation (ODE) is incorporated
into the sector model to handle the torque-related aspects of the model calculations.

B Chapter 8. 3D Modeling

The first third of Chapter 8 models the 3D thin layer resistance model, thin layer
approximation, and the thin layer resistance model, thin layer subdomain. The first
model employs the thin layer approximation to solve a model by replacing the center
domain with a contact-resistance identity pair. Such an approximation has broad appli-
cability. It is important to note that the use of the thin layer approximation is applica-
ble to any problem in which flow is described by the divergence of a gradient flux
(e.g., diffusion, heat conduction, flow through porous media under Darcy’s law).

The application of the thin layer approximation is especially valuable to the mod-
eler when the differences in domain thickness are so great that the mesh generator fails
to properly mesh the model or creates more elements than the modeling platform can
handle (“run out of memory” problem). In those cases, this approximation may enable
a model to be solved that would otherwise fail.

A direct comparison is made of the model solutions by comparing the results
obtained from the cross-section plots. As seen from the examination of those plots, the
only substantial difference between the two solutions is the electrical potential differ-
ence across subdomain 2 (the thin layer). Thus the modeler can choose the imple-
mentation that best suits his or her system and time constraint needs, without suffering
excessive inaccuracies based on the approximation method.

The second third of Chapter 8 introduces the 3D electrostatic potential model.
This modeling technique demonstrates one of the methods that can be used by the
modeler to explore electrostatic potentials in different geometric configurations. It can
be applied to both scientific and engineering applications (e.g., ranging from X-ray
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tubes and particle accelerators to paint sprayers and dust precipitators). The 3D_
ESP_2 model is typical of those that might be found in a particle beam analyzer or a
similar engineering or scientific device.

The last third of Chapter 8 models the 3D magnetic field of a Helmholtz coil. This
model demonstrates the magnetic field uniformity of a Helmholtz coil pair. This mag-
netostatic modeling technique can be applied to a diverse collection of scientific and
engineering applications (e.g., ranging from magnetometers and Hall effect sensors to
biomagnetic and medical studies).

A related model, the 3D magnetic field of a Helmholtz coil with a magnetic test
object, demonstrates the magnetic field concentration when a high relative permeabil-
ity object lies within the field of the Helmholtz coil. This magnetostatic modeling
technique can be applied to a diverse collection of scientific and engineering test,
measurement, and design applications.

B Chapter 9. Perfectly Matched Layer Models

The first half of Chapter 9 introduces the 2D dielectric lens models, with and with-
out perfectly matched layers (PMLs). [The PML model best approximates a free
space environment (no reflections).] Comparison is made between the two models.
The differences in the electric field, z-component visualizations between the PML
and no-PML models amount to approximately 2%. Depending on the nature of the
problem, such differences may or may not be significant. What these differences
show the modeler is that he or she needs to understand the application environment
well so as to build the best model. For other than free space environments, the mod-
eler needs to determine the best boundary condition approximation using standard
practices and a first principles approach. Always do a first principles analysis of the
environment before building the model.

The second half of Chapter 9 introduces the 2D concave mirror models, with and
without PMLs. There are only small differences in the electric field, z-component
visualizations between the PML and no-PML models for the concave mirror. This lack
of large differences between the PML and no-PML models again shows the modeler
that he or she needs to understand the relative importance of the modeled values to
evaluate the application and the application environment so as to build the best model.

B Chapter 10. Bioheat Models

The bioheat equation plays an important role in the development and analysis of new
therapeutic medical techniques (e.g., killing of tumors). If the postulated method rais-
es the local temperature of the tumor cells without excessively raising the tempera-
ture of the normal cells, then the proposed method will probably be successful.

XVil
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The results (estimated time values) from the model calculations will significantly
reduce the effort needed to determine an accurate experimental value. The guiding
principle needs to be that tumor cells die at elevated temperatures. The literature cites
temperatures that range from 42 °C (315.15 K) to 60 °C (333.15 K).

The first half of Chapter 10 models the bioheat equation as applied with a pho-
tonic heat source (laser). The second half of the chapter models the bioheat equation
as applied with a microwave heat source.

o™ Executable copies of each model and related animations are available in full
color on the accompanying DVD.
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Modeling Methodology
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1D Triple-Pane Heat Flow Model
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Common Sources of Modeling Errors

B Guidelines for New COMSOL® Multiphysics® Modelers

Hardware Considerations

There are two basic rules to selecting hardware that will support successful modeling.
First, new modelers should be sure to determine the minimum system requirements
that their version of COMSOL® Multiphysics® software needs before borrowing or
buying a computer to run their new modeling software. Second, these new modelers
should run their copy of COMSOL Multiphysics software on the best platform with
the highest processor speed and the most memory obtainable: The bigger and faster,
the better. It is the general rule that the speed of model processing increases directly
as a function of the processor speed, the number of platform cores, and the available

memory.

o= The number of platform cores is equal to the number of coprocessors designed
into the computer (e.g., one, two, four, eight, . . .).

The platform that this author uses is an Apple® Mac Pro®, running Mac OS X® ver-
sion 10.5.x, and also running Parallels Desktop® 3.x with Microsoft® Windows XP®.



CHAPTER 1 MODELING METHODOLOGY

This Mac Pro has four 3 GHz cores and 16 GB of RAM. This platform, as configured,
is more powerful, more versatile, more stable, and more cost-effective than other poten-
tial choices. It can handle complex 3D models in short computational times (more speed,
more memory)—that is, in minutes instead of the hours that may be required by less
powerful systems. This configuration can run any of the 32-bit COMSOL Multiphysics
software, when using COMSOL Multiphysics Version 3.4. The Apple hardware is con-
figured for 64-bit processing and will run at the 64-bit rate when using COMSOL
Multiphysics Version 3.5. If new modelers desire a different 64-bit operating system
than Macintosh OS X, then they will need to choose either a Sun® or a Linux® platform,
using UNIX® or a PC with a 64-bit Microsoft Windows operating system.

o= ¥ The “3 GHz” specification is the operating speed of each of the cores and the
“16 GB” is the total shared random access memory (RAM). The “64-bit” refers to the
width of a processor instruction.

Once the best available processor is obtained, within the constraints of your budg-
et, install your copy of COMSOL Multiphysics software, following the installer
instructions. Once installed, COMSOL Multiphysics software presents the modeler
with a graphical user interface (GUI). For computer users not familiar with the GUI
concept, information in such an interface is presented primarily in the form of pictures
with supplemental text, not exclusively text.

Coordinate Systems

Figure 1.1 shows the default (x-y-z) coordinate orientation for COMSOL modeling
calculations. This coordinate system is based on the right-hand rule.

o= ¥ The right-hand rule is summarized by its name. Look at your right hand, point
the thumb up; point your first finger away from your body, at a right angle (90 degrees)
to your thumb; and point your second finger at a right angle to the thumb and first
finger, parallel to your body. Your thumb represents the z-axis, your first finger
represents the x-axis, and your second finger represents the y-axis.

In this right-handed coordinate system, x rotates into y and generates z. If you have
a need to convert your model from the x-y-z frame to a Spherical Coordinate frame, then
the transformation can be implemented using built-in COMSOL mathematical functions.
The x-y-z to spherical coordinate conversion is achieved through the following
equations:

Spherical radius (r): r = sqrt(x* + y* + 7%) (1.1)
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I FIGURE 1.1 3D GUI example of the Cartesian coordinate system (x-y-z)

x-y plane rotational angle ¢ (phi): phi = a tan2(y, x) (1.2)

x-z plane rotational angle 6 (theta): theta = a cos(z/r) (1.3)

o= The built-in function sqrt(argument) indicates that COMSOL Multiphysics
will take the positive square root of the argument contained between the parentheses.
The built-in function a tan2(argument) indicates that COMSOL Multiphysics will
convert the argument contained between the parentheses to an angle in radians (in this
case, phi). The built-in function a cos(argument) indicates that COMSOL Multiphysics
will convert the argument contained between the parentheses to an angle in radians (in
this case, theta).

To employ these spherical conversion equations in your model, you will need to
start COMSOL Multiphysics, select “3D” in the Model Navigator Screen, select the
desired Application Mode, and click the OK button. Using the pull-down menu, select
Options > Expressions > Scalar Expressions and then enter equations 1.1,1.2,and 1.3
in the Scalar Expressions window, as shown in Figure 1.2.
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Scalar Expressions

MName :Expression | Unit | Description

r sqQrtfxA2+yA2+zA2) m spherical radius

phi atan(y,x) rad rotation counterclockwise in X-¥ plane

theta acos(z/r rad rotation clockwise in Z-X plane
'y
v

( Talr

~
= ﬂ e Help \l I( Apply Y cancel \ (" ok \I

| FIGURE 1.2 COMSOL Multiphysics 3D Scalar Expressions window with the spherical coordinate transform
equations entered

o= ¥ When a list of operations is presented sequentially (A> B > C > D), the modeler
is expected to execute those operations in that sequence in COMSOL.

Once these equations are available in the model, the x-y-z coordinates can be con-
verted as shown in Figures 1.3 and 1.4.

o= ¥ The rotational sense of an angular transform is determined by viewing the
angular rotation as one would view a typical analog clock face. The vector r rotating
from x into y for a positive angle phi is counterclockwise, because phi equals zero at the
positive x-axis. The vector r rotating from z into x for a positive angle theta is
clockwise, because theta equals zero at the positive z-axis.

| FIGURE 1.3 Spherical coordinate transform angle and rotational sense for (¢b) phi
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| FIGURE 1.4 Spherical coordinate transform angle and rotational sense for () theta

As all potential COMSOL modelers know, the Cartesian (x-y-z) and Spherical
Coordinate (7-phi-theta) reference frames are not the only coordinate systems that can be
used as the basis frame for Multiphysics models. In fact, when you first open the Model
Navigator, you are given the option and are required to choose one of the following mod-
eling coordinate systems: 1D, 2D, 3D, Axial Symmetry (1D), or Axial Symmetry (2D).
The coordinate system that you choose determines the geometry and specific subgroup of
COMSOL Application Modes that can be applied in that selected geometry (geometries).

ot ™ An Application Mode is the initial collection of equations, independent
variable(s), dependent variable(s), default settings, boundary conditions, and other
properties that are appropriate for the solution of problems in that branch of physics
(e.g., acoustics, electromagnetics, heat transfer). As indicated by the name
“Multiphysics,” multiple branches of physics can be applied within each model.
Diverse models that demonstrate the application of the multiphysics concept will be
explored in detail as this book progresses.

Implicit Assumptions

A modeler can generate a first-cut problem solution as a reasonable estimate, by
choosing initially to use a lower-dimensionality coordinate space than 3D (e.g., 1D,
2D Axisymmetric). By making a low-dimensionality geometric choice, a modeler can
significantly reduce the total time needed to achieve a detailed final solution for the
chosen prototype model. Both new modelers and experienced modelers alike must be
especially careful to fully understand the underlying (implicit) assumptions, unspeci-
fied conditions, and default values that are incorporated into the model as a result of
simply selecting the lower-dimensionality geometry.
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o= A first-cut solution is the equivalent of a back-of-the-envelope or on-a-napkin
solution. Solutions of this type are relatively easy to formulate, are quickly built, and
provide a first estimate of whether the final solution of the full problem is deemed to be
(should be) within reasonable bounds. Creating a first-cut solution will often allow the
modeler to decide whether it is worth the time and money required to create a fully
implemented higher-dimensionality (3D) model.

Space, as all modelers know, comes with four basic dimensions: three space
dimensions (x-y-z) and one time dimension (¢). For example, the four dimensions
might be x-y-z-t, or r-¢-0-¢. Relativistic effects can typically be neglected, except in
cases of high velocity or ultra-high accuracy. Neither of these types of problems will
be covered in this book.

noe® Relativistic effects typically become a concern only for bodies in motion with
a velocity approaching that of the speed of light (~3.0 X 108 m/s) or for ultra-high
resolution time calculations at somewhat lower velocities.

The types of calculations presented within this book are typically for steady-state
models or for relatively low-velocity transient model solutions. Any transient solution
model can be solved using a quasi-static methodology.

o= ¥ In a steady-state model, the controlling parameters are defined as numerical
constants and the model is allowed to converge at the equilibrium state defined by the
specified constants. In the quasi-static methodology, a model solution to a problem is
found by initially treating the model as a steady-state problem. Incrementally
modifying the modeling constants then moves the model problem solution toward the
desired transient solution.

Bl 1D Window Panes Heat Flow Models

Consider, for example, a brief comparison between a relatively simple 1D heat flow
model and the identical problem presented as a 3D model. The models considered here
are those of a single-pane, dual-pane, or triple-pane window mounted in the wall of a
building on a typical winter’s day. The questions to be answered are Why use a dual-
pane window? and Why use a triple-pane window?

1D Single-Pane Heat Flow Model

Run the COMSOL Multiphysics application. Select “New” and then select “1D” in the
Model Navigator. Then select “COMSOL Multiphysics.” Select “Heat Transfer”
followed by “Conduction” and then “Steady-state analysis.” Click OK.
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Constants

MName Expression Value Description

T_in 70[degF] 294 261111[K] Interior Temperature

T_out 0[degF] 255.372222[K] Exterior Temperature

P 1[atm] 1.01325e5[Pa] air pressure
'y
v

( Talr

~

= ﬂ { Help \I [r Apply \l (Cancel ) r oK )

I FIGURE 1.5 1D Constants specification window

After the 1D workspace appears, enter the constant values needed for this model:
Use the menu bar to select Options > Constants. Enter the following items: T_in tab
70[degF] tab Interior Temperature tab T_out tab O[degF] tab Exterior Temperature tab
p tab 1[atm] (in Version 3.4) or 1.01325e5[Pa] (for earlier versions) tab air pressure
tab; see Figure 1.5. Click the Apply button. These entries in the Constants window
define the Interior Temperature, the Exterior Temperature, and the air pressure for use
in this model. Click on the disk icon in the lower-left corner of the Constants window
(Export Variables to File) to save these constants as ModelOC_1D_WP1.txt for use in
the comparison models to follow later in this chapter. Click the OK button.

Next, draw a line to represent the thickness of a 1D window pane: Use the menu
bar and select Draw > Specify Objects > Line. Enter the following: 0.000 space 0.005;
see Figure 1.6. Leave the default Polyline, and click the OK button. Click the Zoom
Extents icon in the toolbar.

Once the Zoom Extents icon is clicked, the specified 0.005 m line will appear in
the workspace, as shown in Figure 1.7.

After the 0.005 m line has been created in the workspace, use the menu bar and
select Physics > Subdomain Settings > 1. The window shown in Figure 1.8 contains
the known properties of copper (Cu) as the default materials properties values.

SO0 Line
Coordinates
x: |0.000 0.005|
Cancel
Style: | Polyline [
( Apply )
Name: |I1 \ J
[ Help |

| FIGURE 1.6 1D Line specification window
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wtn?

| FIGURE 1.7 The 0.005 m line shown in the 1D workspace

o= COMSOL Multiphysics software is based on the Finite Element Method (FEM).

To ensure that it is as easy as possible to use out of the box for modelers, both new and
experienced, COMSOL inserts default materials properties and numerical parameters
settings values to avoid singularities and other errors in the calculation of solutions. The
modeler will need to verify that all materials and parameter values that are incorporated
into their particular models are the appropriate values for the desired solution.

o

Subdomain Settings - Heat Transfer by Conduction (ht)

Equation
= 4 A
kT = Q + by (T, D+ C (T F =T, T= temperature
| Subdomains Groups | [ Physics Init Element Color/Style |
el e
Subdomain selection ~Thermal properties and heat sources/sinks
Library material: [ = ] [’ Load... ‘
Quantity Value/Expression Unit Description
k 400 WM parmal conductivity
— 3
Q ] W/m Heat source
S — 3
Pirans 0 W/im™ K} Convective heat transfer coefficient
E Text 0 K External temperature
Croup: v
trans ] /(m ) User-defined constant

’:‘ Select by group
K

= i 3
i z & bt
'¥! Active in this domain amutansry) O Ambient temperature

{ Help ) ( Apply B (Cancel) ( ok )

| FIGURE 1.8 1D Subdomain Settings window
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If copper is not the material of choice, as in this heat transfer model, then the
materials property values need to be changed.

o= ¥ The implicit assumption here would be that the default values in the Subdomain
Settings window are the correct values that the modeler needs to build the desired model.
Specifically, that assumption would be true only if the modeler were building the heat
transfer model using copper. In general, that implicit assumption is not correct. The
modeler needs to know before building any new models what the approximate expected
values are for the particular properties of the materials selected for use in the model. A
number of sources have detailed materials properties values available: Some sources are
available at no cost, while other sources have different levels of availability for different
fees. Materials properties sources are discussed in Chapter 2.

For this model, click the Load button, and then select “Basic Materials Properties”
and “Silica Glass.” Click OK. All the appropriate values displayed in the Value/
Expression subwindows in the Subdomain Settings window are altered as the new val-
ues are loaded from the library. (Silica glass has a thermal conductivity value rough-
ly 0.35% of that of copper.)

Once the thermal conductivity is loaded from the materials properties library,
enter T_in in the T,,, and T, ;.ns Windows, as shown in Figure 1.9.

Click the Init button and enter T_in as shown in Figure 1.10. Click OK. Setting
the T_in value as the initial temperature of the window pane (subdomain 1) allows for
quicker convergence of the model and avoids any singularities.

A0 Subdom in Settings - Heat Ti sfe; by(' duction (ht)
Fruatinn
VARV = QA By =+ * - 1", 1= temperature

trans trans’ " ambtrans

l subdomains | Groups | [ Physies-| inik  Element  Color/Siyle |

Subdomain selection - Thermal properties and heat sources/sinks
(I Vihrary material- [ Silica Glass §8) (toad. )
Quantity Value/Expression Unit Description
k L3B[W/(m*K)] WM K harmal conductivity
Q ] wym? Heat source
— -
Pirans o W/im™- K}  Convective heat transfer coefficient
Tour T_in K Extarnal temperature
Group:
— 34
Cirans ] Wiim™ ) User-defined constant

':' Select hy group

Tamblrans T_in L3 Ambient temperature

g Active in this domain

( Help ) (apply ) ((Cancel ) (ow)

| FIGURE 1.9 1D Subdomain Settings Physics window settings
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~Fruatinn

“V:kvi)=0Q+h Ll

Subdomains

Croup:

-Subdomain selection

trans® " ext

':1 Select hy group

g Active in Lhis domain

=1} + L 11

Groups |

ot = temperature

ambtrans
| Physics nle|  Element Colorjstyle b
~Initial value
T[rol T_in | KTemperamre

( Help ) (Apply) CCanceI) E—QI&-—)

I FIGURE 1.10 1D Subdomain Settings Init window settings

Now the modeler needs to enter the appropriate Boundary Settings. Using the
menu bar, select Physics > Boundary Settings. After the Boundary Settings window
appears, as shown in Figure 1.11, select “1” in the Boundary Settings Boundary selec-
tion window.

~Equation

‘Boundaries

R d

Croups

Ry o

v selection

1
2

Croup: |

D Select by group

1 Interior boundaries

y sources and constraints

["Coefficients { Color
e

Boundary condition: |60,

Quantity Value/Expression

g

h

ar

Unit

Description

Inward heat flux

Heat transfer coefficient
External temperature
Problem-dependent constant
Ambient temperature

Temperature

( Help ) (Apply) (Cancel) f—@k—a

I FIGURE 1.11 Boundary Settings window
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SuuN Boundary Settings - Heat Transfer by Conduction (ht)

Equation

n«(kVT) = g, + hiT; (-~ T) + Cnnst[Tamb“ ~Th

Boundaries Groups | Coefficients Color |
Boundary selection Boundary sources and constraints
(— o
Quantity Value/Expression Unit Description
R e 5
9 0 Wim Inward heat flux
h Wi (m?-K) i
15 /(m Heat transfer coefficient
Tinf T_in ke External temperature
— 22
consk 0 W/{m® K") prphlem-dependent constant
Croup:
L = z
amh T_in Ambient temperature

’:‘ Select by group

— T K
; X 0 0
| ! Interior boundaries Temperature

f__r Help \ f_’Apvaj (Cancel\ ( oK )

| FIGURE 1.12 Filled-in Boundary Settings window for boundary 1

Next, select “Heat flux” from the Boundary conditions pull-down menu. Enter
15 in the Heat transfer coefficient window (h). Enter T_in in the External temper-
ature window (T,,¢). Enter T_in in the Ambient temperature window (T,,,). Click
the Apply button. Figure 1.12 shows the filled-in Boundary Settings window for
boundary 1.

Now select “2” in the Boundary Settings Boundary selection window. Select
“Heat flux” as the Boundary condition. Enter 15 in the Heat transfer coefficient win-
dow (h). Enter T_out in the External temperature window (T;,;). Enter T_out in the
Ambient temperature window (T,,;,). Click the Apply button. Figure 1.13 shows the
filled-in Boundary Settings window for boundary 2. Click OK.

All the Subdomain Settings and the Boundary Settings have now been either cho-
sen or entered. The next step is to mesh the model. In this simple model, all the mod-
eler needs to do is use the toolbar and select “Initialize Mesh.” Figure 1.14 shows the
initial mesh. The line segments between the dots are the mesh elements.

To improve the resolution, the mesh will be refined twice. All the modeler needs
to do is use the toolbar and select Refine Mesh > Refine Mesh. The refined mesh of
the single-pane model now contains the 60 elements shown in Figure 1.15, rather than
the original 15 elements shown in Figure 1.14.

For this model, the software will be allowed to automatically select the Solver and
Solver Parameters. To solve this model, go to the menu bar and select Solve > Solve
Problem. The solution is found almost immediately, in 0.014 second. The solution is
plotted using the default Postprocessing values and is shown in Figure 1.16.

11
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800 Boundary Settings - Heat Transfer by Conduction (ht)

Equation

n-(k¥T) = g + h[Tinf =T) + CDnSt[Tamb4 =7h

Boundaries Groups | Coefficients Calor |
Boundary selection Boundary sources and constraints
1 i
Boundary condition: | Heat flux |:]
Quantity Value/Expression Unit Description
R R e S, 3
9 0 W/m Inward heat flux
I —— 3
h 15 WM™ K} Heat transfer coefficient
Tint T_out i External temperature
— 2.4
Canzy 0 W/m*-K") prohlem-dependent constant
Croup:
T K i
amhb T_out Ambient temperature
’:‘ Select by group
TIJ i} e Temperature
1 Interior boundaries

( Help A F Applvj (Cancel\ ( oK }

| FIGURE 1.13 Filled-in Boundary Settings window for boundary 2

o= ¥ The precise length of time required for the solution of a given model depends
directly on the configuration of the platform and the overhead imposed by the
operating system.

o= The implicit assumption here would be that the default values in the
Postprocessing window are the correct values that the modeler needs to plot the
calculated results of the built model. Specifically, that assumption in general will not be
true. For example, in the case of this model, the default plot is in Kelvins (K), when the
modeler would probably prefer degrees Fahrenheit. Also, it would be helpful to show
the change in temperature as a function of the distance into the window pane.

The modeler needs to know before building a new model what the approximate
expected resultant values are for the particular properties of the materials selected for
use in the model. A firm understanding of the basic physics involved and the
appropriate conservation laws that apply to the model are required for analysis,
understanding, and configuration of the Postprocessing presentation(s).

The plot presentation is changed as follows: Select Postprocessing > Plot
Parameters from the menu bar. When the Plot Parameters window shown in Figure 1.17
appears, select “Line” (Figure 1.18) and then “°F (degF)” from the Unit pull-down bar.
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[ [ 1 15 Fl 25 1 15 4 45 s

Mesh consists of 15 elements.

| FIGURE1.14 1D single-pane window with initialized mesh

Select “Use expression to color line.” Click the Color Expression button to display the
Line Color Expression window (Figure 1.19). Select “°’F (degF)” from the Unit pull-
down bar. Click OK, and then click OK again. The Plot Presentation will be rendered
as shown in Figure 1.20.

1D Single-Pane Analysis and Conclusions

The 1D single-pane window model, though simple, reveals several fundamental factors
about the physics of heat flow through the single-pane window. The interior tempera-
ture T_in was established at 70 °F. The exterior temperature T_out was established at
0 °F. The calculated temperature at the midpoint of the single pane is the median value

o 05 1 15 2 25 ] 15 4

sists of 1% elements.
ists af 30 elemenrs

sh con:
sh eon:
sh eonsists af 0 elements

EZF

51
51

I FIGURE1.15 1D single-pane window with refined mesh
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LellR 3

DEFES L i mEakALRA=2P 2RFAF IN0A

Model Tree Line: Temperature
[F s ke =
v Ceoml i

Heat Transter by €

= 4o

Madeii_7_1ikmoh

[Path: Discements | COMSE

100
50
9 4
.
o [0 1 [ ] s 3 [0 4 45 3
; e e ag?
| Mesh cansnts of 60 shements, a
< || N S dapratt ol frundom sobd for: 131 '

(5.218e-3.177.6760 | | [sNap[

| FIGURE1.16 1D single-pane window solution plotted using default values
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I FIGURE 1.17 1D single-pane Plot Parameters General window
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U Plot Parameters.

| General i Line i Max /Min Animate |

E Line plot

a Height data

Predefined quantities: [ Temperature }—3—1

Expression: T E Smooth

[ oF k4

Unit:

Line color

¥ Use expression to color lines ¢ Color Expression... )

O Uniform color » Colar .

( Help \l _(Applv\] I__(CanceI\ ('—E'K—a

| FIGURE1.18 1D single-pane Plot Parameters Line window

of the interior and exterior temperatures, 35 °F. The temperature difference between the
inner surface of the pane and the outer surface of the pane is approximately 2 °F.

The temperature difference between the air in the heated room (70 °F) and the
interior surface of the single pane (35.9 °F) is approximately 34 °F. This temperature
difference between the ambient temperature and the single-pane window will at least
result in water vapor condensation (fogging) and heat loss to the exterior.

ot ¥ When building models, be sure to save early and often.

S un) Line Color Expression_

Line color data

Predefined quantities: [ Temperature |-$-" € Range... )
Expression: T

Unit: | of L{m!

Colormap: | jet L'@'! Colors: | 1024 ECD|DFSC&|E

| FIGURE1.19 1D single-pane Line Color Expression window
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| FIGURE1.20 1D single-pane window solution plotted using °F and Color Bar

1D Dual-Pane Heat Flow Model

This 1D model explores the physics of a dual-pane window with an air space between
the panes. This model is parametrically similar to the single-pane window model for
ease of comparison of the modeling results.

Run the COMSOL Multiphysics application. Select “New” and then select “1D”
in the Model Navigator. Select COMSOL Multiphysics > Heat Transfer > Conduction >
Steady-state analysis. Click OK.

After the 1D workspace appears, use the menu bar to select Options > Constants.
Import the file ModelOC_1D_WP1.txt saved earlier. To import this file, click on the
Folder icon in the lower-left corner of the Constants window. These imported entries,
as shown in Figure 1.21, define the Interior Temperature, the Exterior Temperature,
and the air pressure for use in this model and the models to follow.

Modeling a dual-pane window requires that three lines be drawn in the workspace
window. The drawn lines represent the left (first) pane, the air space, and the right
(second) pane, respectively. To use the menu bar to draw the first line, select Draw >
Specify Objects > Line. Enter 0.000 space 0.005 in the window, as shown in Figure 1.22.
Leave the default Polyline, and click the OK button. Next, use the menu bar to draw
the second line. Select Draw > Specify Objects > Line. Enter 0.005 space 0.015 in the
window, as shown in Figure 1.23. Leave the default Polyline, and click the OK
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SuOu Constants

MName Expression Value Description

T_in 70[degF] 294.261111[K] Interior Temperature

T_out 0[degF] 255.372222[K] Exterior Temperature

4] 1[atm] 1.01325e5[Pa]  air pressure
'y
-7

= — >

~
= H |’ Help \] [’ Apply \ (Cancel \ ( oK )

| FIGURE1.21 1D dual-pane Constants specification window

button. Finally, using the menu bar, draw the third line. Select Draw > Specify Objects
> Line. Enter 0.015 space 0.020 in the window. Leave the default Polyline, and click
the OK button. Figure 1.24 shows the results of the model line creation before click-
ing the Zoom Extents icon in the toolbar.

Once the Zoom Extents icon is clicked, the specified dual-pane Window model
will appear in the workspace as shown in Figure 1.25.

Next, using the menu bar, select Physics > Subdomain Settings. Once the
Subdomain Settings window appears, select “1” in the Subdomain selection window.
For this model, select Load > Basic Materials Properties > Silica Glass. Click OK. All
the appropriate values displayed in the Value/Expression subwindows in the
Subdomain Settings window are altered as the new values are loaded from the library.
(Silica glass has a thermal conductivity value roughly 0.35% of that of copper.)

Once the thermal conductivity is loaded from the materials properties library, enter
T_in in the T, and T, ans Windows, as shown in Figure 1.26. Click the Apply button.

Next, select “2” in the Subdomain selection window. For this model, select Load >
Basic Materials Properties > Air, 1 atm. Click OK. All the appropriate values dis-
played in the Value/Expression subwindows in the Subdomain Settings window are
altered as the new values are loaded from the library.

SO0 Line
Coordinates
% | 0.0000.005 |
- [ cancel

Style: | Polyline [-a. R

[ Apply |
Name: |1 \ Pply

Help )

| FIGURE1.22 1D dual-pane Line specification window for the left pane



18

CHAPTER 1 MODELING METHODOLOGY

M) i
(@ Line.
Coordinates
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- [ cancel )
Style: | Polyline |-7:-3 —
{ Apply )
Name: 12 —_—
Help

| FIGURE1.23 1D dual-pane Line specification window for the air gap

Once the thermal conductivity is loaded from the materials properties library, enter
T_in in the T,,, and T, ane Windows, as shown in Figure 1.27. Click the Apply button.

Next, select “3” in the Subdomain selection window. For this model, Select
Library materials list > Silica Glass. The previously selected values loaded from the
materials library are loaded into this subdomain.

Once the thermal conductivity is loaded from the materials properties library, enter
T_outin the T ,, and T, ;... Windows, as shown in Figure 1.28. Click the Apply button.

Next, set the initial conditions for each subdomain (1, 2, 3) by clicking the Init
button and then entering the initial conditions shown in Table 1.1. Click OK.

Now, the modeler needs to enter the appropriate Boundary Settings. Using the
menu bar, select Physics > Boundary Settings, as shown in Figure 1.29.
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| FIGURE 1.24 1D dual-pane workspace showing both panes and the air gap
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| FIGURE1.25 1D dual-pane workspace after clicking the Zoom Extents icon

Once the Boundary Settings window appears, select “1” in the Boundary selec-
tion window. Select “Heat flux” as the Boundary condition. Enter 15 in the Heat
transfer coefficient window (h). Enter T_in in the External temperature window
(T,,p)- Enter T_in in the Ambient temperature window (T,,;). Click the Apply button.
Figure 1.30 shows the filled-in Boundary Settings window for boundary 1.

B0 Subdomain Settings - Heat Transfer by Conduction (ht)
Equation
i = = 4T o
V(kVT) =0 + htmnstTMt 20 1 SRR I ), T= temperature
Subdomains - Groups | [ Physics | Init Element Caolor/Style |
Subdomain selection Thermal properties and heat sources/sinks
_ Library material: [ silica Glass l:-'q ( Load.. )
3 Quantity Value/Expression Unit Description
k 1.38[W/(m*K)] WiHmK rhermal conductivity
—_— 3
Q ] W/m Heat source
T 3
Birans 0 W/im*-K)  Convective heat transfer coefficient
- Text T_in & External temperature
Croup: v
C wi(m® k% i
trans 0 User-defined constant
’:‘ Select by group
Tamhtrans T_in & Ambient temperature

pﬂ Active in this domain

I\r Help \l IerppI\.' B (Cancel) ( COK 3

| FIGURE1.26 1D dual-pane Subdomain Settings Physics window settings, left pane
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| FIGURE1.27 1D dual-pane Subdomain Settings Physics window settings, air gap

| Table 1.1

Subdomain Settings, Initial Conditions

Subdomain
Init

T_in

T_in T_out

- Fouatinn—————— —

—V'[k\fl]w(}*—h‘mﬂ!!l!‘t—ll +C

trans

4_ 4
B PRI b

= temperature

[ﬁmmnﬁ: | Groups | __ 4{—?!115&65» . Inic Element Calor/Siyle 1

~Subdomain selection

1
2

Croup: -

D Select by group

g Active in this domain

~Thermal properties and heat sources sinks

I ihrary matarial- { Silica Glass M ( I'nad )
Quantity Value/Expression Unit Description
k L3B[W/(m*K)] Wim K Tharmal conductivity
Q ' o wy m? Heat source
Pirans |o W/(m* K} Convective heat transfer coefficient
Tout T_out K External temperature
‘ —_— = Yoo
trans 0 WM™ K User-defined constant
T K 5
ambtrans | T_out Ambient temperature

( Help ) ( Applv) (Cancel) E—on—-a

| FIGURE1.28 1D dual-pane Subdomain Settings Physics window settings, right pane
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- Equation

Groups | { Coefficients Colar L

7 dary selection I ¥ sources and constraints
|1 Boundary condition: | o eslation &
Quantity Value/Expression Unit Description
|
|4 90 o Inward heat flux
h 0 Heat transfer coefficient
Tint 0 External temperature
= {imnst o Problem-dependent constant
Group: -
Tamb o Ambient temperature
'j Select by group
TD a Temperatura

1 Interior boundaries

Crar ) Cheev) (Concd) @OED)

| FIGURE1.29 1D dual-pane Boundary Settings window

Now select “4” in the Boundary Settings Boundary selection window. Select
“Heat flux” as the Boundary condition. Enter 15 in the Heat transfer coefficient win-
dow (h). Enter T_out in the External temperature window (T, ). Enter T_out in the
Ambient temperature window (T,,;). Click the Apply button. Figure 1.31 shows the
filled-in Boundary Settings window for boundary 4. Click OK.

- Equation

n-(k¥VT) = U + hl'l'-m| =T} + Cun:LtTam‘—T")

. {-Bnunﬂlfles | Groups |__ { Coefficients | Color L

dary selection I ¥ sources and constraints
i soundary conditon: (o8}
‘ Quantity Value/Expression Unit Description
4 90 [i] wfmz Inward heat flux
e i
I 15 W/Im® K} Heat transfer coefficient
Tint Tin k External temperature
= {innst 0 wiim? k) Problem-dependent constant
Group: -
Tt T_in K Ambient temperature
2 Select by group
T, 0 K
1 Interior boundaries ° s LU G

( Help ) (Appl\f) (can:cl\ E——-aw——)

I FIGURE 1.30 Filled-in 1D dual-pane Boundary Settings window for boundary 1
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SN Boundary Settings — Heat Transfer by Conduction (ht)

Equation

n-(k¥T) = g + h[Tinf =T) + Cnnst[Tamb“ =Th

Boundaries Groups | Coefficients Calor |
Boundary selection Boundary sources and constraints
1 teEi
Boundary condition: | Heat flux |:]
Quantity Value/Expression Unit Description
e P R S, 2
4| a b Wim®  nward heat flux
I 3
h 15 W/Im®-K)  Heat transfer coefficient
Tint T_out K External temperature
P — 2 4
Canzy 0 W/im®K") prphlem-dependent constant
Croup:
Tamb T_out & Ambient temperature
’:‘ Select by group
TIJ i} K Temperature
1 Interior boundaries

f_r Help \ (Applv) (Cancel\ E oKk 3

I FIGURE 1.31 Filled-in 1D dual-pane Boundary Settings window for boundary 4

ot At this point, a new modeler probably wonders why no conditions have been
specified for boundaries 2 and 3. The COMSOL Multiphysics software default condition
is to automatically establish continuity for interior boundaries. The numbers for
boundaries 2 and 3 are grayed out to indicate that they are not available for setting. The
default boundary settings can be overridden, if needed, by the advanced modeler by
clicking the Interior boundaries check box to make boundaries 2 and 3 accessible.

Once all the Subdomain Settings and the Boundary Settings for this model have
been either chosen or entered, the next step is to mesh the model. In this simple model,
all the modeler needs to do is use the menu bar and Select “Initialize Mesh.” Figure 1.32
shows the initial mesh with 16 elements.

The mesh will be refined twice to improve the resolution. All the modeler needs
to do is use the toolbar and select Refine Mesh > Refine Mesh. The refined mesh of
the dual-pane model now contains the 64 elements shown in Figure 1.33, rather than
the original 16 elements shown in Figure 1.32.

For this model, the software will be allowed to automatically select the Solver and
Solver Parameters. To solve this model, go to the menu bar and select Solve > Solve
Problem. The solution is found almost immediately, in 0.317 second (the time to solu-
tion will vary, depending on the platform). The solution is plotted using the default
Postprocessing values and is shown in Figure 1.34.
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1] 0.002 0004 0.006 0.008 001 o1z 0.014 0.016 [T 0.02

Meih consists of 1k elements.

| FIGURE1.32 1D dual-pane window with air gap with initialized mesh

o= The implicit assumption here would be that the default values in the
Postprocessing window are the correct values that the modeler needs to plot the calculated
results of the built model. Specifically, that assumption in general will not be true. The
modeler needs to know before building a new model what the approximate expected
resultant values are for the particular properties of the materials selected for use in the
model. A firm understanding of the basic physics involved and the appropriate conservation
laws that apply to the model are required for analysis, understanding, and configuration of
the Postprocessing presentation(s).

The plot presentation is changed as follows: Select Postprocessing > Plot Parameters
from the menu bar. When the Plot Parameters window shown in Figure 1.35 appears,
select “Line” (Figure 1.36) and then “°F (degF)” from the Unit pull-down bar
(Figure 1.37). Select “Use expression to color lines.” Click the Color Expression button

[} o.002 0.004 0.008 0.008 001 0012 o014 0.016 o018 o0z

EFF

T
sh
h

| FIGURE1.33 1D dual-pane window with air gap with refined mesh
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| FIGURE1.34 1D dual-pane window solution plotted using default values
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g Line Solution at time: [ o 34
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Time:
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( Help ) (Apphr) (Cancel} M

I FIGURE 1.35 1D dual-pane Plot Parameters General window
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( Help ) (Apph{) (Cancel) E—M—a

| FIGURE1.36 1D dual-pane Plot Parameters Line window
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| FIGURE 137 1D dual-pane window solution set to use °F
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8N Plot Parameters

| General Line | Max/Min  Animate |

E Line plot
E{ Height data

Predefined quantities: | Temperature }:']

Expression: T E Smooth

[ g |._:_.]
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Line color

e Use expression to color lines ( Color Expression... )|

O Uniform color Colar .

( Help \ _(Applv\_ (Cancel\_l ( oK )

| FIGURE1.38 1D dual-pane window solution set to use Color Expression

(Figure 1.38). Select “°F (degF)” from the Unit pull-down bar (Figure 1.39). Click OK,
and then click OK again. The plot presentation will be rendered as shown in Figure 1.40.

Dual-Pane Analysis and Conclusions

The 1D dual-pane window model, though simple, reveals several fundamental factors
about the physics of heat flow through the dual-pane window. The interior tempera-
ture T_in was established at 70 °F, as in the single-pane model. The exterior temper-
ature T_out was established at 0 °F, as in the single-pane model. The calculated
temperature at the midpoint of the single pane is the median value of the interior and

SuOunN) Line Color Expression
Line color data
Predefined quantities: [ Temperature |:’ [r Range... \
Expression: T
Unit: [ of }":“!
Colormap: | jet 1% Colors: | 1024 ECMD! scale

| FIGURE1.39 1D single-pane window solution set to use °F
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| FIGURE 1.40 1D dual-pane window solution plotted using °F and Color Bar

exterior temperatures, 35 °F. The temperature difference between the inner surface
of the left pane and the outer surface of the left pane is approximately 0.48 °F. The
temperature difference between the inner surface of the right pane and the outer sur-
face of the right pane is also approximately 0.48 °F. The temperature difference
between the inner surface and the outer surface of the dual-pane window is approxi-
mately 53 °F, as compared to approximately 2 °F for the single-pane window.

The temperature difference between the air in the heated room (70 °F) and the interior
surface (61.5 °F) of the dual-pane window is approximately 8.5 °F. This small temperature
difference will result in some heat loss and minimal water vapor condensation (fogging).

Compare the result for the dual-pane window to that of the single-pane window.
The temperature difference between the air in the heated room (70 °F) and the interi-
or surface of the single-pane window (35.9 °F) is approximately 34 °F. This temper-
ature difference between the ambient temperature and the single-pane window will at
least result in water vapor condensation (fogging) and heat loss to the exterior.

1D Triple-Pane Heat Flow Model

This 1D model explores the physics of a triple-pane window with an air space between
each pair of panes. This model is parametrically similar to the single-pane and dual-
pane models for ease of comparison of the modeling results.
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0 ) O Constants

MName Expression Value Description

T_in 70[degF] 294 261111[K] Interior Temperature

T_out O[degF] 255.372222[K] Exterior Temperature

P 1[atm] 1.01325e5[Pa] air pressure
'y
v

[ — 4|

~
= ﬂ Ir Help \I r Apply \I (Cancel) ( oK )

I FIGURE1.41 1D triple-pane Constants specification window

Run the COMSOL Multiphysics application. Select “New” and then “1D” in the
Model Navigator. Select COMSOL Multiphysics > Heat Transfer > Conduction >
Steady-state analysis. Click the OK button.

After the 1D workspace appears, use the menu bar to select Options > Constants.
Import the file ModelOC_1D_WP1I.txt saved earlier. To import this file, click on the
Folder icon in the lower-left corner of the Constants window. These imported entries,
as shown in Figure 1.41, define the Interior Temperature, the Exterior Temperature,
and the air pressure for use in this model and the models to follow.

Modeling a triple-pane window requires that five lines be drawn in the workspace
window. The drawn lines represent the left (first) pane, the first air space, the center
(second) pane, the second air space, and the right (third) pane, respectively. Use the
toolbar to draw the first line: Select Draw > Specify Objects > Line. Enter 0.000 space
0.005 in the window. Leave the default Polyline, and then click the OK button. Next,
use the menu bar to draw the remaining four lines, as indicated in Table 1.2. Then,
click the Zoom Extents icon in the toolbar. The finished workspace configuration is
shown in Figure 1.42.

| Table 1.2  Triple-Pane Window Workspace Lines

Line Start End

1 0.000 0.005
2 0.005 0.015
3 0.015 0.020
4 0.020 0.030
5 0.030 0.035
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o 0.005 0.01 0.015 0.02 0.025% 0.03 0.035

| FIGURE1.42 1D triple-pane workspace after clicking the Zoom Extents icon

Next, using the menu bar, select Physics > Subdomain Settings. Once the
Subdomain Settings window appears, select “1” in the Subdomain selection window.
For this model, select Load > Basic Materials Properties > Silica Glass. Click OK (see
Figure 1.43). Enter the remaining Subdomain Settings as shown in Table 1.3.

800

Equation

4 o
= I SR R B S ™, T= temperature

l Subdomains = Groups 1 { Physics | Init Element Color/Style |

kT =Q+ hy (T,

~Subdomain selection ~Thermal properties and heat sources/sinks
Library material: [ Silica Glass I"ﬂ (" Load... )
3 Quantity Value/Expression Unit Description
: k 1.38[W/(m*K)] WiHmK rhermal conductivity
Q 0 wym? Heat source
Pirans 0 W/(m* K)  Convective heat transfer coefficient
- Te:(t T_in L External temperature

Croup: . v

| P —— | 3 4
Cirans 0 W/im™K") yser-defined constant
’:‘ Select by group
K

Tambtrans T_in Ambient temperature

E Active in this domain

{ Help X ¥ Applv) (Cancel) 6-'{1!&' 3

| FIGURE 1.43 1D triple-pane Subdomain Settings Physics window settings
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Table 1.3  Triple-Pane Window Subdomain Settings

Subdomain Material Text Tambtrans
1 Silica glass T_in T_in

2 Air T_in T_in

3 Silica glass T_in T_in

4 Air T in T in

5 Silica glass T_out T_out

| Table 1.4  Subdomain Settings, Initial Conditions

Subdomain 1 2 3 4 5
Init Setting T_in T_in T_in T_in T_out

Next, set the initial conditions for each subdomain (1, 2, 3, 4, 5) by clicking the
Init button and then entering the initial conditions shown in Table 1.4. See Figure 1.44.
Having configured the Subdomain Settings for this model, the modeler needs to
enter the appropriate Boundary Settings. Using the menu bar, select Physics >
Boundary Settings. The Boundary Settings window appears, as shown in Figure 1.45.

B0 Subdomain Settings - Heat Transfer by Conduction (ht)

Equation

4 =
LGB I SRR e N e ™, T= temperature

-V (kV¥T)=Q+h

trans

Subdomains Groups | | Physics Init Element Color/Style |

Subdomain selection Initial value

T[tDJ T_in = Temperature

MAWNI

Croup:

’:‘ Select by group

E Active in this domain

{ Help \l ( Applv\_ (Cancel) ( oK -}

| FIGURE1.44 1D triple-pane Subdomain Settings Init window settings
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B0
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Groups | { Coefficients L

-Boundary selection rBoundary sources and constraints
1 Boundary condition: .
-
Ouantity Value/Expression Unit Description
£l Inward heat flux
6 h -
| Heat transfer coefficient
Tint External temperature
Const
= Problem-dependent constant
Group: -
' 1 Ambient temperature
:‘ Select by group
TD Temperature

1 Interior boundaries

( Help ) ( Apply \] (Canccl\_ ( oK )

| FIGURE 1.45 Blank 1D triple-pane Boundary Settings window

Once the Boundary Settings window appears, select “1” in the Boundary selec-
tion window. Select “Heat flux” as the Boundary condition. Enter 15 in the Heat
transfer coefficient window (h). Enter T_in in the Ambient temperature window
(T;,p. Enter T_in in the External temperature window (T,,,). Click the Apply button.
Figure 1.46 shows the filled-in Boundary Settings window for boundary 1. Fill in the

1. @@

Equation

- (KVT) = gg + hiT, =T + ConsuT, 4 -T%)

l Boundaries | Groups | { Coefficients Colar |

-Boundary selection rBoundary sources and constraints -

i ] Boundarycondicon: (arix T8
|
| Quantity Value/Expression Unit Description
| 9a [i] wfmz Inward heat flux
| R — 5
iﬁ W 15 W/Im® K}  Heat transfer coefficient

Tint Tin K External temperature

= {ionst. 0 wyim?® Kk Problem-dependent constant
Group: -
m— T e BE 5
amb T_in Ambient temperature

':‘ Select by group

TD a K Temperatura

1 Interior boundaries

( Help ) ( Apply \] (Canccl\ E——ﬂﬁ—a

| FIGURE 1.46 Filled-in 1D triple-pane Boundary Settings window for boundary 1
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Table 1.5 Boundary Settings

Boundary 1 2 3 4 5 6
condition Heat flux * * * * Heat flux
h 15 * * * * 15

Tint T_in * * * * T _out
Tamb T_in * * * * T_out
“Do not alter the default setting.

remaining Boundary Settings as shown in Table 1.5. Click the Apply button after
each entry, and click OK at the end of the process.

o= At this point, as mentioned in the discussion of the dual-pane window model,
no conditions are specified for boundaries 2, 3, 4, and 5, because the COMSOL
Multiphysics software default condition is to automatically establish continuity for
interior boundaries. The numbers for boundaries 2, 3,4, and 5 are grayed out to indicate
that they are not available for setting. The default boundary settings can be overridden,
if needed, by the advanced modeler.

Once all the Subdomain Settings and the Boundary Settings for this model have
been either chosen or entered, the next step is to mesh the model. In this model, all the
modeler needs to do is use the toolbar and select “Initialize Mesh.” Figure 1.47 shows
the initial mesh with 16 elements.

To improve the resolution, the mesh will be refined twice. All the modeler needs
to do is use the menu bar and select Refine Mesh > Refine Mesh. The refined mesh of
the triple-pane model now contains the 64 elements shown in Figure 1.48, rather than
the original 16 elements shown in Figure 1.47.

[ 0,005 0.01 0.015 0.02 0,025 0.03 0.035

[Wesh consiats of 16 elements.

| FIGURE1.47 1D triple-pane window with air gaps with initialized mesh
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| FIGURE1.48 1D triple-pane window with air gaps with refined mesh

For this model, the software will be allowed to automatically select the Solver and
Solver Parameters. To solve this model, go to the menu bar and select Solve > Solve
Problem. The solution is found almost immediately, in 0.346 second (the length of
time to solution will vary depending on the platform). The solution is plotted using the
default Postprocessing values and is shown in Figure 1.49.
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| FIGURE1.49 1D triple-pane window solution plotted using default values
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| FIGURE1.50 1D triple-pane window solution plotted using °F and Color Bar

o= As noted earlier in the solutions of the single-pane and dual-pane models, the
postprocessing parameters need to be altered to reveal the most information at a glance.

The plot presentation is changed as follows: Select Postprocessing > Plot
Parameters from the menu bar. When the Plot Parameters window appears, select
“Line” and then “°’F (degF)” from the Unit pull-down bar. Select “Use expression to
color lines.” Click the Color Expression button. Select “°F (degF)” from the Unit pull-
down bar. Click OK and then click OK again. The plot presentation will be rendered
as shown in Figure 1.50.

Triple-Pane Analysis and Conclusions

The 1D triple-pane window model reveals several fundamental factors about the
physics of heat flow through the triple-pane window. The interior temperature T_in
was established at 70 °F, as in the single-pane and dual-pane models. The exterior
temperature T_out was established at O °F, as in the single-pane and dual-pane models.
The temperature difference between the inner surface and the outer surface of the three
different window types are compared as shown in Table 1.6.

The temperature difference between the air in the heated room (70 °F) and the
interior surface of the triple-pane window (65.2 °F) is approximately 4.8 °F. This
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| Table 1.6  Comparison of Single-, Dual-, and Triple-Pane Windows

Single Dual Triple
AT (°F): 2 53 60
across all panes
AT (°F): 34 8.5 4.8

inner pane surface
to room ambient temperature

minimal temperature difference will result in little heat loss and little, if any, water
vapor condensation (fogging).

Comparing the results for the three different window configuration models
shows that there will be a large reduction in heat loss and annoyance factors (con-
densation) associated with a change from a single-pane window to a dual-pane win-
dow design. The incremental cost of such a design change would typically be less
than 100%. However, adding the third pane to the window design reduces the heat
loss by only a few percentage points and adds little to the cosmetic enhancement of
the design (lack of fogging).

o= ¥ One of the basic reasons for modeling potential products is to evaluate their
relative performance before the actual building of a first experimental physical model.
Comparison of these three window models allows such a comparison to easily be made
on a “first principles” basis, which will be discussed in the following section of this
chapter. That approach is known as the “Model first, build second” approach to
engineering design. When the model properly incorporates the fundamental materials
properties and design factors, both the time and the cost to develop a fully functional
prototype product are significantly reduced.

B First Principles Applied to Model Definition

First principles analysis is an analysis whose basis is intimately tied to the funda-
mental laws of nature. In the case of models described in this book, the modeler
should be able to demonstrate both to himself or herself and to others that the calcu-
lated results derived from those models are consistent with the laws of physics and the
observed properties of materials. Basically, the laws of physics require that what goes
in (e.g., as mass, energy, charge) must come out (e.g., as mass, energy, charge) or must
accumulate within the boundaries of the model.
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wore® In the COMSOL Multiphysics software, the default interior boundary
conditions are set to apply the conditions of continuity in the absence of sources (e.g.,
heat generation, charge generation, molecule generation) or sinks (e.g., heat loss,
charge recombination, molecule loss).

The careful modeler will be able to determine by inspection that the appropriate
factors have been considered in the development of the specifications for the various
geometries, for the material properties of each subdomain, and for the boundary con-
ditions. He or she must also be knowledgeable of the implicit assumptions and default
specifications that are normally incorporated into the COMSOL Multiphysics soft-
ware model, when a model is built using the default settings.

Consider, for example, the three window models developed earlier in this chapter.
By choosing to develop those models in the simplest 1D geometrical mode, the
implicit assumption was made that the heat flow occurred in only one direction. That
direction was basically normal to the surface of the window and from the high tem-
perature (inside temperature) to the low temperature (outside temperature), as shown
by the heat flow indicator in Figure 1.51.

That assumption essentially eliminates the consideration of heat flow along other
paths, such as through the window frame, through air leaks around the panes, and so
forth. It also assumes that the materials are homogeneous and isotropic, and that there
are no thin thermal barriers at the surfaces of the panes. None of these assumptions is
typically true in the general case. However, by making such assumptions, it is possi-
ble to easily build a first approximation model.

1D Heat Flow

AT

POWEREN.IR

|

T

Window Panes

I FIGURE151 1D triple-pane window with heat flow indicator
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ot A first approximation model captures all of the essential features of the
problem that needs to be solved, without dwelling excessively on minutiae. A good first
approximation model will yield an answer that is sufficiently accurate to enable the
modeler to determine whether he or she needs to invest the time and resources
necessary to build a higher-dimensionality, significantly more-accurate model.

Bl Common Sources of Modeling Errors

There are four primary sources of modeling errors: insufficient model preparation
time, insufficient attention to detail during the model preparation and creation phase,
insufficient understanding of the physical and modeling principles required for the
creation of an adequate model, and lack of a comprehensive understanding of what
defines an adequate model in the modeler’s context. The most common modeling
errors are those that result from the modeler taking insufficient care in either the devel-
opment of model details or the incorporation of conceptual errors and/or the genera-
tion of keying errors during data/parameter/formula entry.

o= ¥ One primary source of errors occurs during the process of naming variables.
The modeler should be careful to never give the same name to his or her variables as
COMSOL gives to the default variables. COMSOL Multiphysics software seeks a value
for the designated variable everywhere within its operating domain. If two or more
variables have the same designation, an error is created. Also, it is best to avoid human
errors by using uniquely distinguishable characters in variable names (i.e., avoid using
the lowercase “L,” the number “1,” and the uppercase “I,” which in some fonts are
relatively indistinguishable; similarly, avoid the uppercase “O” and the number zero
“0”). Give your variables meaningful names (e.g., T_in, T_out, T_hot). Also, variable
names are case sensitive; that is, T_in is not the same as T_IN.

The first rule in model development is to define the nature of the problem to be
solved and to specify in detail which aspects of the problem the model will address.
The definition of the nature of the problem should include a hierarchical list of the
magnitude of the relative contribution of physical properties vital to the functioning of
the anticipated model and their relative degree of interaction.

o= Examples of typical physical properties that are probably coupled in any
developed model are heat and geometrical expansion/contraction (liquid, gas, solid),
current flow and heat generation/reduction, phase change and geometrical expansion/
contraction (liquid, gas, solid) and/or heat generation/reduction, and chemical reactions.
Be sure to investigate your problem and build your model carefully.
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Having built the hierarchical list, the modeler should then estimate the best phys-
ical, least-coupled, lowest-dimensionality modeling approach to achieve the most
meaningful first approximation model.

B Exercises

1. Build, mesh, and solve the 1D single-pane window problem presented earlier in
this chapter.

2. Build, mesh, and solve the 1D dual-pane window problem presented earlier in this
chapter.

3. Build, mesh, and solve the 1D triple-pane window problem presented earlier in
this chapter.

4. Add a fourth pane, and build, mesh, and solve the problem. Analyze, compare,
and contrast the results with the results of Exercises 1, 2, and 3.



Materials and Databases

In This Chapter

Materials and Database Guidelines and Considerations

COMSOL® Material Library Module: Searchable Materials Library
MatWeb: Searchable Materials Properties Website

PKS-MPD: Searchable Materials Properties Database

B Materials and Database Guidelines and Considerations

Materials selection and definition are the most important tasks performed by the mod-
eler during the preliminary stages of model building preparation. The selection of
appropriate materials is vital to the ultimate functionality of the device or process
being modeled. Once the modeler has decided on a good first approximation to the
device/process being modeled, the materials selection process begins.

o A good first approximation is a problem statement that incorporates all the
essential (first-order) physical properties and functionality of the device/process to be
modeled.

Not all properties of all materials are or can be incorporated into the modeling
process at the same time, because modeling resources (e.g., computer memory,
computer speed, number of cores) are limited. It is important that the modeler start the
modeling process by building a model that incorporates the most critical physical and
functional aspects of the developmental problem under consideration.

To put the problem in perspective, a simple search of the Web on the term “mate-
rials properties database” yields approximately 48 million hits. Obviously, the model-
er is not going to exhaustively explore all such links.

o= Exploration of any given subset of the 48 million links for the properties of
specific materials will reveal several possible standard results: (1) those links do not
have a value for the desired material property; (2) those links do have values for the
desired material property, but in unconventional units that need to be converted and then
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compared for relative accuracy and reliability; (3) some of those links do have values
for the desired material property, in the desired units, that need to be compared for
relative accuracy and reliability; (4) a link is found that has some of the desired
properties for a particular material, but not all of the needed properties; and (5) once
found, property values need to be hand-copied and hand-entered into the model. In any
case, many hours can be spent trying to obtain and determine accurate values for
specific properties of particular materials.

COMSOL® Multiphysics® software and the associated add-on modules include
basic materials libraries. The information contained in those basic materials libraries
may easily be enhanced by the addition of other materials properties data through sev-
eral different means. This chapter discusses three solutions to the obtaining and sup-
plying of materials properties values directly to COMSOL Multiphysics software
models. Each of these three solutions approaches the problem solution from a differ-
ent viewpoint, with the same desired result—that is, supplying the modeler with the
best materials properties values available to meet the modeler’s needs.

Bl COMSOL® Material Library Module: Searchable Materials Library

The COMSOL Material Library! is a module that can be added through licensing to
the basic COMSOL Multiphysics software package to expand the included basic
library. The COMSOL Material Library Module has data on approximately 2500
materials including elements, minerals, soil, metal alloys, oxides, steels, thermal insu-
lators, semiconductors, and optical materials, at the minimum. It is searchable by
name, DIN,2 and UNS3 numbers. Each material can have a maximum of 27 defined
properties. Each of those defined properties is available as a function of temperature.

There are two methods to gain access to the Material Library. The first method is
through the Options menu. This path can be used to screen materials in advance of
building a model. The second method is through the Load button on the Subdomain
Settings page. This path incorporates the materials into the model library. Once the
Material Library Module has been activated, the technique for using the library is the
same. In this example, the Options menu route is used:

1. Activate the COMSOL Multiphysics application.

2. Select COMSOL Multiphysics > Heat Transfer > Convection and Conduction >
Steady-state analysis. See Figure 2.1.

3. Click OK.
4. Select Options > Materials/Coefficients Library. See Figure 2.2.

The modeler can determine if the items in the Material Library Module are avail-
able by viewing the list in the Materials selection window. The first entry in the



COMSOL Material Library Module: Searchable Materials Library
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| FIGURE 2.1 Model Navigator window

~Materials ~Material prop

» Model (0)

B Material Library (2542)

B Basic Material Properties (31)
P Liguids and Gases (39)

B MEMS Material Properties (33)
P Heat Transfer Coefficients (8}
| 2
>
>

4

a“n

Electric (AC/DC) Material Proper
Piezoelectric Material Properties
User Defined Materials (1)

+]»]

C New -J Delete

 copy ) [ Paste )

( Add Library... )

~Search

searchfor: [ Name 4

f a
e
Search string: | =

( search ) || Hide undefined properties ( Funrtinns. )

' B .
alictiie ( Mare info j ¢ Flot |

1 Enable individual settings

( Help ) (nppw) ((.an:el) E-OH
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41



42 CHAPTER 2 MATERIALS AND DATABASES

Materials
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| FIGURE 2.3 Materials/Coefficients Library Materials selection window

Materials selection list is Model (0), which indicates that none of the materials in any
of the libraries have been selected for use in the current model. The second entry in
the Materials selection list is Material Library (2542); it indicates that 2542 materials
are available to be selected for use in the current model. See Figure 2.3.

Suppose, for example, the modeler is interested in the properties of copper and
copper alloys. He or she would follow these steps:

1. Enter “copper” in the Search string window.

2. Click the Search button. The search results show 87 possible materials are in the
library. See Figure 2.4.
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| FIGURE 2.4 Materials/Coefficients Library search results
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| FIGURE 25 Materials/Coefficients Library, UNS C10100 Material properties window

3. Select Copper Alloys (84) > UNS C10100. The UNS C10100 is what is known as
oxygen-free copper.* This high-quality copper is widely used in the electronics
industry. The properties of UNS C10100 are shown in the Material properties
display window. See Figure 2.5.

4. To see only the defined properties, check the Hide undefined properties check
box. See Figures 2.6 and 2.7.

A similar process can be followed for other material choices.

B MatWeb: Searchable Materials Properties Website

MatWeb’ is an online searchable subscription materials properties data source. MatWeb
has 69,000 data sheets for materials that include plastics, metals, ceramics, semicon-
ductors, fibers, and various other commercially available materials. See Figure 2.8.
MatWeb has three classes of access: Un-Registered (free limited feature access),
Registered Member (free expanded feature access), and Premium Member (fee-based
access to all features, plus selected data storage and modeling software formatted data
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| FIGURE 2.6 Materials/Coefficients Library, UNS C10100 defined properties, first half
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MatWeb: Searchable Materials Properties Website

MatWeb, Your Source for Materials Information

What is MatWeb? MatWeb's searchable database of material properties includes data sheets of th plastic and th poly such a=
ABS, nylon, polycarbonate, polyester, polyethylene and polypropylene; metals such as aluminum, coball, copper, lead, magnesuum nickel, steel,
superalloys, titanium and zinc alloys; ceramics; plus semiconduclors, fibers, and olher engineering materials.

| FIGURE 2.8 MatWeb site, home page
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| FIGURE29 MatWeb membership level features comparison page

export). All features of the following example can be run (for free) as a Registered
user, except for the export feature. To export the selected data, the modeler needs to
acquire a Premium membership. See Figure 2.9.

The following example shows the results of a Premium membership search.

After login, select “Metal UNS Number” on the login home page. See Figure 2.10.

2. The Web page is shifted to the Metal Alloy UNS Number Search page. See
Figure 2.11.

Quantitative Searches: Categorized Searches:
+ Physical Properties « Material Type
+ Alloy Composition « Manufacturer Name
+ Advanced Search (Registration Required) « Trade Name
« Metal UNS Number

| FIGURE 2.10 MatWeb selection search types, login home page
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Q@ Metal Alloy UNS Number Search
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| FIGURE 211 MatWeb Metal Alloy UNS Number Search selection page

3. Select “UNS C10100” from the A to D drop-down list. See Figure 2.12.

4. Click the FIND button to the right of the selected material number. The search has

found 22 data sheets for UNS C10100 (oxygen-free electronic-grade copper); see
Figure 2.13.

5. Using the Task pull-down list in the menu bar, create a folder named Copper.
6. Select item 1. See Figure 2.14.

7. Select “Export to COMSOL” from the task list in the menu bar. The available
properties values for UNS C10100 are exported as a text file to the modeler’s
computer. See Figure 2.15.

The exported file can be directly imported into COMSOL Multiphysics as follows:
1. Open COMSOL Multiphysics in the application mode of choice.

2. Using the menu bar, select Options > Materials/Coefficients Library.
3. Click the Add Library button.

There are many other features available to the Premium Member at the MatWeb
website. Those features can be explored at the modeler’s convenience.

Q@ Metal Alloy UNS Number Search

['uns c10100 ) @D
EtoL

[Uns F1o004 B Fiio |

[‘Uns M10100 :) @D

[‘uns 513800 ) @D

| FIGURE 212 MatWeb Metal Alloy UNS C10100 selection




MatWeb: Searchable Materials Properties Website
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M O O -] COMSOL_Copper_20090604063825
Hib.mut{i}.nume:'nygen—free electronic Copper, UNS C18188 ';
lib.mat{1} .variobles .signo='5.5843e+7 [5/m] ';
lib.mat{1}.variables.E="'1.168e+11[Pa]';
lib.mat{i}.variables.alpha="'0.008081708[1K] ';
lib.mat{1}.variables.Sys="6.980e+7 [Pa]';
lib.mat{1}.variables.mu="4.486e+18[Pa]';
lib.mat{1}.voriobles.k="383.0 %/ (n+k3] '

lib.mat{1% .variobles .rho= '8898 [ka/m 3] ' ;
lib.mat{1}.voriables.C="385.0 [1/ (ko)) s
lib.mat{1}.variables.nu="8.3168";

Fa

| FIGURE 2.15 MatWeb properties of UNS C10100 (oxygen-free electronic-grade copper)

Bl PKS-MPD: Searchable Materials Properties Database

PKS-MPD (Pryor Knowledge Systems—Materials Properties Database)®” is a search-
able materials properties database with data on more than 4000 materials, including ele-
ments, minerals, soil, metals, metal alloys, oxides, steels, thermal insulators,
semiconductors, optical materials, and biomaterials (tissue). Each material can have a
maximum of 43 defined properties. Each of those defined properties is associated with
the temperature of measurement and the frequency of measurement, as available. The
collection of defined properties for each materials property datum is exportable in a for-
mat suitable for the COMSOL Multiphysics software.

The PKS-MPD selection page, on first use, requires that the modeler choose the
version of COMSOL Multiphysics software in use to correctly format the export files
(the COMSOL Multiphysics version selection choice remains as chosen until later
changed). See Figure 2.16.

Using the same example material as previously, UNS C10100 (oxygen-free
electronic-grade copper), the selection criteria can be entered by at least two different
paths. To use the first path:

1. Click the Composition tab and select Copper (Cu) from the pull-down list.

See Figure 2.17.

2. Click the Add to Search button. See Figure 2.18.

The Selection Criteria window shows that the search yields 440 possible copper-
containing candidate materials. Because oxygen-free electronic-grade copper is known
to be very pure, the search can be narrowed by adding a specification of the composi-
tional percentage of Cu to the search.

1. Select Copper (Cu) from the element pull-down list.

2. Check the Specify percentage range check box.

3. Enter Min. = 99.9 and Max. = 100 in the appropriate edit windows. See Figure 2.19.
4. Click the Add to Search button. See Figure 2.20.



PKS-MPD: Searchable Materials Properties Database
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| FIGURE 217 PKS-MPD Composition selection page for Copper (Cu)
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| FIGURE 2.19 PKS-MPD Composition percentage range selection page for Copper (Cu)
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| FIGURE 2.20 PKS-MPD Composition percentage range selection added page for Copper (Cu)

The Selection Criteria window shows that the search yields three possible copper
candidate materials. Click the Print Materials button to view the candidate materials
and optionally print a data sheet. See Figure 2.21.

The remaining materials candidates are Copper; Copper (UNS C10100); and
Copper Alloy, pure copper, UNS C10200.

1. Select “Copper (UNS C10100).” See Figure 2.22.

. Double-click the selection to view the properties data for the candidate material(s).
See Figure 2.23.

Click the Accept button (far right, check-marked button).

[\

Close the selection window.

Click OK on the Page Setup window.

Select Print Preview. See Figures 2.24 and 2.25.
Click either the Cancel button or the Print button.
Click the Export to Model SW button.

X NS kW
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52 CHAPTER 2 MATERIALS AND DATABASES

alerlals for export or print by highlighting. Double-click an item to see detalled dara.

Close the window to continue processina.
Mater 5 Mater
Copper Cu
Copper (UNS C10100) Cu+
Copper Alloy, pure copper, UNS C10200 99.95Cu

| FIGURE 221 PKS-MPD Composition materials selection page for Copper (Cu)

Select materials for export or print by highlighting. Double-click an itam to see detalled dara.
Close the window to continue processina.

Copper Cu

Copper (UNS €10100) Cut

Copper Alloy, pure copper, UNS C10200 99.95Cu

=

I FIGURE 2.22 PKS-MPD Print Materials selection page for Copper (UNS C10100)



PKS-MPD: Searchable Materials Properties Database

800 ps-ue.
BBES B D
1 T L=d LA v L
.NﬁLeriaI = Ser sk i i
2of 3
ID: 2502 Click the Composition tab for a list of the

chemical components of the material.

Name : Copper (UNS C10100)
Click the Types tab for a list of the
categories assigned to the material.

Formula : Cu+
Source: ASM VFM/DNG/ADR/SO0723R3 (T1) ( Select Source... )
UserlD : Designer Last Changed : &/3/09

{ Properties . Compnosition Types "

@ 0

Material Name / Comments: | PropertyName TO Min : | Value/TO Max : | UOM / TO UOM :
Copper (UNS C10100) Thermal expansion coeff. (alpha) 1.7700e-5| 1/K
At 20-300 degC (68-570 degF 293.15 573.15|K
Copper (UNS C10100) Yield Strength 6.9000e+7 | Fa
At 20-300 degC (68-570 degF 293.15 573.15|K
Copper (UN3 C10100) Tensile Strength (Syt) £.2000e+8 Pa
At 20-300 degC (68-570 degF 293.15 573.15|K
Copper (UNS C10100) Elongation modulus 15.0| %
AL 20-300 degU (68-5/0 degt £93.15 af3.05 K
Copper (UNS C10100) Young's modulus (E) 1.1500e+11 Pa -
AL 20-300 deaC (68-570 deaf £93.15 373.15 K X
e e e e e e e e e e e e e  ——— : FIE

| FIGURE 2.23 PKS-MPD Materials selection Properties display page for Copper (UNS C10100)

9. Select “Copper (UNS C10100).” See Figure 2.26.

10. Double-click “Copper (UNS C10100)” to verify the candidate material selection
choice. See Figure 2.27.

11. Click the Accept button (far right, check-marked button).
12. Close the selection window. See Figure 2.28.
13. Click Yes.

14. Enter Copper (UNS C10100) in the Material Library Name Request window (to
provide a name for the entry in the export log).

15. Click OK. See Figure 2.29.

wore ™ In the case where the material property is measured under different conditions
(e.g., temperature, frequency), the modeler must choose which value he or she wishes
to export for use with the material.

53



54

Material Properties

CHAPTER 2 MATERIALS AND DATABASES

6/5/09

Material Name : Copper (UNS C10100)

Formula : cu+ CAS Reg. No. :

| Property / Comments | Symbol/T0O Min Value/TO Max | UOM / TO UOM
Thermal expansion coeff, (alpha) aloha 1.7700e-5 | 1/K
At 20-300 degC (68-570 degF) 293.15 57315 | K
for ceramic-to-metal seals.
Yield Strength Ys_pks 6.9000e+7 | Pa
At 20-300 degC (68-570 degF) 293.15 573.15 | K
for ceramic to metal scals.
Tensile Strength (Syt) | Syt 2.2000e+8 | Pa
At 20-300 degC (68-570 degF) 293.15 573.15 K
for ceramic-to-metal seals.
Elonnation modulus 45.0 | %
At 20-300 degC (68-570 degF) 293.15 573.15 | K
for ceramic-to-metal seals.
Young's modulus (E) | E 1.1500e+11 Pa
At 20-300 degC (68-570 degF) 293.15 573.15 | K
for ceramic-to-metal seals.
Density (rho) rho B,960.0 | ka/mA3
Nensity may depend ransiderahly
on previous treatment.
Bailing Paint bpT_pks 2,868.15 | K
Heat Capacity (C) G 380.0 | J(kg*K)
Heat of fusion . Ih_pks 2.1185e+5 Jikg
Thermal expansion coeff. (alpha) alpha 1.6500e-5 1/K
Thermal conductivity (k) k 393.9775 | W/(m*K)
+/- 0.005 cal/cmA2/cm/s/K
Electrical Resistivity {res) | res 1.6730e-8 | ohm-m
At 20 degC (68 degF). 293.15 293.15 | K
Electrical Conductivity (sigma) sigma 5.9773e+7 | S/m
At 20 degC (68 degF). Derived 293.15 293.15 | K
from electrical resistivity.
Young's modulus (E) E 1.1032e+11 Pa
Melting Point mpT_pks 1,356.15 | K
+/- 0.1 degC.
Specific gravity 8.96 | NONE
Derived from density in g/cmA3.
Young's modulus (E) E 1.2800e+11 | Pa
At room temperature 20 degC 293.15 29315 | K
{GB deall).
Shear modulus (Gxy) Gxy 4.6800e+10 Pa
At room temperature 20 degC 283,15 293.15 | K
(68 deqF).
Poisson’s Ratio (nu) nu 3.0800e-1 | NONE
At room temperature 20 degC 293.15 29315 | K
(68 degF).
Yield Strength Ys_pks 3.3300e+7 | Pa
At room temperature 20 degC 293.15 29315 | K
(GO deql).

Page 1

| FIGURE 2.24 PKS-MPD Material Properties Print Preview Page 1 for Copper (UNS C10100)
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Material Properties

6/5/09

' Property /| Comments ‘ Symbol/TO Min

Tensile Strength (Syt) Syt
At room temperature 20 degC 29315
| (B8 deaF).

Elongation ‘

At room temperature 20 degC
(68 degF).

| Element: |
Copper (Cu)

MaerialType :

Metal

283.15

Metal, Non-Ferrous

Alloy

Percent Min:

Value/TO Max

|

| 2.0900e+8
| 293.15
|

333
293.15

99.99 ‘

Percent Max:

Pa
‘K

‘ UOM | TO UOM

%
K

99.99

| FIGURE 2.25 PKS-MPD Material Properties Print Preview Page 2 for Copper (UNS C10100)

Close the window to continue processing.

Select materials for export or print by highlighting. Double-click an item to see detailed data.

MaterialNarme - ﬁatérfalﬂﬁem.‘iymbu! 2
Copper Cu

Copper (UNS C10100) Cu+

Copper Alloy, pure copper, UNS C10200 99.95Cu

| FIGURE 2.26 PKS-MPD Materials selection Properties display page for Copper (UNS C10100)
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CRERED | B9

ID: 2502 Click the Composition tab for a list of the
— = chemical components of the material,
Name : Copper (UNS C10100)
Click the Types tab for a list of the
‘ categories assigned to the material,

Formula ¢ [Cuj
Source: ASM VEM/DOS/A06/50072383 (T1)
UseriD : Designer Last Changed : 6/3/09
{ Prop LG it Types |
3 A
{# L
‘Material Name / Comments: | PropertyName TOMInY | value/TO Max | | UOM [ TO UOM :
Coppar (UNS C10100) Tharmal expansion coeff, (alpha) 1.77008-5 1/K
At 20-300 degC (68-570 degFf 293.15 573.15 K
Copper (LUINS C10100) Yiedd Strength £.30008+7 | Pa
At 20-300 degC (68-570 degl 293.15 573.15 K
Copper (UNS C10100) Tensile Strength (Syt) 2.2000c48 Pa
At 20-300 degC (68-570 degF 293.15 573.15 K
Copper (UNS C10100) Elongation modulus 450|%
At 20-300 degC. (6B-570 degF 293.15 57315 K
Copper (UNS CT0100) Young's modulus (E) 1.1500e411 | Pa .
AT 20-300 deaC (68 0 dag 3 Y
—

F3

| FIGURE 2.27 PKS-MPD Materials selection Properties display page for Copper (UNS C10100)

Materials selected. Continue to export or print? @ (E

MaterialName :

Copper (UNS C10100) Cut

| FIGURE 2.28 PKS-MPD Materials selected verification page for Copper (UNS C10100)
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Select for export up to one of these values tor the material property by highlighting your
choice, if any. (Double-click an entry to see the entire comment field.) .

| Material Name | Com I I I . I

Capper (UNS C10100) Tensila Strength (Syr) 7.2000e+8| Pa

At 26-300 dagC (68-570 degF) for 293.15 | 573.15| K
ceramic-to-metal seals.

ES

| FIGURE 2.29 PKS-MPD Materials selection Tensile Strength (Syt) display page for Copper
(UNS C10100)

16. Select the Tensile Strength (Syt) for Copper (UNS C10100) at room temperature.
17. Click Exit.

Continue the selection process for each property as displayed. When finished,
click the Exit button for each property. The file is then exported as a text file with
library management data leading. Figure 2.30 shows the material properties
exported.

The exported file can be directly imported into COMSOL Multiphysics as
follows:

1. Open COMSOL Multiphysics in the application mode of choice.

2. Using the menu bar, select Options > Materials/Coefficients Library.

3. Click the Add Library button. See Figure 2.31.

4. Select the newly exported Copper (UNS C10110) library. See Figure 2.32.
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lib.mat{1}.name="'Copper {UNS C18168% (PKS1.8%';
libmot {1} .variobles.bpT_pks="2868.16[K]";
libamot {1} .variobles.rho= '8966 [ka/m 3] ';
libamot {1} variobles.sigma="E9773008 [5/m] '
lib.mat{1}variobles.signo_TA_pke="293.15[K] ';
lib.mat {1} .variobles.res="0.06668861673 [ohn-m] ' ;
libmat{i}variaobles.res_TA_pks="'293.15[K]";
Libamot {1} variobles.C="380 [1/(ka*k)] ';
libamat {1} variobles. lh_pks="211850 [1 kg] ';
lib.mat {1} .variobles.mpT_pks="1356.16[K]";
lib.mat{1}.variobles.nu="0.363";
libmot{i}variobles.nu_TE_pks="293.16[K]";
lib.mat{l} .variaobles.Gxy="4650BB06686 [Pa] ';
lib.mat{l} .variobles.Syt="209000008 [Pa] ';
lib.mat{1}variobles.Syt_TA_pks="293.15[K]";
lib.mat{1}.variobles.k="393.9779 [W/{m*k3] ' ;
lib.mot {1} variobles.alpho="6.00868165 [1/K] ';
lib.mat{l} .varicbles.Ys_pks="333066686 [Pa]';
lib.mat{l}variables.Ys_TO_pks="293.16[K]";
lib.mat {1} .variobles.E="1250066666668 [Pa] ',
lib.mat{1}variaobles .E_TA_pks="293.15[K]"';

| FIGURE 2.30 PKS-MPD Materials selection properties for Copper (UNS C10100) exported

AN Materials/Coefficients Library

Materials Material properties

v

Model (0)

Basic Material Properties (28)
Liquids and Gases (18)

MEMS Material Properties (33)
Heat Transfer Coefficients (8)
Electric (AC/DC) Material Prop
Piezoelectric Material Propertie
User Defined Materials (1)
FeNi Material Properties {5)
Ductile Iron Material Propertie:
Library 10 (8)

PKS Test Library (1)

PKS Test Library (1)

¥y Y Y Y Y Y Y YYYYY

] PR

Mew ] D.-&-Ict.c
Copy Paste Hide undefined properties { Functions... )
( Add Library... ‘1 Plot

€ Help \l I_rAppl',' k| I_erancel‘] E oK )

| FIGURE 2.31 Materials/Coefficients Library edit page
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File: Copper (UNS C10110)

E Copper (UN5 C10110) Thursday, June 4, 2009 4:11 PM

File Format- [ Library Data Files (*.dat: *.... &

(e Co)

| FIGURE 2.32 Copper (UNS C10100) file selected as the library to be added

5. Click OK. The Copper (UNS C10100) (1) library is added as the last item on the
Materials library list in the Materials window. See Figure 2.33.

6. Click OK.

The second method of Searching if the modeler knows the UNS number, is sim-
ply to enter that number.

~Marerials - “| [ Marerial properuies

Model (0)

Basic Material Properties (28)
Liquids and Cases (18)

MEMS Material Properties (33)
Heat Transfer Cocfficients (8)
Electric (AC/DC) Material Prop
Fiezoelectric Material Propertic
User Defined Materials (1)
FeNi Material Properties (5)
Ductile lron Material Propertie:
Library 10 (8]

PKS Test Library (1)

PKS Test Library (1)

Copper (UNS C10100) (1)

Y ¥ Y Y Y Y VY VYFVYYYVYYY

( New ) ( Delete )

( Copy ) [ Paste ) | Hide undefined properties

( Add Lihrary_ ) Plat )

(wen ) (Ao ) (Cance ) ok )

| FIGURE 2.33 Materials/Cosfficients Library edit page
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e I I
Exit View Print Expart tn Vi
ew Clear Instruc-
Properties Materials Model SW o e

| Property  Material Type Composition Other Characteristics }

Material Name Note: To search for text within a field, use
the wild card symbal @. For example,

Examples: Pyrex, @fiber@ in Material Name will find any
borosilicate glass; material with "fiber” (upper or lower case)
Copper UNS embedded in its name field, @fiber = ends
C10200; Nickel with "fiber”, fiber@ = starts with "fiber”.
Silver; Tendon,
Human; Cellulose Searchas are not case-sansitive.
cotton fiber (dry)

Add to

Search

Selection Criteria: Materials Selected : 1
No. | Field | Criteria | Count | Remnve
1 Other Name @UNS C10100@ 18

Select Model Software | COMSOL Multiphysics 3.4+

B8

| FIGURE 2.38 PKS-MPD Materials selected Other Characteristics page

DN A W N =

Click the Clear button.

Select “Other Characteristics.”

Enter @UNS C10100@.

Click the Add to Search button. See Figure 2.34.

The search yields one candidate material. Click the Print Materials button.
See Figure 2.35.

The rest of the instructions for printing, exporting, and adding materials proper-

ties to the COMSOL library are the same as given previously.



References

®0.0 SRl

Select materials for export or print by highlighting. Double-click an item to see detailed data.
Close the window to continue processina.

I MaterialName : | Maler[alChemS\rmbu! 3
Copper (LINS C10100) Ci+

B

| FIGURE 2.35 PKS-MPD Materials selected Properties page

B References

http://www.comsol.com/products/material/
http://en.wikipedia.org/wiki/DIN
http://en.wikipedia.org/wiki/Unified_numbering_system
http://en.wikipedia.org/wiki/Oxygen-free_copper
http://www.matweb.com/

http://www.pks-mpd.com/

A S o e

Contact Pryor Knowledge Systems, Inc., at http://www.pks-mpd.com for a
PKS-MPD sample database and an activation key.
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Exercises

Explore the processes of finding and exporting materials properties with the
COMSOL Material Library module presented in this chapter.

Explore the processes of finding and exporting materials properties with MatWeb
as presented in this chapter.

Explore the processes of finding and exporting materials properties with
PKS-MPD as presented in this chapter.



1D Modeling

In This Chapter

1D Guidelines for New COMSOL® Multiphysics® Modelers
1D Modeling Considerations
Coordinate System
1D KdV Equation: Solitons and Optical Fibers
COMSOL KdV Equation Model
First Variation on the KdV Equation Model
Second Variation on the KdV Equation Model
1D KdV Equation Models: Summary and Conclusions
1D Telegraph Equation
COMSOL 1D Telegraph Equation Model
First Variation on the Telegraph Equation Model
Second Variation on the Telegraph Equation Model
1D Telegraph Equation Models: Summary and Conclusions

B 1D Guidelines for New COMSOL® Multiphysics® Modelers

1D Modeling Considerations

1D modeling is both the least difficult and potentially the most difficult type of model
to build, irrespective of the modeling software utilized. The least difficult aspect of 1D
model building arises from the fact that the geometry is simple: In a 1D model, the
modeler can have only a single line or a sequence of line segments as the modeling
space. However, the physics in a 1D model can range from reasonably easy (simple)
to extremely difficult (complex).

o= COMSOL® Multiphysics® software has two 1D modes: 1D (beginning-level
through moderate-level modeling) and 1D Axisymmetric (advanced-level modeling).
In keeping with the introductory focus of the material in this text, only 1D models
(beginning-level through moderate-level models) will be presented. For information
on the 1D Axisymmetric geometry, the associated physics, and the use of the same,

63



64

CHAPTER 3 1D MODELING

refer to the COMSOL manuals, the COMSOL website, and the general COMSOL
Multiphysics software-related research literature.

The 1D model implicitly assumes that the energy flow, the materials properties,
the environment, and any other conditions and variables that are of interest are homo-
geneous, isotropic, and constant, unless otherwise specified, throughout the entire
domain of interest, both within the model and in the environs of the model. In other
words, the properties assigned to the 1D model are representative of the properties of
proximate nonmodeled regions. Bearing that in mind, the modeler needs to ensure that
all modeling conditions and associated parameters have been properly considered,
defined, or set to the appropriate values.

ot ¥ As mentioned earlier, it is always preferable for the modeler to be able to
accurately anticipate the expected behavior (results) of the model. Calculated solution
values that deviate widely from the expected values or from comparison values
measured in experimentally derived realistic models are probably indicative of one or
more modeling errors either in the original model design, in the earlier model analysis,
or in the understanding of the underlying physics, or are simply due to human error.

Coordinate System

In a 1D model, there are only two coordinates: space (x) and time (#). In a steady-state
solution, parameters vary only as a function of space (x). In a transient solution model,
parameters can vary both in space (x) and in time (). The space coordinate (x) typi-
cally represents distance throughout which the model is to calculate the change of the
specified observables (i.e., temperature, heat flow, pressure, voltage, current).

nore ™ To assist the reader to achieve a broader exposure to the applicability of physics

discussed in this book and to demonstrate the power of 1D modeling techniques,
modeling examples are presented that demonstrate techniques from two different, but
similar, broadly applicable areas of physics. The examples presented explore wave
propagation, in the broadest general sense.

B 1D KdV Equation: Solitons and Optical Fibers

The KdV equation! is a well-known example of a group of nonlinear partial differen-
tial equations? called exactly solvable.? That type of equation has solutions that can be
specified with exactness and precision.

nor= ¥ Nonlinear partial differential equations play an extremely important role in the
description of physical systems.* Nonlinear partial differential equations are, by and
large, inherently difficult to solve and require a unique approach for each equation type.




1D KdV Equation: Solitons and Optical Fibers

The KdV equation, solved in 1895 by Diederik Korteweg and Gustav de Vries,
mathematically describes the propagation of a surface disturbance on a shallow canal.
The effort to solve this wave propagation problem was undertaken based on observa-
tions by John Scott Russell in 1834, among others. Subsequent activity in this math-
ematical area has led to soliton application in magnetics® and optics.” Work on soliton
propagation problems is currently an active area of research.

The following numerical solution model (KdV equation) was originally devel-
oped by COMSOL for distribution with the Multiphysics software as an equation-
based model. Here, we will build the model as presented in the COMSOL Model
Library and then explore variations and expansions on the model.

o= It is important for the new modeler to personally try to build each model

presented within the text. There is no substitute for the hands-on experience of actually
building, meshing, solving, and postprocessing a model. Many times the inexperienced
modeler will make and subsequently correct errors, adding to his or her experience and
fund of modeling knowledge. Even the simplest model will expand the modeler’s fund
of knowledge.

The KdV equation (as written in standard notation) is
ou + u+ 6ud,.u=0 (3.1)

In the COMSOL documentation, the formula is shown as
e = 6un, in Q= [-8,8] (3.2)

u, +u

The difference between the two equations is that (3.2) is the negative form of (3.1),
which will be adjusted during postprocessing.
The boundary conditions are periodic, as shown here:

u(—8,t) = u(8,t) periodic (3.3)
The initial condition for this model is
u(x,0) = —6sech?(x) (3.4)

Once the modeler builds and solves this model, it will be seen that the pulse imme-
diately divides into two soliton pulses, with different width and propagation speeds.

COMSOL KdV Equation Model

To start building the KdV_Equation_1 model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “1D” from the Space dimension
pull-down list. Select COMSOL Multiphysics > PDE Modes > PDE, General
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(Caxis-| Grid

—
rxlimits ——————————— ry-zlimts ——————————————
xmin: -9 E Auto

y max: 0.02

E Auto

zmin: |1

zmax: 1

( Help ) (ANJ'Y) (Cancel) &—m—)

| FIGURE 3.1 1D Axes/Grid Settings window (x)

Form > Time-dependent analysis. Type ul space u2 in the dependent variables edit
field. Click OK. Using the menu bar, select Options > Axes/Grid Settings. Enter -9
tab 9 in the edit fields to define the x geometry. Click OK. See Figure 3.1.

Using the menu bar, select Draw > Specify Objects > Line. Enter —8 space 8§ in
the Line edit window. Click OK. See Figure 3.2.

DSt L@k ALSA=EP2LEA4 ¥RaDP T

Model Tres . .
o - - - . — - - . . -

| =

8 -6 -+ -2 ] 2 4 ] ]

Adding curve with Label 11",

iz GRID [SNAP [DIALDG (MULT

| FIGURE32 1D geometry for the KdV equation model



1D KdV Equation: Solitons and Optical Fibers

NN Periodic Boundary Conditions
{ Sourge| Destinatior Source Vertices Destination Vertices |
B d lecti
oundary selection | Expression | Constraint name

z

1 Select by group

Viector element constraint

|_r Help \ I(Appl\r \I (Canccl) E—QK-"—B

| FIGURE 3.3 Periodic Boundary Conditions window

Periodic Boundary Condition Settings

wore ™ For the new modeler unfamiliar with periodic boundary conditions, their use
allows the domain (x values) of the model to be extended essentially indefinitely. For
example, the modeling workspace of a line has two ends that would form two abrupt
terminations, if not somehow compensated for. The use of periodic boundary
conditions forms the line into a circle, which is mathematically infinite (endless).

Having established the 1D geometry (line), the next step is to define the fundamen-
tal physics conditions. From the menu bar, select Physics > Periodic Conditions >
Periodic Boundary Conditions. After the Periodic Boundary Conditions window appears,
on the Source page, select “1” in the Boundary selection window. See Figure 3.3.

Enter ul in the Expression edit window, and then press the Enter key. The con-
straint name “pconstr]” will appear in the Constraint name column. See Figure 3.4.

SO0 Periodic Boul | itions

{ Source | Destination Source Vertices Destination Vertices |

Boundary selection

Expression Constraint name

D | N oo

2

(]
Select by grou i
L oo ] Vector element constraint

.( Help \ I(Appl\f \I _(Cancl:l) 6 OK'-)

| FIGURE 3.4 Periodic Boundary Conditions window, Source page
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[ TaVa

| Source Destination | Source Vertices Destination Vertices |

Geometry; | *Geoml E‘ Constraint name: | pconstrl @

Boundary selection
M

11

a Use selected boundaries as destination

Exprassion:lul I

’:‘ Select by group

C Help ) (Applv) CCan:eI) ( oK )

| FIGURE 35 Periodic Boundary Conditions window, Destination page, boundary 2

Click the Destination tab. Select “2” as the boundary, and enter ul in the edit
window. See Figure 3.5.

Click the Source Vertices tab. Select “1” as the vertex, and then click the >>
button. See Figure 3.6.

Click the Destination Vertices tab. Select “2” as the vertex, and then click the >>
button. See Figure 3.7.

Click the Source tab. Select “1” as the boundary, and then type u2 in the second
Expression window. Press the Enter key. The label “pconstr2” will appear in the
Constraint name column. See Figure 3.8.

Click the Destination tab. Select “2” as the boundary, and then enter u2 in the
Expression edit window. See Figure 3.9.

800

[ Source Destination Source Vertices | Destination Vertices |

Constraint name: pconstrl

Vertex selection: Source vertices:
The orientation of the source domains
2 relatively the destination domains is
determined by matching source and
destination vertices in the order they are
added.

( Help ) (Applvj (Can:el) 6'-9&—3

I FIGURE 3.6 Periodic Boundary Conditions window, Source Vertices page, vertex 1



1D KdV Equation: Solitons and Optical Fibers

,—,_I Source

Destination Source Vertices

1
-
Lonstraint name: pconstri
Vertex selection: Destination vertices:
1 2 The orientation of the source domains
determined by matching source and
destination vertices In the order they are
added.

(Hete ) (Capply ) ((canca ) (Eror)

| FIGURE 3.7 Periodic Boundary Conditions window, Destination Vertices page, vertex 2

% 5 I Destinati Source Vertices Destination Verticos |
~Boundary selection—— T
b i Expression | Constraint name |
ul pconstrl
z [pconstrZ |

1 Select by group

':1 Vector element constraint

Crde ) () (comced) (Eon)

| FIGURE 3.8 Periodic Boundary Conditions window, Source page, boundary 1, variable u2

—,_I Source —Bmmaﬁnu.—-—{ Source Vertices D Vertices |

Geometry: [ *Geoml M Constraint name: [ pconstr2 N
-Rnundary selectinn——

¥ Use selected boundaries as destination
]1 Akt
— Expro_ssmn.i uZ

D Selact by group

(Hee ) (Capply ) ((cance ) (Eror)

| FIGURE 3.9 Periodic Boundary Conditions window, Destination page
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B0

[ Source Destination Source Vertices | Destination Vertices |

Constraint name: pconstr2

Vertex selection: Source vertices:
1 1 The orientation of the source domains
2 relatively the destination domains is
determined by matching source and
. destination vertices in the order they are
added.

( Help ) (Applv\. (Can:el\ f——ﬂk—’

| FIGURE 3.10 Periodic Boundary Conditions window, Source Vertices page

Click the Source Vertices tab. Select “1” as the vertex, and then click the >>
button. See Figure 3.10.

Click the Destination Vertices tab. Select “2” as the vertex, and then click the >>
button. See Figure 3.11. Click OK.

Boundary Conditions Settings

The next step is to set the boundary conditions. Using the menu bar, select Physics >
Boundary Settings. Using Table 3.1 as a guide, on the Type page, select boundaries 1
and 2. Click the Neumann button, and then click the G tab. Verify or type O in each edit
window. Click OK.

SN

| Source Destination Source Vertices Destination Vertices ]

Constraint name: pconstr2

Vertex selection: Destination vertices:
1 @ The orientation of the source domains
relatively the destination domains is
determined by matching source and
destination vertices in the order they are
added.

( Help) (Applvj CCan:eI\ Eﬁﬁa

I FIGURE 3.1 Periodic Boundary Conditions window, Destination Vertices page



1D KdV Equation: Solitons and Optical Fibers

| Table 3.1 Boundary Settings Window

Parameter Boundary 1 Boundary 2 G(1) G(2)
Type Neumann Neumann
Setting 0 0

o= Boundary conditions settings specify the values that a solution to the problem
being solved needs to take on at the boundary (edge). Two types of boundary conditions
are used in this book: Dirichlet and Neumann. In the Dirichlet boundary condition,
fla) = n; and f(b) = n,, where a, b are the boundary points and n,, n, are given numbers.
In the Neumann boundary condition, dfia)/dx = ny and df(ib)/dx = n,, where a, b are the
boundary points and n,, n, are given numbers. Mixed boundary conditions, which are a
more advanced topic and will not be covered here, are also possible.

Subdomain Settings

The next step in building the KdV equation model is to set the Subdomain Settings. Select
Physics > Subdomain Settings. Once the Subdomain Settings window appears, select
subdomain 1, and enter the coefficient values under the correct tab as shown in Table 3.2.

Once the PDE coefficients have been entered, Click the Init tab. Enter the initial
conditions shown in Table 3.3, and then click OK.

| Table 3.2 Subdomain Settings window, PDE coefficients

PDE Coefficient Value
r( u2

2 ulx

F1) 6*ul*ulx
F2) u2

d,(11) 1

d,(12) 0

d,(21) 0

d,22) 0

| Table 3.3 Initial Conditions Window

Initial Condition Value
ul(ty) —6*sech(x)"2
u2(t) —24*sech(x)A2*tanh(x)"2+12*sech(x)A2*(1-tanh(x)A2)
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| FIGURE 3.12 Free Mesh Parameters window

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters. Type 0.1 in the Maximum
element size edit window, as shown in Figure 3.12. The mesh consists of 160 ele-
ments. Click OK.

From the menu bar, select Mesh > Initialize Mesh. The result of the meshing oper-
ation is shown in Figure 3.13.
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| FIGURE 3.13 Meshed model
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Solver:
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Time dependent
Eigenvalue Absolute tolerance: 0.0010
Parametric
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Adaptive mesh refinement
| Settings... __'I
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Matrix symmetry: Automatic I-;.—!

_( Help b _(Applv\__ (Cancel\ ( oK )

| FIGURE 3.14 Solver Parameters window

Solving the KdV Equation Model

First, using the menu bar, select Solve > Solver Parameters. The COMSOL Multiphysics
software automatically selects the Time dependent solver. Type linspace(0, 2, 81) in the
Times edit window, as shown in Figure 3.14. This instruction divides the time-space into
81 equal intervals, in the period from O to 2 seconds.

o™ When the instruction linspace(a, b, c) is typed, it must be typed with no space
between the last “e” of “linspace” and the open parenthesis (of the argument

specification (a, b, ¢). If it is not typed exactly this way, the COMSOL Multiphysics
software will indicate an error!

Click the Time Stepping tab. Type 2 in the Maximum BDF order edit window, as
shown in Figure 3.15. Click OK.
Using the menu bar, select Solve > Solve Problem. The solution that is immedi-

ately seen is the negated () solution at the last time interval (f = 2 seconds), as shown
in Figure 3.16.
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| FIGURE 3.15 Solver Parameters window, Time Stepping page
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| FIGURE3.17 KdV equation model solution

Postprocessing

The positive solution can be viewed as follows: Select Postprocessing > Plot
Parameters. Click the Line tab. Type —ul in the Expression edit window. Click the
Apply button. The positive results are shown in Figure 3.17.

Save the KdV Equation model as Model3_KdV_1.

The solution to the KdV equation can also be viewed as an animation. To view the
solution as a movie, using the menu bar, select Postprocessing > Plot Parameters.
Once the Plot Parameters window appears (see Figure 3.18), click the Animate tab. On
the Animate page, select all the solutions in the Stored output times window (see
Figure 3.19). Click the Start Animation button. Save the KdV equation model anima-
tion by clicking on the disk icon on the player screen. Alternatively, you can play the
file Movie3_KdV_1.avi that was supplied with this book.

o= Many modelers are better able to understand the dynamics of the solution
when the solution is presented as an animation. It is available in addition to the
presentation of the solution as a series of static plots.

The file extension that is created during the Save operation is platform dependent. If
the platform is a Power Mac® computer, the extension for an animation will be different
(.mov) than that for a Mac® computer with Intel® processor or a PC (.avi). Either can be
played using a free QuickTime® player (http://www.apple.com/quicktime).
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| FIGURE 3.18 KdV model solution Plot Parameters window, Line page

O

General Line Max / Min Animat ]1

~Movie setti ~Solutions to use

File type: AV = Select via: | Stored output times E
Width (in pixels): 'Gtﬂl—i
Height (in pixels): i480—|
Frames per second: ’10—|

~Static [ Ei function animati

Cycle type: Full harmonic E

—

Mumber of frames: | 11 |

[ Reverse direction

Start Animation

( Help ) (ADNY) (Cancel) E-—-Qg&—-a

| FIGURE 3.19 KdV model solution, Animate page



1D KdV Equation: Solitons and Optical Fibers

First Variation on the KdV Equation Model

The previous solution to the KdV equation results in two soliton pulses propagating in
the same medium at the same time. Next, we will explore how the model behaves
when the initial conditions are modified. In this case, the argument is made smaller.

ot Information transmission relies on the measurement of a difference. In Morse
code (a time differentiation method), the difference is between a long pulse, a short
pulse, and no pulse. No pulse signifies no message. Thus, even if a message was sent, if
it was not received (detected), then the recipient of the non-message classifies the
message traffic as zero. To receive a message, the received signal must be of adequate
amplitude (analog), of adequate duration (time), and in the expected frequency band of
the receiver. The signal amplitude must be sufficiently greater than the detection
threshold to allow information to be collected. The signal-to-noise ratio determines the
minimum detectable signal 3

The stable, long-distance, light pulses used to convey information through optical
fibers are known as temporal solitons.” To achieve detectability, the fiber is designed to
compensate for dispersion (frequency spreading) and power loss.

First, save a copy of the just-created KdV equation model as Model3_KdV_2.
You can then modify the KdV equation model without being concerned about damag-
ing the original model.

If Model3_KdV_2 is already open on your desktop, skip to the “Scalar
Expressions” section. If Model3_KdV_2 is not already open on your desktop, using
the menu bar, select File > Open. When the Open Model window is displayed as in
Figure 3.20, select “Model3_KdV_2.” Click OK.

Scalar Expressions

Using the menu bar, select Options > Expressions > Scalar Expressions. When the
Scalar Expressions window opens, type x_a in the Name column and x/1.33 in the
Expression column, as shown in Figure 3.21. Click OK.

o= The scalar expression that was just created will be used as the new argument
for the initial conditions of the KdV equation model.

Having created the new scalar variable x_a, the next step is to modify the Initial
Conditions expression(s).

Changing the Subdomain Settings

The next step in modifying the KdV equation model is to change the Subdomain
Settings. Select Physics > Subdomain Settings. Once the Subdomain Settings window
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~ !'New Modellibrary  User Models  Open | Settngs |

[ 21 5_Models -
[ Name 4| Date Modified |

l [ Models_KdV 1... Tuesday, July L, 200...
= B Models Kdv 2. Wednesday, July 2, 2...
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Description:

File Format: | COMSOL Multiphysics Mod... |4

( Help ) (Cancel) E-H

| FIGURE 3.20 Open Model window

appears, select subdomain 1. Verify that the coefficient value under each of the indi-
cated tabs is as shown in Table 3 4.

Once the PDE coefficients have been verified, click the Init tab. Either modify
the existing equations or enter the initial conditions shown in Table 3.5, and then
click OK.

MName | Expression | Unit | Description

¥x_a x/1.33 m

|

= =& (Help) CAppIy) (Cancel) Wé

| FIGURE 3.21 Scalar Expressions window
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Table 3.4  Subdomain Settings Window, PDE Coefficients

PDE Coefficient Value

(1) u2

I'2) ulx

) 6*ul*ulx

F2) u2 f\

d,11) 1 N
d,(12) 0

d,21) 0 POWEREN.IR
d,22) 0

Because the new KdV equation model is a revised copy of the original KdV equa-
tion model, the new model will need to be reset. Using the menu bar, select File >
Reset Model.

o= ¥ The Reset Model command clears the copied model of previous meshes and
solutions.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters. Verify or type 0.1 in the
Maximum element size edit window, as shown in Figure 3.22. Click OK.

From the menu bar, select Mesh > Initialize Mesh. The result of the meshing oper-
ation is shown in Figure 3.23.

Solving the First Revised KdV Equation Model

Using the menu bar, select Solve > Solver Parameters. Verify that the COMSOL
Multiphysics software automatically selected the Time dependent solver. Verify or type
linspace(0, 2, 81) in the Times edit window, as shown in Figure 3.24. This instruction
divides the time-space into 81 equal intervals, in the period from O to 2 seconds.

| Table 3.5 Initial Conditions Window

Initial Condition Value
ul(t) —6*sech(x_a)"2
u2(to) —24*sech(x_a)A2*tanh(x_a)"2+12*sech(x_a)A2*

(1-tanh(x_a)"2)
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Element growth rate: 13 |
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| FIGURE 3.22 Free Mesh Parameters window

Click the Time Stepping tab. Verify or type 2 in the Maximum BDF order edit
window, as shown in Figure 3.25. Click OK.

Using the menu bar, select Solve > Solve Problem.
In this variation, the solution that is immediately seen is not the negated (-)
solution at the last time interval. Instead, the solution shown is the positive solution
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| FIGURE 3.23 Remeshed model
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| FIGURE 3.24 Solver Parameters window
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| FIGURE 3.25 Solver Parameters window, Time Stepping page
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| FIGURE 3.26 First revised KdV madel solution

of the KdV Equation, because the sign inversion (-) was adjusted in postprocessing
of the copied model. The results of the changed argument solution are shown in
Figure 3.26.

Save this KdV Equation model as Model3_KdV_2 to retain the current solution.

Postprocessing Animation

This solution to the KdV equation can also be viewed as an animation. To view the
solution as a movie, using the menu bar, select Postprocessing > Plot Parameters. Once
the Plot Parameters window appears, click the Animate tab. On the Animate page,
select all the solutions in the Stored output times window (see Figure 3.27). Click the
Start Animation button. Save this KdV equation model animation by clicking on the
disk icon on the player screen. Alternatively, you can play the file Movie3_KdV_2.avi
that was supplied with this book.

ot The reduction of the argument for the initial conditions results in the splitting
of the initial, single soliton pulse into three separate soliton pulses that propagate
through the medium (e.g., optical fiber) at three different velocities and arrive at the
receiver at different times.

Adoption of either the first solution or the second solution in an information
transmission system would cause serious message distortion or interference problems
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| FIGURE 3.27 KdV model solution, Animate page

at the receiving site. These solutions would cause the same nature of interference as
multiple-path propagation in atmospheric transmission (e.g., the same signal arriving
several times at the same receiver in a slightly delayed mode).

Second Variation on the KdV Equation Model

The first revised solution to the KdV equation results in three soliton pulses propa-
gating in the same medium at the same time. Next, we will explore how the model
behaves when the initial conditions are again modified. In this case, the argument of
the initial conditions will be increased in size.

wore ™ Remember—information transmission relies on the measurement of a
difference. Each pulse is one bit of information. No pulse signifies no message. Thus,
even if a message was sent, if it was not received (detected), then the recipient of the
non-message classifies the message traffic as zero.

To receive the correct message, the signal must be of adequate amplitude (analog),
of adequate duration (time), in the expected frequency band of the receiver, and must
correlate exactly with the message sent. The signal amplitude must be sufficiently
greater than the detection threshold to allow information to be collected and must not
contain spurious, random pulses.
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| FIGURE 3.28 Open Model window

First, save a copy of the just-created first variation on the KdV equation model as
Model3_KdV_3. You can then modify the KdV equation model without being con-
cerned about damaging the just-built model.

If Model3_KdV_3 is already open on your desktop, skip to the “Scalar
Expressions” section. If Model3_KdV_3 is not already open on your desktop, using
the menu bar, select File > Open. When the Open Model window is displayed as in
Figure 3.28, select “Model3_KdV_3.” Click OK.

Scalar Expressions

Using the menu bar, select Options > Expressions > Scalar Expressions. When the
Scalar Expressions window opens, verify or type x_a in the Name column and pi/2*x
in the Expression column, as shown in Figure 3.29. Click OK.

o= The scalar expression that was just created will be used as the new larger
argument for the initial conditions of the second variation on the KdV equation
model.

Having created the new Scalar Variable x_a, the next step is to modify the Initial
Conditions expression(s).
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| FIGURE3.29 KdV Scalar Expressions window

Changing the Subdomain Settings

The next step in modifying this version of the KdV equation model is to change the
Subdomain Settings. Select Physics > Subdomain Settings. Once the Subdomain
Settings window appears, select subdomain 1. Verify that the coefficient value assigned
to each of the indicated tabs is as shown in Table 3.6.

Once the PDE coefficients have been verified, click the Init tab. Verify the exist-
ing equations or type the initial conditions found in Table 3.7, and then click OK.

| Table 3.6  Subdomain Settings Window, PDE Coefficients

PDE Coefficient Value
rm u2

r2) ulx

1) 6*ul*ulx
F2) u2

d,11) 1

d,(12) 0

d,(21) 0

d,22) 0

| Table 3.7 Initial Conditions Window

Initial Condition Value
ul(ty) —6*sech(x_a)A2
u2(ty) —24*sech(x_a)A2*tanh(x_a)A2+12*sech(x_a)"2*

(1-tanh(x_a)"2)




86 CHAPTER 3 1D MODELING

.UM Free Mesh Parameters
{ Global = Subdomain Boundary | oK 9
Maximum element size: 0.1 4 Cancel _'I
Maximum element size scaling factor: |1 (_ Apply \.
Element growth rate: 1.3
[ Help

( Reset to Defaults ) ( Remesh ) Mesh Selected

| FIGURE 3.30 Free Mesh Parameters window

Because the new KdV equation model is a revised copy of the original KdV equation
model, this model will need to be reset. Using the menu bar, select File > Reset Model.

ot The Reset Model command clears the copied model of previous meshes and
solutions.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters. Verify or type 0.1 in the
Maximum element size edit window, as shown in Figure 3.30. Click OK.

From the menu bar, select Mesh > Initialize Mesh. The result of the meshing
operation is shown in Figure 3.31.

Solving the Second Revised KdV Equation Model

Using the menu bar, select Solve > Solver Parameters. Verify that the COMSOL
Multiphysics software automatically selected the Time dependent solver. Verify or
type linspace(0, 2, 81) in the Times edit window, as shown in Figure 3.32. This
instruction divides the time-space into 81 equal intervals, in the period from 0 to
2 seconds.

Click the Time Stepping tab. Verify or type 2 in the Maximum BDF order edit
window, as shown in Figure 3.33. Click OK.

Using the menu bar, select Solve > Solve Problem.

The solution that is immediately seen is not the negated (—) solution at the last
time interval. Instead, the solution shown is the positive solution of the KdV equation,
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| FIGURE 3.33 Solver Parameters window, Time Stepping page

because the sign inversion (—) was adjusted in postprocessing of the previous model.
The results of the changed argument solution are as shown in Figure 3.34.
Save this KdV equation model as Model3_KdV_3 to retain the current solution.

Postprocessing Animation

This solution to the KdV equation can also be viewed as an animation. To view this
solution as a movie, using the menu bar, select Postprocessing > Plot Parameters. Once
the Plot Parameters window appears, click the Animate tab. On the Animate page,
select all the solutions in the Stored output times window (see Figure 3.35). Click the
Start Animation button. Save this KdV equation model animation by clicking on the
disk icon on the player screen. Alternatively, you can play the file Movie3_KdV_3.avi
that was supplied with this book.

o= The result of the argument change for the second variation on the KdV
equation model initial conditions is the generation of a single soliton that propagates
through the medium (e.g., optical fiber) at one velocity. This soliton pulse will reliably
convey information to the receiving station.

One factor that this model does not address is the loss of energy (attenuation) as a
function of distance. It is a more advanced topic that will not be covered in this book.
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| FIGURE 3.36 Telegraph equation electrical component model

1D KdV Equation Models: Summary and Conclusions

The KdV equation is a powerful tool that can be used to model soliton wave propa-
gation in diverse media (e.g., physical waves in liquids, electromagnetic waves in
transparent media). It is easily and simply modeled with a 1D PDE mode model.

B 1D Telegraph Equation

The telegraph equation'® was developed by Oliver Heaviside!! and first published
about 1885.!2 The telegraph equation is based on a lumped constant, four-terminal
electrical component model, as shown in Figure 3.36.

In this schematic model of the telegraph wires (and other transmission lines),
there are four fundamental components: resistance (R) per unit of length (e.g., foot,
meter), inductance (L) per unit of length (e.g., foot, meter), conductance (G) per unit
of length (e.g., foot, meter), and capacitance (C) per unit of length (e.g., foot, meter).
The differential equations for voltage (V) and current (/) have the same form, as shown
in equations 3.5 and 3.6.

Equation 3.5 shows the partial differential equation for voltage (V):

92

9? d
e Vo= LC?V + (RC + GL)EV + GRV (3.5)
X

Equation 3.6 shows the partial differential equation for current (I):

9? 9? ]
——I = LC—I + (RC + GL)_1 +GRI (3.6)
ax ot ot

Equations 3.5 and 3.6 are similar in form to equation 3.7, as shown here for the
COMSOL Multiphysics telegraph equation model:

u, +(a + Bu, + afu = c*u,, 3.7)
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where a and S are positive constants, c is the transport velocity, and u is the voltage.
Equation 3.5 can be restated in subscript notation:
u, = LCu, + (RC + GL)u, + GRu (3.8)
Rearranging the terms of equation 3.7 gives the following equation:

1 1 1
Uy = Uy + —(a + Blu, + —aPu (3.9)
c c c

Comparing equations 3.8 and 3.9 yields

LC = ? (3.10)
and
g (RC + GL) G.11)
a+ B = 7LC .
and
GR
= — 3.12
af = (3.12)

Solving for « and 3:

_ CGL + C°R =V =4CGLR + (~CGL — C’R)’

“ 2L
(3.13)
_ CGL + C’R + V/—4CGLR + (—CGL — C’R)?
- 2L
or
. _ CGL + C'R + V/~4CGLR + (~CGL — C'R)’

2L

_ CGL + C°R — V/=4CGLR + (-CGL — C’R)?
- 2L

In the event that

R=G=0 (3.14)
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the transmission line is considered lossless and the telegraph equation becomes

u,, = LCu, (3.15)

COMSOL 1D Telegraph Equation Model
Model Navigator

To start building the telegraph equation model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “1D” from the Space dimension pull-down
list. Select COMSOL Multiphysics > PDE Modes > PDE, Coefficient Form > Time-
dependent analysis, wave type. Verify that Lagrange-Quadratic elements have been
selected in the Element pull-down list. Click OK.

1D Geometry

Once the COMSOL Multiphysics 1D workspace window has appeared, using the
menu bar, select Draw > Specify Objects > Line. Type O space 1 in the Coordinates
edit window of the Line window. Click OK. Using the toolbar, click the Zoom Extents
button. The 1D geometry will appear as shown in Figure 3.37.

ano . —— P . COMSOL Multiphyscs - Geom 1 /PDE, Coefficiant Farm (c) ; Made
CEES i@k ALSA=2R2pFA4d Rl ¥

of e Nl
|

@+ -
a9

Adiing curve with label 1
Saved CONSOL Mol file Madsls_Taka_ 1 mph
) + * | | Srved COMVOL Model il Madel3_ ek 1 mph

0.7 GRID [SNAP [DIALOG [MULT

| FIGURE 3.37 Telegraph equation geometry
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| Table3.8 Constants Window

Name Expression
c 1

alpha 0.25

beta 0.25

Table 3.9  Boundary Settings Window

Parameter Boundary 1 Boundary 2 q g

Type Neumann Neumann

Setting 0 0
Constants

Using the menu bar, select Options > Constants. Type the constants in the Constants
edit window, as indicated in Table 3.8, and then click OK.

Boundary Conditions

Using the menu bar, select Physics > Boundary Settings. After the Boundary Settings
window appears, select both boundaries 1 and 2. Enter or verify the settings indicated
in Table 3.9, and then click OK.

Subdomain Settings

The next step in building the telegraph equation model is to set the Subdomain
Settings. Select Physics > Subdomain Settings. Once the Subdomain Settings window
appears, select subdomain 1 and enter the coefficient values under the correct tab as
shown in Table 3.10. Verify and then leave the other coefficient settings at their 0
value, as shown in Figure 3.38.

Table 3.10  Subdomain Settings Window, PDE Coefficients

PDE Coefficient Value

c c*c

a alpha*beta

f —(alpha+beta)*ut
ea

d, 0
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800 Subdomain Settings - PDE, Coefficient Form (c)

Equation

eaazufarz + daaufar +V(-cVu-ou+y) +au+p-Vu=f

Subdomains - Groups | { Coefficients Init Element Weak Color/Style |
Subdomain selection PDE coefficients
1 idefault) Coefficient Value/Expression Description
¢ e Diffusion coefficient
» alpha*beta Absorption coefficient
—_—
i -(alpha+beta)*ut J Source term
7t 1 Mass coefficient
lja 0 Damping/Mass coefficient
f = 53 0 Conservative flux convection coeff.
Group: | default |"¢'3
B o Convection coefficient

’:‘ Select by group

E Aitiveinthicdamain Conservative flux source term

I_r Help \I I_rApva\_l (Cancel\] ( oK )

| FIGURE 3.38 PDE window, Coefficients page

Once the PDE coefficients have been entered, click the Init tab. Enter the initial
conditions found in Table 3.11, and then click OK. See Figure 3.39.

Mesh Generation

Using the toolbar, select Initialize Mesh > Refine Mesh once. The final mesh, with 30
elements, is shown in Figure 3.40.

Solving the Telegraph Equation Model

Using the menu bar, select Solve > Solver Parameters. Once the Solver Parameters
window appears, click the Time Stepping tab. Place a check mark in the Manual tun-
ing of step size check box. Type 0.002 in the Initial time step edit field, as shown in
Figure 3.41. Click OK.

Table 3.11 Initial Conditions Window

Initial Condition Value
ull(ty) exp(-3*(x/0.2-1)72)
u2(ty) 0
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eaﬂzufatz + daau;a: +Vo(-cVu-au+y) +au+p-Vu=f

m [ Coefficients -w Element  Weak = Color/Style |

~Subdomain selection

~Initial value
NN T ,
ut{iu] in l

[ select by group

E Active in this domain

( Help ) (Appl\r) (Cancel) m

| FIGURE 3.39 PDE window, Init page
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800 Solver Parameters

Analysis:

| General Time Stepping Advanced |

Ceneral

V! Auto select solver - : [ == E -
Times to store in output: Specified times ,w!

Solver:

Stationary Time steps taken by solver: | Free ‘3‘]

Time dependent

Eigenvalue 1 use stop condition

Parametric -

Stationary segregated SH R HRCE

Parametric segregated
T g Manual tuning of step size

Initial time step: ;:[].UUZ . -
Maximum time step: 1.0

Adaptive mesh refinement
Advanced
Maximum BDF order: 2
Minimum BDF order: 1
Singular mass matrix: ' Maybe s l
Consistent initialization of DAE systems: [ Backward Euler 5= ]
Error estimation strategy: | Include algebraic |4 ]

_( Help Y _(Applv\__ ( cancel ) ( oK )

| FIGURE 3.41 Solver Parameters window, Time Stepping page

o™ The 0.002 time step is selected, in this case, to yield adequate solution
resolution without requiring extensive resource consumption (computer/modeler time).

Using the menu bar, select Solve > Solve Problem. The solution for the final time
interval is as shown in Figure 3.42.

Postprocessing

Using the menu bar, select Postprocessing > Plot Parameters. Once the Plot Parameters
window appears, click the General tab. Place a check mark in the Keep current plot
check box. Select “Solution at time: 0.” Click the Apply button. Select “Solution at
time: 0.5.” Click the Apply button, and then click OK. Figure 3.43 shows the resulting
plot of the pulse amplitude as it propagates from left to right.

Postprocessing Animation

This solution to the telegraph equation can also be viewed as an animation. To view this
solution as a movie, using the menu bar, select Postprocessing > Plot Parameters. Once
the Plot Parameters window appears, click the Animate tab. On the Animate page,
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®OuN
[ General Line Max / Min F -Animate}
~Movie settings | Solutions to use- =l
File type: | AV Select via: [ Stored output times B
Width (in pixels): [eac || |® -
Height {in pixels): 480

Frames per second: 10

~Static / Eigenfunction animation

Cycle type: [ Full harmanic E

Number of frames: 11

| Times:

[ Reverse direction

Start Animation

( Help ) (Applv) (Can:el) E-W-)

| FIGURE 3.44 Telegraph Equation Plot Parameters window, Animate page

select all the solutions in the Stored output times window (see Figure 3.44). Click the
Start Animation button. Save this telegraph equation model animation by clicking on
the disk icon on the player screen. Alternatively, you can play the file Movie3_
TE_1.avi that was supplied with this book.

Select File > Save as. Type Model3_TeEq_1 in the Save As edit window.

First Variation on the Telegraph Equation Model

The previous solution to the telegraph equation shows a pulse propagating from left
to right. Let us now explore how the model behaves when the initial conditions are
modified. In this case, the argument is made smaller, reflecting the behavior of a
lower-loss transmission line.

e Information transmission relies on the measurement of differences, as stated
earlier. To receive a message, the signal must be of detectable amplitude (analog), of
detectable duration (time), and in the pass-band (correct frequency or frequency spread)
of the receiver. The signal amplitude must be sufficiently greater than the detection
threshold and above the noise level (on the average) to allow information to be collected.

First, save a new copy of the just-created telegraph equation model Model3_
TeEq_1 as Model3_TeEq_2. You can then modify the telegraph equation model
without being concerned about damaging the original model.
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Table 3.12 Constants Window

Name Expression
c 1
alpha 0.005
beta 0.005
800 Constants
MName Expression Value Description
c 1 1
alpha 0.005 0.005
beta 0.005 0.005
.‘
-7
€ N4
= ﬂ { Help \I (Applv) ( cancel ) ( oK )

| FIGURE 3.45 Constants window

Using the menu bar, select Options > Constants. After the Constants window
appears, type the expressions indicated in Table 3.12 (also see Figure 3.45), and then
click OK.

Boundary Conditions

Using the menu bar, select Physics > Boundary Settings. After the Boundary Settings
window appears, select both boundaries 1 and 2. Enter or verify the settings indicated
in Table 3.13 (also see Figure 3.46). Click OK.

Subdomain Settings

The next step in building the revised telegraph equation model is to set the Subdomain
Settings. Select Physics > Subdomain Settings. Once the Subdomain Settings window

Table 3.13  Boundary Settings Window

Parameter Boundary 1 Boundary 2 q g
Type Neumann Neumann
Setting 0 0
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BN

Equation

ncVu+ou~-yl +qu=g

IBnundariﬁ | Groups | {Cnefﬁciints | Weak Color |

-Boundary selection | -Boundary conditions

8 Meumann boundary condition

() Dirichlet boundary condition

Coefficient Value/Expression

) ]
9 0
.
Group: = h -
’:‘ Select by group r

[ Interior boundaries

( Help ) (Applv\l (Cancel\ ( 0K _j

| FIGURE 3.46 Boundary Settings window

appears, select subdomain 1. Enter or verify the coefficient values under the correct
tab as shown in Table 3.14. Leave the other coefficient settings at their O value, as
shown in Figure 3.47.

Once the PDE coefficients have been entered or verified, click the Init tab. Type
or verify the initial conditions found in Table 3.15 in the edit windows, as shown in
Figure 3.48. Click OK.

Model Reset
Select File > Reset Model > Yes.

Table 3.14 Subdomain Settings Window, PDE Coefficients

PDE Coefficient Value

c c*c

a alpha*beta

f —(alpha+beta)*ut
e, 1

d, 0
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Q00 Subdormain Settings ~ PDE, Coefficient Form (<) _

Equation

re‘i)zua‘at2 +d du/dt+ V- (~Vu-au+y)+au+pB-Vusf

[ subdomains | Groups 1 [Lnefﬂmnu it Element  Weak  Lolor/style |
Subdomain selection PDE cocfficients
L wefauio | Coefficient Value/Expression Description

£ ‘e | Diffusion coefficient

= aIphaT Absorption coefficient

f W Snurce term

= 1 Mass coefficient

a 1} Damping/Mass coefficient
f = 0 Conservative flux convection coeff.
Group: | default P—B
Flsslicth B o Convection coefficient
[ 1 Select by aroup
¥ o Conservative flux source term

g Active in this domain

( Help \ {nppl\a\_ I_(Cam:e"_' ( oK )

| FIGURE 3.47 PDE, Subdomain Settings window, PDE Coefficients

| Table 3.15 Initial Conditions Window

Initial Condition Value
ul(ty) exp(—3*(x/0.2—1)A2)
u2(ty) 0

Mesh Generation

Using the toolbar, select Initialize Mesh > Refine Mesh once. The final 30-element
mesh is shown in Figure 3.49.

Solving the Telegraph Equation Model

Using the menu bar, select Solve > Solver Parameters. Once the Solver Parameters
window appears, click the Time Stepping tab. Place a check mark in the Manual tun-
ing of step size check box. Type 0.002 in the Initial time step edit field, as shown in
Figure 3.50. Click OK.

wore ™ As mentioned in an earlier note, the 0.002 time step is selected to yield
adequate solution resolution without requiring extensive resource consumption
(computer/modeler time).

Using the menu bar, select Solve > Solve Problem.
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Equation
’Veaﬂzufalz +d du/dt+ Veo(-cVu-ou+y)+au+p-Vu=Ff
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| FIGURE 3.48 PDE, Coefficient window, Init page
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Solver:
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Stationary segregated Stop condition:
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T E{ Manual tuning of step size

Initial time step: 0.002
Maximum time step: 1.0
Adaptive mesh refinement
Advanced
Maximum BDF order: 2
Minimum BDF order: 1
Singular mass matrix: | Maybe | l
Consistent initialization of DAE systems: [ Backward Euler |4 I
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| FIGURE 350 Solver Parameters window, Time Stepping page

Postprocessing

Using the menu bar, select Postprocessing > Plot Parameters. Once the Plot
Parameters window appears, click the General tab. Place a check mark in the Keep
current plot check box. Select “Solution at time: 0.” Click the Apply button. Select
“Solution at time: 0.5.” Click the Apply button, and then click OK. Figure 3.51
shows the resulting plot of the pulse amplitude as it propagates from left to right.
Note that the final pulse amplitude is 0.9 as compared to 0.7 for the original model.

Postprocessing Animation

This solution to the telegraph equation can also be viewed as an animation. To view
this solution as a movie, using the menu bar, select Postprocessing > Plot Parameters.
Once the Plot Parameters window appears, click the Animate tab. On the Animate
page, select all the solutions in the Stored output times window (see Figure 3.52). Click
the Start Animation button. Save this telegraph equation model animation by clicking
on the disk icon on the player screen. Alternatively, you can play the file Movie3_
TE_2.avi that was supplied with this book.
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Table 3.16  Constants Window

Name Expression
c 1
alpha 5
beta 5

Select File > Save as. Type Model3_TeEq_2 in the Save As edit window. Click
the Yes button to replace the earlier file.

Second Variation on the Telegraph Equation Model

The previous solution to the telegraph equation shows a pulse propagating from left to
right. Let us now explore how the model behaves when the initial conditions are mod-
ified. In this case, the argument is made larger, reflecting the behavior of a higher-loss
transmission line.

oW As stated earlier, information transmission relies on the measurement of
differences. To receive a message, the signal must be of detectable amplitude (analog), of
detectable duration (time), and in the pass-band (correct frequency or frequency spread)
of the receiver. The signal amplitude must be sufficiently greater than the detection
threshold and above the noise level (on the average) to allow information to be collected.

First, save a new copy of the just-created telegraph equation model Model3_
TeEq_2 as Model3_TeEq_3. You can then modify the telegraph equation model
without being concerned about damaging the just-built model.

Using the menu bar, select Options > Constants. After the Constants window
appears, type the expressions indicated in Table 3.16 (also see Figure 3.53), and then
click OK.

Q ™ [

MNama Expression Value Description

C 1 1

alpha 5 5

beta 3 3
A
."

[ = «|»

~

p= = | ( Help ) ( apely ) ( cance ) ( ok )

| FIGURE 353 Constants window
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Table 3.17 Boundary Settings Window

Parameter Boundary 1 Boundary 2 q g
Type Neumann Neumann
Setting 0 0

Boundary Conditions

Using the menu bar, select Physics > Boundary Settings. After the Boundary Settings
window appears, select both boundaries 1 and 2. Enter or verify the settings indicated
in Table 3.17, as shown in Figure 3.54. Click OK.

Subdomain Settings

The next step in building the revised telegraph equation model is to set the Subdomain
Settings. Select Physics > Subdomain Settings. Once the Subdomain Settings window
appears, select subdomain 1. Enter or verify the coefficient values under the correct
tab as shown in Table 3.18. Leave the other coefficient settings at their O value, as
shown in Figure 3.55.

Once the PDE coefficients have been entered or verified, click the Init tab. Type
or verify the initial conditions found in Table 3.19 in the edit windows, as shown in
Figure 3.56. Click OK.

-Equation

n(cVu+au-y)+qu=g

__[-meiuils | Groups | 4[&%«“{5-. Weak Color L

[ Boundary selection ~Boundary conditions

e Neumann boundary condition

I

() Dirichlet boundary condition
Coefficient Value/Expression

9 0

9 0
Group: : h 1
[ select by group r

™1 Interior boundaries

( Help ) (ﬁpply) (Cancei) 6 oK 3

| FIGURE 354 Boundary Settings window
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Table 318 Subdomain Settings Window, PDE Coefficients

PDE Coefficient Value

c c'c

a alpha*beta

f —(alpha+beta)*ut
ea

d, 0

- Equation

| e,2%u/at + d Bu 0t + V-(~Vu-mu +y) +au +B-Vu=f

[ Subdomains Groups | | Coefficients. | Init ~ Element  Weak = Color/Style |

~Subd in selection PDE coefficients
| Coefficient Value/Expression Description
£ c'c Diffusion coefficient
4 alpha*beta Absorption coefficient
|
f ~{alpha+beta)*ut Source term
| |
| & 1 Mass coefficient
e
d‘ 0 Damping/Mass coefficient
e ——— I
| o 0 Conservative flux convection coeff.
Group: ’ default E
[ B 0 Convection coefficient
™1 select by group
Y
S Active in this domain | 0 Conservative flux source term

C Help ) ( M!nhl) (Cancel) HH

| FIGURE 355 PDE, Subdomain Settings window, PDE Coefficients

Table 3.19 Initial Conditions Window

Initial Condition Value
ul(ty) exp(-3*(x/0.2-1)12)
u2(ty) 0
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 Equation
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D Select by group
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| FIGURE 3.56 PDE, Coefficient window, Init page

Model Reset
Select File > Reset Model > Yes.

Mesh Generation

Using the tool bar, select Initialize Mesh > Refine Mesh once. The final 30-element
mesh is shown in Figure 3.57.
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| FIGURE 3.58 Solver Parameters window, Time Stepping page

Solving the Telegraph Equation Model

Using the menu bar, select Solve > Solver Parameters. Once the Solver Parameters
window appears, click the Time Stepping tab. Place a check mark in the Manual tun-
ing of step size check box. Enter or verify 0.002 in the Initial time step edit field, as
shown in Figure 3.58. Click OK.

W= As mentioned in an earlier note, the 0.002 time step is selected to yield
adequate solution resolution without requiring extensive resource consumption
(computer/modeler time).

Using the menu bar, select Solve > Solve Problem. The solution for the final time
interval is as shown in Figure 3.59.

Postprocessing

Using the menu bar, select Postprocessing > Plot Parameters. Once the Plot
Parameters window appears, click the General tab. Place a check mark in the Keep
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| FIGURE 3.59 Telegraph equation solution, final time interval

current plot check box. Select “Solution at time: 0.” Click the Apply button. Select
“Solution at time: 0.5.” Click the Apply button, and then click OK. Figure 3.60 shows
the resulting plot of the pulse amplitude as it propagates from left to right.

Postprocessing Animation

This solution to the telegraph equation can also be viewed as an animation. To view
this solution as a movie, using the menu bar, select Postprocessing > Plot Parameters.
Once the Plot Parameters window appears, click the Animate tab. On the Animate
page, select all the solutions in the Stored output times window (see Figure 3.61).
Click the Start Animation button. Save this telegraph equation model animation by
clicking on the disk icon on the player screen. Alternatively, you can play the file
Movie3_TE_3.avi that was supplied with this book.

Select File > Save as. Type Model3_TeEq_3 in the Save As edit window. Click
the Yes button to replace the earlier file.

1D Telegraph Equation Models: Summary and Conclusions

The telegraph equation is a powerful tool that can be used to model wave propagation
in diverse transmission lines. It can be used to thoroughly characterize the propaga-
tion conditions of coaxial lines, twin pair lines, microstrip lines, and more. The tele-
graph equation is easily and simply modeled with a 1D PDE mode model.
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Exercises

. Build, mesh, and solve the 1D KdV equation problem presented in this chapter.

. Build, mesh, and solve the first variation of the KdV equation problem presented

in this chapter.

Build, mesh, and solve the second variation of the KdV equation problem pre-
sented in this chapter.

Build, mesh, and solve the telegraph equation problem presented in this chapter.

. Build, mesh, and solve the first variation of the telegraph equation problem pre-

sented in this chapter.

. Build, mesh, and solve the second variation of the telegraph equation problem

presented in this chapter.

7. Explore other variations of the arguments in the KdV equation model.

8. Explore other variations of the arguments in the telegraph equation model.

9. Explore the role that characteristic impedance plays in transmission lines.
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B 2D Guidelines for New COMSOL® Multiphysics® Modelers

2D Modeling Considerations

2D modeling can be less difficult than 1D modeling, having fewer implicit assump-
tions, and yet potentially can still be a challenging type of model to build, depending
on the underlying physics involved, irrespective of the modeling software utilized.
The least difficult aspect of 2D model building arises from the fact that the geometry
is relatively simple: In a 2D model, the modeler has only a single plane as the model-
ing space. However, the physics in a 2D model can range from relatively easy to
extremely complex.

o= ® COMSOL® Multiphysics® software has two 2D modeling modes: 2D
(beginning-level through advanced-level 2D modeling) and 2D Axisymmetric
(advanced-level 2D modeling). In keeping with the introductory focus of the material in
this text, both model types, their associated physics, and the related methodology for
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use of the models, are introduced in Chapters 4 and 5. Significantly more advanced
2D modeling techniques exist than are presented in these two chapters. Examples of
some of those more challenging techniques are reserved for introduction in Chapters 6
and 7. For further expansion of the 2D modeling horizons, refer to the COMSOL
manuals, the COMSOL Website, and the general COMSOL Multiphysics software-
related research literature.

The 2D model implicitly assumes, in compliance with the laws of physics, that the
energy flow, the materials properties, the environment, and any other conditions and
variables that are of interest are homogeneous, isotropic, and constant, unless other-
wise specified, throughout the entire domain of interest, both within the model and,
through the boundary conditions, in the environs of the model. Bearing that in mind,
the modeler needs to ensure that all of the modeling conditions and associated param-
eters (default settings) in each new model created have been properly considered,
defined, or set to the appropriate values.

The modeler also needs to seriously consider the steps that will be required in
properly establishing the correct postprocessing and visualization settings to extract
the desired information from the modeling solution. The default parameter settings on
any given model will probably not present exactly the information that the modeler
needs or desires, although it will probably come close. It is the responsibility of the
modeler to determine exactly which of the myriad of postprocessing and visualization
choices available in the COMSOL Multiphysics software to employ.

noe It is always preferable for the modeler to be able to accurately anticipate the
expected behavior (results) of the model and the way in which those results should
be presented. Never assume that the default values that are initially present when the
model is first created will suit the needs of a new model. Always verify that the
values employed in the model are the correct values needed for that model.
Calculated solution values that significantly deviate from the expected values or
from comparison values measured in experimentally derived realistic models are
probably indicative of one or more modeling errors either in the original model
design, in the earlier model analysis, or in the understanding of the underlying
physics, or are simply due to human error.

Coordinate System

In 2D models, there are three coordinates: space (x), space (y), and time (f). In a steady-
state solution to a 2D model, parameters can vary only as a function of position in the
space (x) and space (y) coordinates. Such a 2D model represents the parametric con-
dition of the model in a time-independent mode (quasi-static). In a transient solution
model, parameters can vary both by position in space (x) and space (y), and in time (¢).




2D Electrochemical Polishing (Electropolishing) Theory

The transient solution model is essentially a sequential collection of steady-state
(quasi-static) solutions. The space coordinates (x) and (y) typically represent a distance
coordinate throughout which the model is to calculate the change of the specified
observables (i.e., temperature, heat flow, pressure, voltage, current) over the range of
values (X, < = X < = X,,) and (Vi < = ¥ < = Ypa)- The time coordinate (f) represents
the range of values (¢, < = t < = t,,,) from the beginning of observation period (7;,)
to the end of observation period (7,,,,).

To assist the reader to achieve a broader exposure to the applicability of the physics
discussed here and to demonstrate the power of the basic COMSOL 2D modeling tech-
niques, the modeling examples in this chapter illustrate techniques from two substan-
tially different, but important and widely applied technologies currently employed in
applied engineering and physics. The first example presented, electropolishing, explores
the modeling of a processing methodology utilized in the fabrication and finishing of
many metallic objects that require a smooth surface (e.g., microscope samples, precision
metal parts, medical equipment and tools, large and small metal drums, thin analytical
samples, vacuum chambers). The second example, the Hall effect (a magnetic sensor
technology), explores the behavior of currents (electrons or holes) flowing in a semi-
conducting material (e.g., Si, Ge) under the influence of an external magnetic field.

B 2D Electrochemical Polishing (Electropolishing) Theory

Electrochemical polishing' (also known as electropolishing?) is a well-known process in
the metal finishing industry. It allows the finished surface smoothness of a conducting
material to be cleanly controlled to a high degree of precision, using relatively simple
processing equipment. The electrochemical polishing technique eliminates the abrasive
residue typically present on the polished surface from a mechanical polishing process;
it also eliminates the need for complex, mechanical polishing machinery.

o= The science of electricity, and consequently that of electrochemistry, started with

the work of William Gilbert through his study of magnetism. Gilbert first published his
studies in 1600.3 Charles-Augustin de Coulomb,* Joseph Priestley,> Georg Ohm,® and
others made additional independent contributions that furthered the basic understanding
of the nature of electricity and electrochemistry. Those contributions led to the discovery
and disclosure by Michael Faraday’ of his two laws of electrochemistry in 1832.

The numerical solution model for electrochemical polishing was originally
developed by COMSOL for distribution with the Multiphysics software as a
COMSOL Multiphysics electromagnetics model. This model introduces two
important basic concepts, the first in applied physics and the second in applied
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modeling: (1) electropolishing and (2) the moving mesh (ALE = arbitrary
Lagrangian—Eulerian®). The electrochemical polishing model built in this chapter
is substantially the same as presented in the COMSOL Model Library. In this
chapter, following development of the first model, variations and expansions on
the basic electrochemical polishing model are explored.

ore ™ It is important for the new modeler to personally build each model presented
within this text. There is no substitute in the path to an understanding of the modeling
process for the hands-on experience of actually building, meshing, solving, and
postprocessing a model. Many times the inexperienced modeler will make and
subsequently correct errors, adding to his or her experience and fund of modeling
knowledge. Even building the simplest model will expand the modeler’s fund of
knowledge.

Polishing (smoothing) of a material surface, via either mechanical or electro-
chemical means, results from the reduction of asperities (bumps) to achieve a nomi-
nally smooth surface (uniform thickness = A thickness). In a mechanical polishing
technique, the reduction of asperities occurs through the use of finer (smaller) and
finer grit (abrasive) sizes. The mechanical polishing of many surfaces is difficult, if
not impossible, owing to the complexity and/or physical size of such surfaces. Figure
4.1 shows a simple asperity, as will be modeled in this section of the chapter.

The surface of the electrode, using this method, is polished by the differential
removal of material from local asperities in selected areas, accomplished through the
immersion of the nominally rough electrode in an electrolyte and the application of a
current (electron bombardment). A first-order approximation to the experimentally
observed material removal process is that the rate (velocity) of material removal (U)
from the electrode surface is proportional to the amplitude of the current and direction
of the current J, relative to the local surface normal vector n (see Figure 4.2):

U= —K*J-n=—K*J, .1

Electrode B Applied Potential V=30V
N ¥

Electrode A Ground
| FIGURE 4.1 2D An asperity (bump) on an electrode
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Electrode B Applied Potential V=30V
N ¥
7 X

Electrode A Ground

| FIGURE 4.2 Surface normal vector n and the current vector J

o™ The electropolishing technique, to a first approximation, is the inverse of
electroplating. As a result, the rate of removal of material (velocity = U) from the
nominally rough surface of the positive electrode is proportional to the normal current
density at the positive electrode surface, as shown in equation 4.1.

The exact value of the proportionality constant (K) in physical applications (e.g.,
research experiments, processing) is determined by the electrode material, the electrolyte,
the temperature, and other factors, and, to some extent, will be explored in later examples
in this chapter.

For this model, the proportionality constant is chosen to be

K =10 X 107 "m%/(A*s) “4.2)
where m = meters
A = amperes
s = seconds

Obviously, because material is removed from the positive electrode during the
electropolishing process, the spacing between the upper and lower electrodes will
increase. The time rate of change of the model geometry (electrode spacing) needs to
be accommodated somewhere within the model. The Moving Mesh (ALE = arbitrary
Lagrangian—Eulerian) Application Mode accommodates that time rate of change,
resulting from the normal current (J,) flowing in the electrolyte during the quasi-static
use of the Conductive Media DC Application Mode.

o= ¥ The Moving Mesh Application Mode allows the modeler to create models in
which the physics of the process introduces and controls geometric changes in the
model. However, the modeler must know and work carefully within the limits of the
modeling system. The Moving Mesh Application Mode is a powerful tool. However,
the calculated mesh parameters can drift, as the mesh is deformed and ultimately lead to
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| FIGURE43 2D Electropolishing_1 Model Navigator setup

nonphysical, nonconvergent results. Avoidance of such nonphysical results requires the
modeler to understand the basic physics of the modeled problem and to choose the
meshing method that yields the best overall results.

COMSOL 2D Electrochemical Polishing Model

To start building the Electropolishing_1 model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “2D” from the Space dimension pull-down
list. Select COMSOL Multiphysics > Deformed Mesh > Moving Mesh (ALE) >
Transient analysis. Click the Multiphysics button, and then click the Add button.

From the Application Modes list, select COMSOL Multiphysics > Electromagnetics >
Conductive Media DC. Click the Add button. See Figure 4.3. Click OK.

| Table 41 Constants Edit Window

Name Expression Description
K 1.0e-11[mA3/(A*s)] Coefficient of proportionality
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'S

SOU0 Constants

MName Expression | Value | Description

K 1.0e-11 [mA3[(A*s)] [1*’-‘11)[m34’{5'M| Coefficient of proportionality
Y
v

F 3 PRES

~

DE Ir Help \I (Appl\.l\_] I_rCancEI\] ( oK )

| FIGURE44 2D Electropolishing_1 model Constants edit window

Using the menu bar, select Options > Constants. In the Constants edit window,
enter the information shown in Table 4.1; see Figure 4.4. Click OK.

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
2.8 and a height of 0.4. Select “Base: Corner” and set X equal to —1.4 and Y equal to
0 in the Rectangle edit window. See Figure 4.5.

Click the Apply button, and then click OK. See Figure 4.6.

Using the menu bar, select Draw > Specify Objects > Circle. Enter a radius of 0.3.
Select “Base: Center” and set X equal to 0 and Y equal to 0.6 in the Circle edit window.
See Figure 4.7.

Click the Apply button, and then click OK. See Figure 4.8.

Select both the rectangle and the circle by clicking on the rectangle and Shift-
clicking on the circle. See Figure 4.9.

Click the Difference button on the Draw toolbar to remove the overlapping por-
tion of the circle from the rectangle. The upper surface of the electrolyte rectangle

800 Recange
Size Rotation angle
Width: Zsi o Di (degrees)
Height: 0.4

Position 1
Base: | Corner |§] style: | Solid |5
X -1.4 MName: R1

¥: o

( Help ) (Applv) rCanCEI\, E—ﬁﬁ—a

| FIGURE45 2D Electropolishing_1 model Rectangle edit window
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| FIGURE 4.10 2D Electropolishing_1 model electrode with asperity

(CO1) is the lower surface of the electrode, with the asperity, that will be electropol-
ished. See Figure 4.10.

wore ™ The model geometry, as presently scaled, is 1.4 meters in length and 0.4 meter
in height. Electropolishing is typically applied as the final finishing (smoothing) step in
a precision fabrication process (e.g., metallographic samples, vacuum chambers). Thus
the model geometry will need to be reduced in scale to emulate reality.

Click on the text “CO1.” Next, click the Scale button on the Draw toolbar. Enter
le-3 in both the X and Y Scale factor edit windows. See Figure 4.11. Click OK.
Click the Zoom Extents button on the menu bar. See Figure 4.12.

[ : — I\
~Scale factor———————
- s e
¥: [le-3

~Scale base point
X0

| FIGURE4.11 2D Electropolishing_1 model Scale edit window
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| FIGURE4.12 2D Electropolishing_1 model scaled electrolyte/electrode geometry

Physics Subdomain Settings: Conductive Media DC

Having established the 2D geometry for the electrochemical polishing model (a rec-
tangle with a negative asperity on the upper surface), the next step is to define the fun-
damental physics conditions. Using the menu bar, select Multiphysics > Conductive
Media DC. Next, using the menu bar, select Physics > Subdomain Settings. Select sub-
domain 1 in the Subdomain selection window (the only available subdomain).

Enter 10 in the Electric conductivity (o) edit window. See Figure 4.13. Click OK.

Physics Boundary Settings: Conductive Media DC

Using the menu bar, Select Physics > Boundary Settings. For the indicated boundaries,
select and/or enter the given boundary condition and value as shown in Table 4.2, and
then click OK. See Figure 4.14.

| Table 4.2 Subdomain Settings, Conductive Media DC Window

1,56 Electric insulation —
3,4,6,7 Electric potential 30
2 Ground —
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| Table 4.3 Boundary Settings, Moving Mesh (ALE) Window

Boundary  Coordinate Boundary Condition  Value/Expression
1,5 Global Mesh velocity vx =0
3,4,6,7 Tangent and normal Mesh velocity vn = —K*nJ_dc

Deformed mesh
2 Global Mesh displacement dx =0,dy =0

Physics Boundary Settings: Moving Mesh (ALE)

Using the menu bar, select Multiphysics > Moving Mesh (ALE). Next, using the menu
bar, select Physics > Boundary Settings. For the indicated boundaries, select and/or
enter the given boundary condition and value as shown in Table 4.3, and then click
OK. See Figure 4.15.

Mesh Generation

On the menu bar, click the Initialize Mesh button once.

Click the Refine Mesh button once. This results in a mesh of approximately 700
elements.

Click OK. See Figure 4.16.

Solving the 2D Electrochemical Polishing Model

Using the menu bar, select Solve > Solver Parameters. The COMSOL Multiphysics
software automatically selects the Time dependent solver. Enter 0:1:10 (typical values)
in the Times edit window, as shown in Figure 4.17. This instruction causes the Solver
to divide the modeling time-space into 10 equal intervals, over the period from O to
10 seconds. Click the Apply button, and then click OK.

BOO Boundary Settings - Moving Mesh (ALE) (ale)
{ Boundaries | Groups | [-Mesh-| Weak Constr.

Boundary selection Mesh displacement

Coordinate system: [ 13500nt and normal coord. sys. in deformed mesh l-:--‘

Quantity Value/Expression Unit Description
() mesh displacement

i Mesh displacement, n direction

I G u'!Ir_: -

Mesh displacement, L direction

Group: ® Mesh velocity

7] Select by group ™ vn K*nj_de nfs Mesh velocity, n direction

M Y 0 4
™1 Interior boundaries vt Mesh velocity, t direction

( Help ) ( Apply (cancel ) ok

| FIGURE4.15 2D Electropolishing_1 model Boundary Settings, Moving Mesh (ALE): boundaries 3, 4, 6, 7 win-
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o= The COMSOL Multiphysics software automatically selects the solver best
suited for the particular model based on the overall evaluation of the model. The
modeler can, of course, always change the chosen solver and the parametric settings. It
is usually best to try the selected solver and default settings first to determine how well
they work. Then, once the model has been run, the modeler can try a variation on the
model parameter space to seek improved results.

Using the menu bar, select Solve > Solve Problem.

Postprocessing

Select Postprocessing > Plot Parameters. Click the Surface tab, and verify that the
Surface plot check box is checked.

From the Predefined quantities drop-down list, select “Conductive Media DC (dc) >
Total current density, norm.” See Figure 4.18.

BN Plot Parameaters.

[ General Surface | Caontour Boundary Arrow Principal »!

g Surface plot

{ Surface Data | Height Data |

Predefined quantities: [ Total current density, norm l':"l "r Range... )

Expression: norm)_dc Iz‘ Smooth

Unit: | A,rmz |':"!

-Loloring and fill

Coloring: | Interpolated lq‘;! Fill style: I Filled |;]

Surface color

® Colormap: [ jet Wl Colors: 1024 ™ Color scale

O Uniform color: T ve— .

( Help \ ‘r Applv\_ Iflrl:am:el\_ (— oK )

| FIGURE4.18 2D Electropolishing_1 model Plot Parameters window, Surface page
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| FIGURE4.19 2D Electropolishing_1 model Surface plot window

Click OK. See Figure 4.19.

In Figure 4.19, the model calculation shows that the maximum current density is
approximately 0.92e5 A/m’, in the region of the asperity. Figure 4.19 also shows that the
normal current density (J,) concentrated in the region of the asperity is approximately
1.5 times the normal current density elsewhere on the electrode surface. As a result, the
removal rate of the electrode material will be approximately 1.5 times as high.

To see the change in the position of the electrode surface and the relative removal
of material from the asperity, first select Postprocessing > Plot Parameters. Next, click
the Surface tab, and verify that the Surface plot check box is checked.

From the Predefined quantities drop-down list, select “Moving Mesh (ALE) (ale) >
y-displacement.” See Figure 4.20.

Click OK. Figure 4.21 shows the displacement of the electrode surface in the y-
direction (dy_ale) after 10 seconds of electropolishing.

In Figure 4.21, the model calculation shows that the maximum displacement of
the electrode surface in the y-direction (dy_ale) after 10 seconds of electropolishing is
approximately 1.08e-4 m (0.108 mm), in the region of the asperity.
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| FIGURE4.20 2D Electropolishing_1 model Surface plot window: Moving Mesh (ALE) (ale),
y displacement (dy_ale)

o= ¥ The result of the modeling calculation is approximately 1.1e-4 m. Calculating
the estimated result on a “first principles” basis:

3 A
d = |U|Ar = K|J,|Ar = <10—“m>*<106)*(10‘s) = 107*m  (43)
A¥*g m?

This agrees well with the results of the model.

Postprocessing Animation

This solution to the 2D electrochemical polishing model can also be viewed as an ani-
mation. To view the solution as a movie, using the menu bar, select Postprocessing >
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| FIGURE 4.21 2D Electropolishing_1 model Surface plot window: Moving Mesh (ALE) (ale),
y displacement (dy_ale)

Plot Parameters. Once the Plot Parameters window appears, click the Animate tab. On
the Animate page, select all the solutions in the Stored output times window (see
Figure 4.22). Click the Start Animation button. Save this 2D electrochemical polish-
ing model animation by clicking on the disk icon on the player screen. Alternatively,
you can play the file Movie4_EP_1.avi that was supplied with this book.

First Variation on the 2D Electrochemical Polishing Model

wore® This model will explore the effect of the mesh element type (triangle,
quadrilateral [quad]) on the ultimate values determined by the calculated solution. Both
the model geometry and the model mesh play major roles in the ease of solving any
particular problem.

To start building the Electropolishing_2 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “2D” from the Space dimen-
sion pull-down list. Select COMSOL Multiphysics > Deformed Mesh > Moving
Mesh (ALE) > Transient analysis. Click the Multiphysics button, and then click the
Add button.
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Number of frames: 11

Times:

[ Reverse direction

[ Use camera settings from main window

Start Animation

( Help ) ( Applv) (Can:el) ( 0K )

| FIGURE4.22 2D Electropolishing_1 model animation Plot Parameters window

Using the Application Modes list, select COMSOL Multiphysics >
Electromagnetics > Conductive Media DC. Click the Add button. See Figure 4.23.

Click OK. Using the menu bar, select Options > Constants. In the Constants edit
window, enter the information shown in Table 4.4; see Figure 4.24.

| Table 4.4 Constants Edit Window

Name Expression Description
K 1.0e-11[mA3/(A*s)] Coefficient of proportionality
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| FIGURE4.23 2D Electropolishing_2 Model Navigator setup

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
2.8 and a height of 0.4. Select “Base: Corner” and set X equal to —1.4 and Y equal to
0 in the Rectangle edit window. See Figure 4.25.

Click the Apply button, and then click OK. See Figure 4.26.

Name |Expression [Value |Description
K 1.0e-11 [mA3/(A"s)] (le-11)[m?/(s'A)] Coefficient of proportionality

ﬁﬂ ( Help ) (nppl\r) (Can:el) HH

| FIGURE 4.24 2D Electropolishing_2 model Constants edit window
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( Help ) ( Apply ) (Cancel ) ﬁ

| FIGURE4.25 2D Electropolishing_2 model Rectangle edit window
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| FIGURE 4.26 2D Electropolishing_2 model electrolyte rectangle

133



134 CHAPTER 4 2D MODELING

Yore Circle.

~Size 1 Rotation angle-

Radius: |0.3 w0 (degrees)
Position

Base: | Center l—a-! Style: | Solid |-%—q
x: o MName: C1

v

( Help ) I_(Applv\] (Cancel-\] E—N—')

| FIGURE 4.27 2D Electropoalishing_12 model Circle edit window

Using the menu bar, select Draw > Specify Objects > Circle. Enter a radius of 0.3.
select “Base: Center” and set X equal to O and Y equal to 0.6 in the Circle edit window.
See Figure 4.27.

Click OK. See Figure 4.28.

Select both the rectangle and the circle by clicking on the rectangle and Shift-
clicking on the circle. See Figure 4.29.

Click the Difference button on the Draw toolbar to remove the overlapping portion
of the circle from the rectangle. The upper surface of the electrolyte rectangle (CO1)
is the lower surface of the electrode, with the asperity, that will be electropolished. See
Figure 4.30.
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| FIGURE 4.28 2D Electropolishing_12 model rectangle and circle
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~Scale factor
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[ o p—
e —
~Scale base paint

| FIGURE 4.31 2D Electropolishing_12 model Scale edit window

o= ¥ The model geometry, as presently scaled, is 1.4 meters in length and 0.4 meter
in height. Electropolishing is typically applied as the final finishing (smoothing) step in
a precision fabrication process (e.g., metallographic samples, vacuum chambers). Thus
the model geometry will need to be reduced in scale to emulate reality.

Click on the text “CO1.” Click the Scale button on the Draw toolbar. Enter 1e-3
in both the X and Y text boxes in the Scale factor edit windows. See Figure 4.31.
Click OK, and then click the Zoom Extents button on the menu bar. See Figure 4.32.
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| FIGURE 4.32 2D Electropolishing_12 model scaled electrolyte/electrode geometry
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Subdomain Settings — Conductive Media DC (dc)

Fruatinn

V- d(aVV - %) = dQ;

| subdomains | Groups |

Subdomain selection

Croup:

! Select by group

g Active in this domain

[ Physics Init Element color |

Material properties and sources

I ihrary marerial: [ |’3‘i ( I nad \
Quantity Value/Expression Unit Description
r ] i A/m*  Eyternal current density
QJ' o .ﬂfrn} Current source
d 1 L) Thickness
Conductivity relation: | Candurtivity |.3.i
ik 10 >{m Electric conductivity

IT Help b ( Applv) (" cancel ) 6 oK %

| FIGURE 4.33 Subdomain Settings window

Physics Subdomain Settings: Conductive Media DC

Having established the 2D geometry for the electrochemical polishing model (a rec-
tangle with a negative asperity on the upper surface), the next step is to define the fun-
damental physics conditions. Using the menu bar, select Multiphysics > Conductive
Media DC. Next, using the menu bar, select Physics > Subdomain Settings. Select sub-
domain 1 in the Subdomain selection window (the only available subdomain). Enter 10
in the Electric conductivity (o) edit window. See Figure 4.33. Click OK.

Physics Boundary Settings: Conductive Media DC

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select and/or enter the given boundary condition and value as shown in Table 4.5. See
Figures 4.34, 4 .35, and 4.36.

| Table 4.5 Boundary Settings, Conductive Media DC Window

Boundary Boundary Condition Value/Expression
1,5 Electric insulation —
3,4,6,7 Electric potential 30

2 Ground —
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| FIGURE 4.34 Boundary Settings (1, 5), Conductive Media DC: boundaries set

Click OK. See Figure 4.37.

Physics Boundary Settings: Moving Mesh (ALE)

Using the menu bar, select Multiphysics > Moving Mesh (ALE). Next, using the menu
bar, select Physics > Boundary Settings. For the indicated boundaries, select and/or

Equation —

V=Vu

_{'-Bnundarbs | Groups | {-" diti | Color/Style )
-Boundary selection ~Boundary sources and constraints

Library material: | =1 | Load.. )

IU‘IN |

Croup: |
[ select by group

1 interior boundaries

ar

Boundary condition: [ Electric potential

B

‘Quantity Value/Expression

Vo 30

Unit Description

% Electric potential

( Help ) ( Apply ) (Can:al) M

| FIGURE 4.35 Boundary Settings (3, 4, 6, 7), Conductive Media DC: boundaries set
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I FIGURE 4.36 Boundary Settings (2), Conductive Media DC: boundaries set
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| Table 4.6 Boundary Settings, Moving Mesh (ALE) Window

Boundary Coordinate Boundary Condition Value/Expression
1,5 Global Mesh velocity vx =0
3,4,6,7 Tangent and normal Mesh velocity vn = —K*nJ_dc

Deformed mesh

2 Global Mesh displacement dx =0,dy =0

enter the given boundary condition and value in the edit windows as indicated in Table
4.6. See Figure 4.38, 4.39, and 4.40.

Click OK. Figure 441 shows the Boundary Settings, Moving Mesh (ALE)
options organized by color.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters. Click the Subdomain tab.
Select subdomain 1 in the Subdomain selection window. Enter 4e-5 in the Maximum ele-
ment size edit window. Select “Quad” from the Method drop-down list. See Figure 4.42.

ot The model default mesh, in the COMSOL Multiphysics software, is the
triangular mesh. The triangular mesh is simpler and generates fewer parameters to
calculate. However, the quad mesh may be a better mathematical fit to the model for
which a solution is sought. The modeler needs to decide the most appropriate choice for
the model under consideration.

BO0 ‘Boundary Settings - Moving Mesh (ALE) (ale)
Boundaries = Groups | [-Mesh.| Weak Constr.

e i
Boundary selection Mesh displacement
:_ Coordinate system: [ glahal coordinate system I-:-.l
3 Quantity Value/Expression Unit Description
— Qi
I3 1) Mesh displacement, x direction
|7

Ly Mesh displacement, v direction

Group: . @ Mesh velocity

Y=l y aton g X ] mfs Mesh velocity, x direction

[ Interior boundaries [Ty nifs Mesh velocity, y direction

(Help ) (Apply ) Cancel ) ook

| FIGURE 4.38 Boundary Settings (1, 5), Moving Mesh (ALE): Boundaries window
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7. e’ Boundan Moving Mesh (ALE) (ale)
@. [[Mesh | Weak Constr.  Color/Style |
[ Boundary selection Mesh displacement
Coordinate system: [ 13n0ant and normal coord. sys. in deformed mesh I—&-‘
Quantity Value/Expression Unit Description

O Mesh displacement

dn L) Mesh displacement, n direction

I ) WIHT

1 dt ] 1 Mesh displacement, L direction
Group: 3 % e Mesh velocity
] Select by group M VA nfs Mesh velocity, n direction
v 0 L3 Mesh velocity, t direction

™1 Interior boundaries

( Help “II ( Applr) (CII\CCI k] E'—'eﬂ"—;’

| FIGURE 4.39 Boundary Settings (3, 4, 8, 7), Moving Mesh (ALE): Boundaries window

For a simple 2D model, the maximum element size value for a particular
subdivision can be estimated by dividing the lesser (A < B) dimension by 10 and then
testing how the calculated model satisfies the goals of the modeler.

Click the Remesh button, and then click OK. See Figure 4.43. This mesh contains
approximately 754 elements.

Solving the First Variation on the 2D Electrochemical Polishing Model

Using the menu bar, select Solve > Solver Parameters. The COMSOL Multiphysics
software automatically selects the Time dependent solver. Enter 0:0.5:10 in the Times
edit window, as shown in Figure 4.44. This instruction causes the Solver to divide the
modeling time-space into 20 equal intervals, over the period from O to 10 seconds.
Click OK.

[ Boundaries = Groups | [ Mesh.| Weak Constr.  Color/Style |
Boundary selection Mesh displacement
1 Coordinate system: |
i Global coordinate system L-@-i
Ii Quantity Value/Expression Unit Description
i: e Mesh displacement
!S H dx ] 4l Mesh displacement, x direction
|7 ———
g dy 0 m Mesh displacement, y direction
Group: O Mesh velocity
Jeilit Ivataun mjs Mesh velocity, x direction
mfs Mesh velocity, y direction

1 Interior boundaries

 help ) Applr) (" cancel ) (F0K 3

| FIGURE 4.40 Boundary Settings (2), Moving Mesh (ALE): Boundaries window
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| FIGURE 4.42 2D electrochemical polishing model Free Mesh Parameters window
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| FIGURE 4.44 2D electrochemical polishing model Solver Parameters window
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Using the menu bar, select Solve > Solve Problem.

o= ™ In the process of solving this model, using the Moving Mesh Application Mode
(ALE), the modeler may occasionally see a warning about an “inverted mesh element.”
If the solver continues on to the solution, ignore the warning. Such warnings are normal
when using the deformed mesh.

If the model does not continue to a solution and the solver displays numerous
warnings, then either there is an error in the model or the modeler needs to use the
advanced technique called remesh (not discussed in this book).

Postprocessing

Select Postprocessing > Plot Parameters. Click the Surface tab, and verify that the
Surface plot check box is checked. From the Predefined quantities drop-down list, select
Conductive Media DC (dc) > Total current density, norm. See Figure 4.45. Click OK.

8000 Plot Parameters

General | Surface l Cuntour Boundary Arrow Principal >

™ surface plot
= P
[ Surface Data Height Data |

Predefined guantities. [ Total current density, norm l::! ( Range... )

Expression: normj_dc # smooth

Unit. | Am? 3

Coloring and fill
Coloring: | Interpolated |4 Fill style: | Filled ..-33

Surface color

® Colormap: | et B colors: [1024 ™ Calor seale

() unitorm color: Colar .

I!_{ Help ) ( Apply \| ITCan:eI_‘ f‘ OK - j

| FIGURE 4.45 2D electrochemical polishing madel Plot Parameters window
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| FIGURE 4.46 2D electrochemical polishing madel Surface plot window, total normal current density

In Figure 4.46, the model calculation shows that the maximum current density is
approximately 8.87e5 A/m’, in the region of the asperity (very close to the calculated
value in the original model). Figure 4.46 also shows that the normal current density
(J,) concentrated in the region of the asperity is approximately 1.5 times the normal
current density elsewhere on the electrode surface. As a result, the removal rate of the
electrode material will be approximately 1.5 times as high.

To see the change in the position of the electrode surface and the relative removal
of material from the asperity, select Postprocessing > Plot Parameters. Click the
Surface tab, and verify that the Surface plot check box is checked. From the Predefined
quantities drop-down list, select Moving Mesh (ALE) (ale) > y-displacement. See
Figure 4.47.

Click OK. Figure 4.48 shows the displacement of the electrode surface in the y-
direction (dy_ale) after 10 seconds of electropolishing.
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| FIGURE 4.47 2D electrochemical polishing model surface Plot Parameters window: Moving Mesh
(ALE) (ale), y direction (dy_ale)

Postprocessing Animation

This solution to the 2D electrochemical polishing model can also be viewed as an ani-
mation. To view the solution as a movie, using the menu bar, select Postprocessing >
Plot Parameters. Once the Plot Parameters window appears, click the Animate tab. On
the Animate page, select all the solutions in the Stored output times window (see
Figure 4.49). Click the Start Animation button. Save this 2D electrochemical polish-
ing model animation by clicking on the disk icon on the player screen. Alternatively,
you can play the file Movie4_EP_2.avi that was supplied with this book.
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| FIGURE 4.48 2D electrochemical polishing model Surface plot window: Moving Mesh (ALE) (ale),
y direction (dy_ale)

Second Variation on the 2D Electrochemical Polishing Model

o= This model will explore the effect of a change in the shape and number of
asperities. In this model, the quad mesh element type will be used, based on the
excellent values calculated in the previous modeling solution. Bear in mind that both
the model geometry and the model mesh play major roles in the ease of solving any
particular problem.

To start building the Electropolishing_3 model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “2D” from the Space dimension pull-down list.
Select COMSOL Multiphysics > Deformed Mesh > Moving Mesh (ALE) > Transient
analysis. Click the Multiphysics button, and then click the Add button.

Using the Application Modes list, select COMSOL Multiphysics > Electromagnetics >
Conductive Media DC. Click the Add button. See Figure 4.50.

Click OK. Using the menu bar, select Options > Constants. In the Constants edit
window, enter the information shown in Table 4.7; also see Figure 4.51.
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| FIGURE 4.49 2D electrochemical polishing model animation Plot Parameters window

| Table 4.7 Constants Edit Window

K 1.0e-11[MmA3/(A*s)] Coefficient of proportionality
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| FIGURE 450 2D Electropolishing_3 Model Navigator setup

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
2.8 and a height of 0.4. Select “Base: Corner” and set X equal to —1.4 and Y equal to
0 in the Rectangle edit window. See Figure 4.52.

Click the Apply button, and then click OK. See Figure 4.53.
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K 1.0e-11 [mA3/(A*s)] [1;.11)[m!;{;<m| Coefficient of proportionality

(== ( Help ) (Appl\f) (Cancel) HH

| FIGURE 451 2D Electropolishing_3 model Constants edit window
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| FIGURE 452 2D Electropolishing_3 model Rectangle edit window
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~Size Rotation angle

Radius: 0.3 L@ [0 ] (degrees)
~Position

Base: | Center 8 | style: | solid 4
x: 0 | | Name: C1 |
y |06 |

( Help ) ( Apply) (Cancel) -

| FIGURE 454 2D Electropolishing_3 model Circle edit window

Using the menu bar, select Draw > Specify Objects > Circle. Enter a radius of 0.3.
Select “Base: Center” and set x equal to 0 and y equal to 0.6 in the Circle edit win-
dow. See Figure 4.54.

Click OK. See Figure 4.55.
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| FIGURE 455 2D Electropolishing_3 model rectangle and circle
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~Size ~Rotation angle
A-semiaxes: 0.3 a: (O (degrees)

———
B-semiaxes: |0.1

~Position
Base: Center B Style: Solid
X -1.0 Name: |E1 '
X 0.4

( Help ) (Apply) (Cance}) HH

| FIGURE 4.56 2D Electropolishing_3 model Ellipse edit window

Using the menu bar, select Draw > Specify Objects > Ellipse. Enter 0.3 in the
A-semiaxes edit window and 0.1 in the B-semiaxes edit window. Select “Base:
Center” and set X equal to —1.0 and Y equal to 0.4 in the X and Y edit windows.
See Figure 4.56.

Click OK. See Figure 4.57.
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| FIGURE 457 2D Electropolishing_3 model (C1, E1, R1)
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- Displacements- 1
:

E\":

I FIGURE 4.58 2D Electropolishing_3 model Paste edit window

Select the text “E1.” Using the menu bar, select Edit > Copy. Using the menu bar,
select Edit > Paste. Enter 2.0 in the X: Displacements edit window. See Figure 4.58.

Click OK. See Figure 4.59.

Using the menu bar, select Draw > Create Composite Object. Enter R1-C1-E1-E2
in the Set formula edit window. See Figure 4.60.

ore ™ To obtain the desired difference response, the modeler needs to key in the
requested R1-C1-E1-E2 information in the edit window, rather than clicking on items in

the Object selection window.
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| FIGURE 459 2D Electropolishing_3 model (C1, E1, E2, R1)
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Object type Shortcuts

® solics —_—
O Cu.rw_s (m [ Cancel }
O Points (m m
( Help )

Object selection: Set formula:

[R1-C1-E1-E2 |

D Keep interior boundaries

Repair tolerance: 1.0E-4

" ’:! Repair

| FIGURE 4.60 2D Electropolishing_3 model Create Composite Object edit window

Click OK. See Figure 4.61.

‘wore ® The model geometry, as presently scaled, is 1.4 meters in length and 0.4 meter
in height. Electropolishing is typically applied as the final finishing (smoothing) step in
a precision fabrication process (e.g., metallographic samples, vacuum chambers). Thus
the model geometry will need to be reduced in scale to emulate reality.
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| FIGURE 4.61 2D Electropolishing_3 model electrode with asperities
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~Scale factor

X: | le-3 |

~Scale base point

X:

!

0

0

| FIGURE 4.62 2D Electropolishing_3 model Scale edit window

Click on the text “CO1.” Click the Scale button on the Draw toolbar. Enter 1e-3

in both the X and Y edit windows. See Figure 4.62.

Click OK, and then click the Zoom Extents button on the menu bar. See Figure 4.63.
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Equation

-V d(oWV - J) = dq
[ Subdomains. | Groups | [CPhysicssl init  Element  Color |

Subdomain selection Mazerial properties and sources

Ubrary materiat: [ W (o)

Quantity Value/Expression Unit  Description
’ [ [] A/m?  Extarnal current density
9 ] AIm®  Current source
E 1 ™ Thickness
C ity relation: |~ ¥ i i
g, 10 SI™  eciric conductivity

Group
["] Select by group

™ Active in this domain

(weie ) (Caeey ) ((cancel ) G0

| FIGURE 4.64 Subdomain Settings window

Physics Subdomain Settings: Conductive Media DC

Having established the 2D geometry for the electrochemical polishing model (a rec-
tangle with negative asperities on the upper surface), the next step is to define the fun-
damental physics conditions. Using the menu bar, select Multiphysics > Conductive
Media DC. Next, using the menu bar, select Physics > Subdomain Settings. Select
subdomain 1 in the Subdomain selection window (the only available subdomain).
Enter 10 in the Electric conductivity (o) edit window. See Figure 4.64. Click OK.

Physics Boundary Settings: Conductive Media DC

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select and/or enter the given boundary condition and value as shown in Table 4.8. See
Figures 4.65, 4.66, and 4.67.

Click OK. See Figure 4.68.

| Table 4.8 Boundary Settings, Conductive Media DC Window

Boundary Boundary Condition Value/Expression
1,7 Electric insulation —
3-6, 8-13 Electric potential 30

2 Ground —
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Equation
n:]=0
' Boundary selection Boundary sources and constraints

Croup: | b

"1 select by group

1 interior boundaries

Library material: '_

A
-

( Load.. )

Boundary condition: [ Electric insulation H

( HEl ) (Apply) (Cancel) w K %

| FIGURE 4.65 Boundary Settings (1, 7), Conductive Media DC: boundaries set
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1 interior boundaries
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Electric potential

( Help ) (Apply) (Cancal) M

| FIGURE 4.66 Boundary Settings (3-6, 8-13), Conductive Media DC: boundaries set
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| |
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X Library material: [ :l ( Load... ‘
i Boundary condition: ﬁ
5
6 |
7 s
8 X
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[T select by group
"1 Interior boundaries
|

(Help ) ( Appy ) (cancel ) ok )

| FIGURE 4.67 Boundary Settings (2), Conductive Media DC: boundary set
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| Table 4.9 Boundary Settings, Moving Mesh (ALE) Window

Boundary Coordinate Boundary Condition Value/Expression
1,7 Global Mesh velocity vx =0
3-6, 8-13 Tangent and normal Mesh velocity vn = —K*nJ_dc

Deformed mesh

2 Global Mesh displacement dx =0,dy =0

Boundary Settings: Moving Mesh (ALE)

Using the menu bar, select Multiphysics > Moving Mesh (ALE). Next, using the menu
bar, select Physics > Boundary Settings. For the indicated boundaries, select and/or enter
the given boundary condition and value in the edit windows as indicated in Table 4.9.
See Figures 4.69,4.70, and 4.71.

Click OK. See Figure 4.72.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters. Click the Subdomain tab.
Select subdomain 1 in the Subdomain selection window. Enter 4e-5 in the Maximum

element size edit window. Select “Quad” from the Method drop-down list. See
Figure 4.73.

800 Boundary Settings - Moving Mesh (ALE) (ale)
[~Boundaries. | Groups | [ Mesh | Weak Canstr.
Boundary selection Mesh displacement
Coordinate system: [ ciong) coordinate system I-:-v]
Quantity Value/Expression Unit Description

() Mesh displacement

1] Mesh displacement, x direction

:::I-uo-u B w N
faln

Mesh displacement, v direction

Group: ¢ a Mesh velocity
"] Select by group g X 0 i Mesh velocity, x direction
™1 Interior boundaries [y il Mesh velocity, y direction

F Help Y F Apply b IfCanch ) F ~OK )

I FIGURE 4.69 Boundary Settings (1, 7), Moving Mesh (ALE): boundaries set
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alor/Style 1

E&mndlrlu | Groups | [Mh . Weak Constr.

[ Boundary selection Mesh displacement

Coordinate system: [ 13n0ant and normal coord. sys. in deformed mesh |-ﬂ

Quantity Value/Expression Unit Description
O Mesh displacement

dn 4] Mesh displacement, n direction

di m Mesh displacement, t direction
Group: s e Mesh velocity
*, mys H M
™1 Select by group H A Kn)_de Mesh velocity, n direction
mis o =)
™1 Interior boundaries [w Mesh velocity, t direction

l:: Help } ( Apply ) CCincd) f'_“'oli*—-a

| FIGURE 4.70 Boundary Settings (3-8, 8—13), Moving Mesh (ALE): boundaries set

Click the Remesh button, and then click OK. See Figure 4.74. This mesh contains
approximately 675 elements.

Solving the Second Variation on the 2D Electrochemical Polishing Model

Using the menu bar, select Solve > Solver Parameters. The COMSOL Multiphysics
software automatically selects the Time dependent solver. Enter 0:0.5:10 in the Times
edit window, as shown in Figure 4.75. This instruction causes the Solver to divide the
modeling time-space into 20 equal intervals, over the period from O to 10 seconds.
Click OK.

Using the menu bar, select Solve > Solve Problem.

{Bullndulu | Groups | [Mnh { Weak Constr. = Color/Style |

[ Boundary selection Mesh displacement —

II Coordinate system: [~ cianal coordinate system i+
|3 i Value/E: i Unit Description
: g e Mesh displacement

6 l W dx e |m™ Mesh displacement, x direction
7 p = _———1
X M dy 1] 1 Mesh displacement, y direction
Group: 4 O Mesh velocity
m/s T i "
] Select by group Mesh velocity, x direction
mis

1 Interior boundaries vy Mesh velocity, y direction

C Help ‘} ( Apply ) CCinceij { ~OK- 3

| FIGURE 4.71 Boundary Settings (2), Moving Mesh (ALE): boundary set
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| FIGURE 4.73 2D Electrochemical polishing model Free Mesh Parameters window
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| FIGURE 4.74 2D Electrochemical polishing model free mesh (quad)
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| FIGURE 4.75 2D Electrochemical polishing model Solver Parameters window
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o= In the process of solving this model, using the Moving Mesh Application Mode
(ALE), the modeler may occasionally see a warning about an “inverted mesh element.”
If the solver continues on to a solution, ignore the warning. Such warnings are normal
when using the deformed mesh.

If the model does not continue to a solution and the solver displays numerous
warnings, then either there is an error in the model or the modeler needs to use the
advanced technique called remesh (not discussed in this book).

Postprocessing

Select Postprocessing > Plot Parameters. Click the Surface tab, and verify that the Surface
plot check box is checked. From the Predefined quantities drop-down list, select
Conductive Media DC (dc) > Total current density, norm. See Figure 4.76. Click OK.

SO0 Plot Parameters.

[ General | Surface l cantour Boundary Arrow Principal »!

g Surface plot

{ Surface Data Height Data

Predefined quantities: | Total current density, norm |'§‘i I'r Range... “

Expression: normj_dc Iz‘ Smooth

Unit: | A,rmz "3’!

-Loloring and fill

Coloring: | Interpolated l-@-i Fill style: ' Filled FT:‘]

Surface color

® Colormap: [ jet ¥4 Colors: 1024 ™ Color scale

O Uniform color: Color .

( Help \ ‘( Applv\_ If_rl:am:el\_ (— Ok )

| FIGURE4.76 2D electrochemical polishing model surface Plot Parameters window, total normal current density
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| FIGURE 4.77 2D electrochemical polishing model Surface plot window, total normal current density

In Figure 4.77, the model calculation shows that the maximum current density is
approximately 8.84e5 A/m?, in the region of the asperities. Figure 4.77 also shows that
the normal current density (J,) concentrated in the region of the asperities is approxi-
mately 1.5 times the normal current density elsewhere on the electrode surface. As a
result, the removal rate of the electrode material will be approximately 1.5 times as high.

To see the change in the position of the electrode surface and the relative removal
of material from the asperities, select Postprocessing > Plot Parameters. Click the
Surface tab, and verify that the Surface plot check box is checked. From the Predefined
quantities drop-down list, select Moving Mesh (ALE) (ale) > y-displacement. See
Figure 4.78.

Click OK. Figure 4.79 shows the displacement of the electrode surface in the y-
direction (dy_ale) after 10 seconds of electropolishing.

Postprocessing Animation

This solution to the 2D electrochemical polishing model can also be viewed as an ani-
mation. To view the solution as a movie, using the menu bar, select Postprocessing >
Plot Parameters. Once the Plot Parameters window appears, Click the Animate tab.
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Su0Ou0 Plot Parameters

[ General Surface Contour Boundary Arrow Principal >

E Surface plot

[ Surface Data Height Data |
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o Uniform color: Color .

[\r Help Y € Apply B I_/Cancel\__l ( oK )

| FIGURE 4.78 2D electrochemical polishing model surface Plot Parameters window: Moving Mesh (ALE) (ale),
y-direction (dy_ale)

On the Animate page, select all the solutions in the Stored output times window (see
Figure 4.80). Click the Start Animation button. Save this 2D electrochemical polish-
ing model animation by clicking on the disk icon on the player screen. Alternatively,
you can play the file Movie4_EP_3.avi that was supplied with this book.

2D Electrochemical Polishing Models: Summary and Conclusions

The models presented in this section have introduced the following new concepts:
two-dimensional modeling (2D), deformed mesh—Moving Mesh (ALE), transient
analysis, Conductive Media DC, vector dot product current (K*nJ_dc), triangular mesh,
free mesh parameters, subdomain mesh, maximum element size, and quadrilateral
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I FIGURE 4.79 2D electrochemical polishing model Surface plot window: Moving Mesh (ALE) (ale),
y-direction (dy_ale)

mesh (quad). The 2D electrochemical polishing model is a powerful tool that can be
used to model surface smoothing for diverse projects (e.g., microscope samples, pre-
cision metal parts, medical equipment and tools, large and small metal drums, thin
analytical samples, vacuum chambers). A comparison of the calculated results for the
three electropolishing models is shown in Table 4.10.

The differences between the calculations for the tested models are in the range of
a few percentage points. It is left to the modeler to explore other differences between
the models by varying the parameters, as suggested in the exercises at the end of this
chapter.

| Table 4.10 Electropolishing Modeling Results Summary

Model Asperities Mesh Peak J, AJ,(%) dy Ady (%)
EP_1 1 Triangular 9.12eb5 — 1.08e-4 —
EP_2 1 Quad 8.87e5 ~2.7 1.04e4  ~3.7

EP_3 3 Quad 8.83eb ~3.2 1.04e-4 ~3.7
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| FIGURE 4.80 2D electrochemical polishing model animation Plot Parameters window

Bl 2D Hall Effect Model Considerations

In 1827, Georg Ohm published® his now fundamental and famous Ohm’s law:

4
1=~ 44)

where I = current in amperes
V = potential difference in volts
R = resistance in ohms

See Figure 4.81.

As useful as Ohm’s law is, it is basically phenomenological. To more fully
understand conduction in homogeneous, isotropic solid materials, the calculations
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| FIGURE 4.81 Ohm’s law

need to be expanded until they reflect the behavior (motion) of the fundamental
charged particles (electrons, holes).

nore® In solid materials (e.g., metals, semiconductors), there are three potential
mobile carriers of charge: electrons (—), holes (+), and ions (charge sign can be either
+ or —, depending on the type of ion). Ions in a solid typically have a very low mobility
(pinned in position) and, therefore, contribute little to the observed current flow in most
solids. Ion flow will not be considered here.

In metals, due to the underlying physical and electronic structure, electrons are the
only carrier. In semiconductors (e.g., Si, Ge, GaAs, InP), either electrons or holes (the
absence of an electron) can exist as the primary carrier types. The density of each carrier
type (electrons, holes) is determined by the electronic structure of the host material (e.g.,
Si, Ge, SiGe) and the density and distribution of any foreign impurity atoms (e.g.,As, P, N,
Al) within the host solid material. For further information on the nature of solids and the
behavior of impurity atoms in a host matrix, see works by Kittel'® and Sze.!!

The resistance of a homogeneous, isotropic solid material R is defined as follows:

pL
R = a 4.5)
where p = resistivity in ohm-meters ({)-m)
L = length of sample in meters (m)
A = cross-sectional area of sample in meters squared (m?)
See Figure 4.82.

| FIGURE 4.82 Resistance
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The resistivity of a homogeneous, isotropic solid material is defined as follows:!2

where

og=—= nelellJ«e + ”hlelﬂh (4.6)

1
p
p = resistivity ohm-meters ({)-m)

o = conductivity in siemens per meter (S/m)

n, = electron density in electrons per cubic meter (N./m?)

n,, = hole density in holes per cubic meter (N;/m’)

lel = absolute value of the charge on an electron (hole) in coulombs (C)
U, = electron mobility in meters squared per volt-second (m?*(V*s))
u, = hole mobility in meters squared per volt-second (m*/(V*s))

The Hall effect'? was discovered by Edwin Hall in 18794 through measurements
on the behavior of currents in thin gold foils, in the presence of a magnetic field. The
magnetic field introduced into the current flow region of the solid in the Hall effect
measurements effectively adds an anisotropic term into the conductivity of a nomi-
nally homogeneous, isotropic solid material. The anisotropic conductivity is caused by
the magnetic field through the Lorentz force.!> The Lorentz force produces a propor-
tional, differential voltage/charge accumulation between two surfaces or edges of a
conducting material orthogonal to the current flow.

The Lorentz force is

where

F=g(E+ (vXxB)) %))

F = force vector on the charged particle (electron and/or hole)
g = charge on the particle (electron and/or hole)

E = electric field vector

v = instantaneous velocity vector of the particle

B = magnetic field vector

The Hall voltage'® is

Ry*I*B
Vi == 4.8)

whereV}; = Hall voltage

Ry = Hall coefficient
I = current
B = magnetic field
t = thickness of sample
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The Hall coefficient (Ry) is

R, = —— 4.
HE e “9)
where Ry, = Hall coefficient
r=1=X=2
n, = density of electrons

e = charge on the electron

ot In the Hall effect models presented here, it is assumed that » = 1. That
assumption is a valid first approximation. For applied development models, the
modeler will need to determine experimentally the best approximation for the value of
r for the particular material and physical conditions being modeled.

For example, in the case that the charge carrier is a “hole,” the minus sign (—) in
the equation for the Hall coefficient changes to a plus sign (+). In the case of mixed
electron/hole flow, Ry; can become zero.

The differential voltage/charge accumulation—Hall voltage (V) —that results
from the Lorentz force interaction between any currents (electron and/or hole)
flowing through that conducting material and the local magnetic field is shown in
Figure 4.83.

As can be seen from the introductory material, depending on the characteristics of
the material being modeled, the calculation of the Hall effect can be very complex.
The Hall coefficient (Ry) varies for different materials and has a predominant func-
tional dependence that involves temperature, carrier type, carrier concentration, carrier
mobility, carrier lifetime, and carrier velocity. In a dual-carrier system, such as semi-
conducting materials (electrons and holes), under the proper conditions, Ry can
become equal to zero. Semiconductor sensors, however, are among the most sensitive
magnetic field Hall sensors currently manufactured.

+Vapplied

B,

_Vapplied

| FIGURE 4.83 Hall effect sensor geometry, electron flow
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Hall effect sensors are widely available in a large number of geometric configu-
rations. They are typically applied in sensing fluid flow, rotating or linear motion,
proximity, current, pressure, and orientation. In the 2D models presented in the
remainder of this chapter, several simplifying assumptions will be made that allow the
basic physics principles to be demonstrated without excessive complexity.

Owing to the underlying complexity of the Hall effect, the models in this section
of Chapter 4 require the use of either the AC/DC Module or the MEMS Module, in
addition to the basic COMSOL Multiphysics software. In the first model, only a sin-
gle carrier conduction system (electrons) will be employed. For ease of modeling, it
will be assumed that the system is quasi-static. This model introduces the COMSOL
modeling concepts of point constraints and floating contacts.'”

2D Hall Effect Model

To start building the Hall_Effect_1 model, activate the COMSOL Multiphysics software.
In the Model Navigator, select “2D” from the Space dimension pull-down list. Select
AC/DC Module > Statics > Conductive Media DC. Click the Multiphysics button, and
then click the Add button. See Figure 4.84.

800 Model Navigator

[ MNew | Model Library User Models Open Settings 1

Space dimension: [ 2p }.a.‘ Multiphysics

[’ Add \ ( Remove \

[ Application Modes

b [0 COMSOL Multiphysics [ Geom1 (2D)
¥ [@ AC/DC Maodule [ conductive Media DC (emdc)
¥ [ Statics
D (Conductive Media DC

D Electrostatics
D Electrostatics, Generalized
» [ Magnetostatics

» ([ Quasi-Statics, Electric
- ; ? 5 Dependent variables: V
» [ Quasi-Statics, Magnetic
» [ Quasi-Statics, Electromagnetic ( Application Mode Propertie... )
» [ Rotating Machiner
I.J g ¥ b ( Add Geometry... \
» | Electro-Thermal Interaction X .
( Add Frame... \
Dependent variahles: V2 K
Ruling application mode:
Application mode name: | emdc2 | Conductive Media DC (emdc) l-r:ﬂl

Element: [ Lagrange - Quadra... I-E«] f TV . 2
x L. - y

( Help \I (CanceI\J ( 0K )

| FIGURE 4.84 Multiphysics Model Navigator window
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™ 7 Application Mode Properties

Properties

Default element type: | Lagrange - Quadratic l:!

Weak constraints: | on |:i

Constraint type: [ Non-ideal |-3-}

( Help ) (Cancel ) ( oK )

| FIGURE 4.85 Application Mode Properties window

Click the Application Mode Properties button. Select “On” from the Weak con-
straints pull-down list. Select "Non-ideal” from the Constraint type pull-down list. See

Figure 4.85. Click OK.

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter

the information shown in Table 4.11; also see Figure 4.86. Click OK.

2D Hall Effect Geometry

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
1.8e-2 and height of 6e-3. Select “Base: Corner” x equal to -9e-3 and y equal to -3e-3
in the Rectangle edit window. See Figure 4.87.

Click OK, and then click the Zoom Extents button. See Figure 4.88.

| Table 4.11 Constants Edit Window

Name Expression
sigma0 1.04e3[S/m]

Rh 1.25e-4[mA3/C]
Bz 0.1[T]

coeffO sigma0/(1+(sigma0*Rh*Bz)"2)
VO 5.0[VI]

t_Si 1.0e-3[m]
coeff1 sigma0*Rh*Bz
s11 coeffO

s12 coeff0*coeff1
s21 -coeff0*coeff1
s22 coeffO

Description

Silicon conductivity

Hall coefficient

Magnetic field

Conductivity anisotropy 2
Applied voltage

Silicon thickness
Conductivity anisotropy 1
Conductivity matrix term 11
Conductivity matrix term 12
Conductivity matrix term 21
Conductivity matrix term 22
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MName Expression | Value | Description

sigma0 1.04e3[5/m] '1040(5/m] Silicon conductivity

Rh 1.25e-4[m*3/C] {1.25e-4)[m? /(s A)] Hall coefficient

Bz 0.1[T] 0.1[T] Magnetic field

coeffl sigmal/(1+(sigma0*Rh*Bz)A2) 1039.82427([5/m] Conductivity anisotropy 2

Vo 5.0[v] 5[v] Applied voltage

t_5i 1.0e-3[m] 0.001[m] Silicon thickness

coeffl sigmal*Rh*Bz 0.013(1] Conductivity anisotropy 1

s11 coeffl 1039.82427(5/m] Conductivity matrix term 11

512 coeffl*coeffl 13.517716[5/m] Conductivity matrix term 12 L

521 -coeff0*coeffl -13.517716[5/m] Conductivity matrix term 21 i
522 coeffd 1039.82427[5/m] Conductivity matrix term 22 v
€ — 3 >
= ﬂ C Help b} ( Apply ) ( Cancel ) ( oK )

| FIGURE 4.86 2D Hall_Effect_1 model Constants edit window

In this model, points will be added to the boundary of the rectangle to define the
location of the edges of the floating contacts. Using the menu bar, select Draw >
Specify Objects > Point. In the Draw > Specify Objects > Point edit window, individ-
ually create each of the points shown in Table 4.12 by selecting the window, entering
the data, and then clicking OK. The final rectangle with all four points is shown in
Figure 4.89.

nore ™ The points are added to the boundary of the rectangle so that the edges of the
floating contacts are precisely defined.

2D Hall Effect Subdomain Settings

Using the menu bar, select Physics > Subdomain Settings > Subdomain 1 (the only
choice). Enter t_Si in the d (Thickness) edit window. Verify that “Conductivity” is
selected in the Conductivity relation pull-down list. Click in the Electric conductivity

8.0.0 Rectangle

~Size Rotation angle-

width: |[1.8e2 | o 0 (degrees)
Height: | Ge-3

~Position

Base: I@ Style: [ solid =
x: ’-9&-3—‘ MName: R1

¥ -3e-3

( Help ) (Applv) rCanCEI\, EO‘K’ 3

| FIGURE 4.87 2D Hall_Effect_1 model Rectangle edit window
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| FIGURE 4.88 2D Hall_Effect_1 model rectangle geometry
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| FIGURE 4.89 2D Hall_Effect_1 model rectangle geometry with points
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| Table 412  Points Edit Window

Point Number
1

2
3
4

x Location y Location

-1e-3 3e-3
1e-3 3e-3
-1e-3 -3e-3
1e-3 -3e-3

| Table 413 Matrix Elements Edit Window

Matrix Element Number Value
11 s11
12 s12
21 s21
22 s22

edit window. Select “Anisotropic-full” from the Conductivity type pull-down list.

Enter the matrix

elements as shown in Table 4.13; see Figure 4.90.

nore ¥ These matrix elements define the anisotropic coupling of the magnetic field and
the current flowing in the silicon sample.

Close the Conductivity Matrix edit window by clicking on the Subdomain
Settings window. After the Conductivity Matrix window closes, the matrix elements
will be as shown in the Conductivity edit window on the Subdomain Settings page in
Figure 4.91. Click OK.

s11

s12

521

522

| Anisotropic - full

I+

| FIGURE 4.90 2D Hall_Effect_1 model conductivity matrix elements
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| Table 414 Boundary Settings

Boundary Number  Condition

1 Ground

2,3,6,7 Electric insulation
4 Floating potential
5 Floating potential
8 Electric potential

Group Index Source Current/Potential

2
1
— VO

Figure
4.92
4.93
4.94
4.95
4.96

2D Hall Effect Boundary Settings

Using the menu bar, select Physics > Boundary Settings. Enter the boundary settings

as shown in Table 4.14. Se

e Figures 4.92,4.93,4.94,4.95, and 4.96.

o™ The addition of the group index designation decouples the two floating
contacts from each other. Failure to insert a different group index number for each

floating contact couples (mathematically short-circuits) the contacts together.

Click the Weak Constr. tab. Verify that the Use weak constraints check box is

checked. See Figure 4.97.

800 Subdomain Settings — Conductive Media DC (emdc)

Equation

~V.dioWV -5 = de

l Subdomains | Groups | [ Physics | Infinite Elements Init Element Color |
Subdomain selection il Material properties and sources
Library material: [ |'-$-i ( Load.. )
Quantity Value/Expression Unit Description
15 @ |l@a | Afm® Extarnal current density
c‘j o Afm? Current source
d Lsi # Thickness
Conductivity relation: | Conductivity |3]
¥ ';51]. 521512522 _} SHA Electric conductivity
Croup: =

’:‘ Select by group

E Active in this domain

| FIGURE 4.91 2D Hall_Effect_1

' Help ) [’Applv\__ _(Cancel b ( oK )

model Subdomain Settings
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Equation
V=10
_@ : | Port = WeakConstr. = Color/Style
' Boundary selection Boundary sources and constraints
3 Library material: | :l '( Load... )
3 [
Boundary condition: P
4 [ Ground H
5
6
7 s
8 X
Croup: | % |
"1 select by group
1 interior boundaries

( Help ) ( Apply) (Cancel) M

| FIGURE 4.92 2D Hall_Effect_1 model Boundary Settings (1)

Equation

n:J=0

I Port

= 1

Weak Constr.

Color/Style L—.

' Boundary selection Boundary sources and constraints

1 Library material: |

re
aid

!f Load... 1'I

Boundary condition: [

Electric insulation H

8 v

Croup: | -
"1 select by group

1 interior boundaries

( Help ) ( Apply) (Canczl) m

| FIGURE 4.93 2D Hall_Effect_1 model Boundary Settings (2, 3, 6, 7)

177



178

CHAPTER 4 2D MODELING

Equation

I-n-J=1;

r -
{ Lo

| Port  Weak Constr.

Color/Style 1—.

' Boundary selection Boundary sources and constraints
p? Library material: | = | ( Load.. )
Boundary condition: [ Floating potential N
5 Quantity Value/Expression Unit Description
6
-
z = |2 i Group index
8 v L |
| - Iy o & Source current

Group: - |

[T select by group

1 interior boundaries

( Help ) ( Apply) (Cancel) m

| FIGURE 4.94 2D Hall_Effect_1 model Boundary Settings (4)
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1 i |

S |

Port Weak Constr.

Color/Style 1—.

dary selection

R d

FATTR N

B

al»

[ select by group

1 interior boundaries

Croup: | b

y sources and constraints

Library material: '_

] ( Loadi. )

Boundary condition: [

Floating potential H

Quantity

Value/Expression

Unit

Description
Group index

Source current

( Help ) ( Apply) (Cancel) m

| FIGURE 4.95 2D Hall_Effect_1 model Boundary Settings (5)
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Equation
V= Vﬂ
._@__ { ndi [ Port | WeakConstr. | Color/Style L
' Boundary selection Boundary sources and constraints
; Library material: | :l ( Load.. )
3 i
i Boundary condition: [ Electric potential N
3 Quantity Value/Expression Unit Description
6
7 s
3 Vo Vo ¥ Electric potential
Croup: | 3 |
"1 select by group
1 interior boundaries

( Help ) ( Apply) (Canczl) E—lﬁk—a

| FIGURE 4.96 2D Hall_Effect_1 model Boundary Settings (8)

Equation

V=10

_@_ ! conditions Port seWeakGonstres| Color/Style oo
B v selection ~Weak constraints

E Use weak constraints

v s | Lagrge - i )

Coefficient Value Unit Description

!shlag(z,'lml‘} | Shape functions
wcgporder
| 30

l Integration order

o —— e | o
Group: - weinit !'g | Initial value
"1 select by group

1 interior boundaries

( Help ) ( Apply) (Canczl) E—B&-—-’

| FIGURE 4.97 2D Hall_Effect_1 model Boundary Settings, Weak Constr. page
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| FIGURE 4.98 2D Hall_Effect_1 model boundary settings, final configuration

Click OK. The final configuration of the boundary settings is shown in Figure 4.98.

2D Hall Effect Mesh Generation

Using the menu bar, select Mesh > Initialize Mesh. Click the Refine Mesh button
twice. See Figure 4.99.

Solving the 2D Hall Effect Model

Using the menu bar, select Solve > Solver Parameters. In the Solver selection window,
select “Parametric.” In the Parameter names edit window, enter Bz. In the Parameter
values edit window, enter 0:0.1:2.0. See Figure 4.100. Click OK.

nore ¥ The Parametric Solver is chosen, in this case, so that the modeler can solve the
Hall_Effect_1 model quasi-statically over a range of Bz. This allows the modeler to see
solutions for a wide range of magnetic field values.

Using the menu bar, select Solve > Solve Problem.
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| FIGURE 4.99 2D Hall_Effect_1 model mesh

Postprocessing

The default plot is a 2D surface plot of the voltage distribution at the highest value of
the magnetic field (Bz = 2 tesla). See Figure 4.101.

More detailed information is displayed by adding contour lines. Using the menu
bar, select Postprocessing > Plot Parameters. Click the Contour tab. Place a check
mark in the Contour plot check box. Click the Uniform color radio button. Click the
Color select button, and select “Black.” Click OK. See Figure 4.102.

The Hall effect voltage (V) can be seen as the voltage difference (color dif-
ference) between the top electrode and the bottom electrode, as shown in Figure
4.103.

nore ¥ There are two methods by which the voltage difference between the upper and
lower surfaces can be determined in Figure 4.103. The first is by the color difference, as
indicated by the color bar on the right side of the plot. The second is by the incremental
position of the contour lines. If the voltage is constant in the vertical direction, the
contour line will be straight and vertical. If the voltage changes, that change is reflected
in the shape of the contour line.
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| FIGURE 4.100 2D Hall_Effect 1 model Solver Parameters window
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| FIGURE 4.101 2D Hall_Effect_1 model default surface voltage distribution plot
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800 Plot Parameters

[ General Surface Contour Boundary Arrow Principal Streamline >

E Contour plot

[ Contour Data | Height Data  Color Data |

Predefined quantities: | Electric potential I—$-! E Smooth
Expression: v ’:‘ Recover
Unit: '_ v |--}i

Contour levels

Number of levels Vector with isolevels
Levels: 8 20 O
[ Labels
Contour color
() colormap: jet v Reverse E‘ Color scale

) uniform color: ( Color.. ) .
L )

1 Filled

( Help ) (Applv) _(Cam:el ) ( oK )

| FIGURE 4.102 2D Hall_Effect_1 model Plot Parameters window, Contour Data page

The exact voltage difference at any point in the model can be determined by
creating a cross-section plot. Using the menu bar, select Postprocessing > Cross-
Section Plot Parameters. Select the 2T solution in the Solutions to use window. See
Figure 4.104.

Click the Line/Extrusion tab. Enter the coordinates shown in Table 4.15 on the
Cross-Section Plot Parameters page. See Figure 4.105.
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| FIGURE 4.103 2D Hall_Effect_1 model surface voltage distribution plot (2T), with contour lines
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| FIGURE 4.104 2D Hall_Effect_1 model Cross-Section Plot Parameters, General page
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Table 4.15 Cross-Section Line Data Edit Window

Line Data Value
x0 Oe-3
x1 Oe-3
yO0 3e-3
y1 3e-3

Click OK. Figure 4.106 shows the voltage difference (V};) between the electrode
(top) and the modeled Si sample (bottom), for the line x = 0. In this case Vi = 0.340
VoIt (Vigh = Vigw = 0.340 V).

Postprocessing Animation

This solution to the 2D Hall_Effect 1 model can also be viewed as an animation. To view
the solution as a movie, using the menu bar, select Postprocessing > Plot Parameters.

B00 _Cross-Section Plot Parameters

[ General Line/Extrusion | Paint |

8 Line/Extrusion plot

Plot type
@ Line plot () Extrusion plot
y-axis data
Predefined quantities: | Electric potential |4 l "1 Recover
Expression: v
Unit: [ v 2
x-axis data Cross-section line data
® v B | | xo: [oe3 x1: [0e-3
O Expression... y0: |-3e-3 yl: [3e-3
Line resolution: 200
’:‘ Multiple parallel lines
Number of lines Vector with distances
:
( Line Settings... ) Surface Settings...
e .

I_( Help \l l_,Apva P (Cancel\_l ( oK )

| FIGURE 4.105 2D Hall_Effect_1 model Cross-Section Plot Parameters, Line/Extrusion page
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| FIGURE 4.106 2D Hall_Effect_1 model plot I,

Once the Plot Parameters window appears, click the Animate tab. On the Animate page,
select all the solutions in the Stored output times window (see Figure 4.107). Click the
Start Animation button. Save this 2D Hall effect model animation by clicking on the
disk icon on the player screen. Alternatively, you can play the file Movie4_HE_1.avi
that was supplied with this book.

First Variation on the 2D Hall Effect Model

This model reflects a closer approach to the construction of a specimen as would be
constructed from a silicon wafer. In this model, both Si end contacts and side contacts
have been added, as would be the case for a fabricated Si sample.

To start building the Hall_Effect_2 model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “2D” from the Space dimension pull-down
list. Select AC/DC Module > Statics > Conductive Media DC. Click the Multiphysics
button, and then click the Add button. See Figure 4.108.

Click the Application Mode Properties button. Select “On” from the Weak con-
straints pull-down list. Select “Non-ideal” from the Constraint type pull-down list. See
Figure 4.109. Click OK.
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| FIGURE 4.107 2D Hall_Effect_1 model animation Plot Parameters window
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| FIGURE 4.108 Multiphysics Model Navigator window
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| FIGURE 4.109 Application Mode Properties window
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a0 Constants

MName |Expression | Value | Description

sigma0 1.04e3[S/m] 1040[5/m] silicon conductivity

Rh 1.25e-4[mA3/C] [1_259__4)[m3|,r[5-m] Hall coefficient

Bz 0.1[T) 0.1[T] Magnetic field

coeffd sigmal/(1+(sigma0*Rh*Bz)A2) 1039.82427([5/m] Conductivity anisotropy 2

Vo 5.0[v] 5[v] Applied voltage

t_5i 1.0e-3[m] 0.001[m] Silicon thickness

coeffl sigmal*Rh*Bz 0.013[1] Conductivity anisotropy 1

511 coeffl 1039.82427(5/m] Conductivity matrix term 11

512 coeffl*coeffl 13.517716[5/m] Conductivity matrix term 12 |
521 -coeff0*coeffl -13.517716[5/m] Conductivity matrix term 21 i
522 coeffl 1039.82427(5/m] Conductivity matrix term 22 v

- "= == === ——— —— —~Yar

= &

( Help Y f Apply b} (Cancel b} ( oK )

| FIGURE 4.110 2D Hall_Effect_2 model Constants edit window

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 4.16; also see Figure 4.110. Click OK.

2D Hall Effect Geometry

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
1.8e-2, and a height of 6e-3. Select “Base: Corner” x and set equal to -9e-3 and y equal
to -3e-3 in the Rectangle edit window. See Figure 4.111.

Click OK, and then the click the Zoom Extents button. See Figure 4.112.

Table 416 Constants Edit Window

Name Expression Description

sigma0 1.04e3[S/m] Silicon conductivity

Rh 1.25e-4[mA3/C] Hall coefficient

Bz 0.1[T] Magnetic field

coeffO sigma0/(1+(sigma0*Rh*Bz)A2) Conductivity anisotropy 2
VO 5.0[V] Applied voltage

t Si 1.0e-3[m] Silicon thickness

coeff1 sigma0*Rh*Bz Conductivity anisotropy 1
s11 coeff0 Conductivity matrix term 11
s12 coeff0*coeff1 Conductivity matrix term 12
s21 -coeff0*coeff1 Conductivity matrix term 21
s22 coeffO Conductivity matrix term 22
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| FIGURE 4.111 2D Hall_Effect_2 model Rectangle edit window
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Table 417 Rectangle Edit Window

Rectangle Number  Width  Height Base x Location  y Location

1 2e-3 1e-3 Corner  -1e-3 3e-3
2 2e-3 1e-3 Corner  -1e-3 -4e-3
3 1e-3 6e-3 Corner  -le-2 -3e-3
4 1e-3 6e-3 Corner 9e-3 -3e-3

In this model, rectangles will be added to the boundary of the rectangle to define
the location of the positions of the contacts and the floating contacts. Using the menu
bar, select Draw > Specify Objects > Rectangle. In the Draw > Specify Objects >
Rectangle edit window, individually create each of the rectangles shown in Table 4.17
by selecting the window, entering the data, and then clicking OK. The final geometry
with all four added rectangles is shown in Figure 4.114.

Click the Zoom Extents button. Select Draw > Create Composite Object. Select
all of the rectangles. Verify that the Keep interior boundaries check box is checked.
see Figure 4.113. Click OK. Figure 4.114 shows the composite object.

o= W The contact rectangles are added to the boundary of the first rectangle so that
the contacts and the floating contacts are precisely defined.

2D Hall Effect Subdomain Settings

Using the menu bar, select Physics > Subdomain Settings. Select subdomains 1, 3, 4,
and 5 in the Subdomain selection window. Enter t_Si in the d (Thickness) edit window.

SN Create Composite Object

Object type Shortcuts
© soics —
() Curves A —— [ Cancel
O i | Intersection |

Help

Object selection: Set formula: /
R1+R2+R3+R4+R5 ;

# Kkeep interior boundaries POWEREN.IR

’:‘ Repair —

Repair tolerance 1.0E-4

| FIGURE 4.113 2D Hall_Effect_2 madel, Create Composite Object window
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| FIGURE 4.114 2D Hall_Effect_2 model geometry with added rectangles

Verify that “Conductivity” is selected in the Conductivity relation pull-down list. Enter
sigma0 in the Electric conductivity window. See Figure 4.115.

Select subdomain 2 in the Subdomain selection window. Enter: t_Si in the d
(Thickness) edit window. Verify that “Conductivity” is selected in the Conductivity
relation pull-down list. Click in the Electric conductivity edit window. Select
“Anisotropic-full” from the Conductivity type pull-down list. Enter the matrix ele-
ments as shown in Table 4.18; see Figures 4.116 and 4.117. Click OK.

‘wore ¥ These matrix elements define the anisotropic coupling of the magnetic field and
the current flowing in the silicon sample.

| Table 4.18 Matrix Elements Edit Window

11 s11
12 s12
21 s21

22 s22
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| FIGURE 4.115 2D Hall_Effect_2 model geometry, Subdomain Settings (1, 3, 4, 5)
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| FIGURE 4.116 2D Hall_Effect 2 model geometry, Subdomain Settings (2)
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Table 419 Boundary Settings

Boundary Number Condition Group Index  Source Current/Potential Figure
1 Ground — — 4.118
2,3,5-7, Electric insulation — — 4.119
10, 13-16,

18, 19

8 Floating potential 2 0 4.120
12 Floating potential 1 0 4121
20 Electric potential — VO 4122

2D Hall Effect Boundary Settings

Using the menu bar, select Physics > Boundary Settings. Enter the boundary settings
as shown in Table 4.19. See Figures 4.118,4.119, 4.120, 4.121, and 4.122.

s11 512

s21 k22

| Anisotropic - full |-$'1

| FIGURE 4.117 2D Hall_Effect_2 model conductivity matrix elements
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1 interior boundaries
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| FIGURE 4.118 2D Hall_Effect_2 model Boundary Settings (1)
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| FIGURE 4.119 2D Hall_Effect_2 model Boundary Settings (2, 3, 5-7, 10, 13-16, 18, 19)
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| FIGURE 4.120 2D Hall_Fffect_2 model Boundary Settings (8)
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| FIGURE 4.121 2D Hall_Effect 2 model Boundary Settings (12)

‘ot The addition of the group index designation decouples the two floating contacts
from each other.

Select the Weak Constr. tab. Verify that the Use weak constraints check box is
checked. See Figure 4.123.
Click OK. The final configuration of the boundary settings is shown in Figure 4.124.

~Fruatinn— = =—— ————
V= \1"0
_{' Boundaries | Groups | {-f Jii { Port Weak Cunstr. Colur#5tyle |
-Boundary selection Boundary sources and constraints
13 - : ! 2l 7
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14 Y
15 i
i Boundary condition: [ Electric potential E;!
o Quantity Value/Fypression Unir Description
19
| Vg Vo L Electric potential

Group: =

"] Select by group

[ Interior boundaries

(vep ) (e ) ((cancel ) (o)

| FIGURE4.122 2D Hall_Effect_2 model Boundary Settings (20)
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| FIGURE 4.123 2D Hall_Effect_2 model Boundary Settings, Weak Constr. page
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| FIGURE 4.125 2D Hall_Effect_2 model mesh

2D Hall Effect Mesh Generation

Using the menu bar, select Mesh > Initialize Mesh. Click the Refine Mesh button
twice. See Figure 4.125.

Solving the First Variation on the 2D Hall Effect Model

Using the menu bar, select Solve > Solver Parameters. In the Solver selection window,
select “Parametric.” In the Parameter name edit window, enter Bz. In the Parameter
values edit window, enter 0:0.1:2.0. See Figure 4.126. Click OK.

o= The Parametric Solver is chosen, in this case, so that the modeler can solve the
Hall_Effect_2 Model quasi-statically. This allows the modeler to see solutions over a
wide range of magnetic field values.

Using the menu bar, select Solve > Solve Problem.

Postprocessing

The default plot is a 2D surface plot of the voltage distribution at the highest value of
the magnetic field (Bz = 2 Tesla). See Figure 4.127.
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| FIGURE 4.126 2D Hall_Effect_2 model Solver Parameters window
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| FIGURE 4.127 2D Hall_Effect_2 model default surface voltage distribution plot
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SuOuN) Plot Parameters
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| FIGURE 4.128 2D Hall_Effect_2 model Plot Parameters, Contour Data page

More detailed information is displayed by adding contour lines. Using the menu
bar, select Postprocessing > Plot Parameters. Click the Contour tab. Place a check
mark in the Contour plot check box. Click the Uniform color radio button. Click the
Color select button, and select “Black.” See Figure 4.128.

Click OK. The Hall effect voltage (Vy;) can be seen as the voltage difference
between the top electrode and the bottom electrode, as shown in Figure 4.129.

The exact voltage difference at any point in the model can be determined by
creating a cross-section plot. Using the menu bar, select Postprocessing > Cross-
Section Plot Parameters. Select the 2T solution in the Solutions to use window. See

Figure 4.130.
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| FIGURE 4.129 2D Hall_Effect 2 model surface voltage distribution plot (2T), with contour lines
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| FIGURE 4.130 2D Hall_Effect_2 model Cross-Section Plot Parameters, General page
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Table 420 Cross-Section Line Data Edit Window

Line Data Value
x0 Oe-3
x1 Oe-3
yO0 -4e-3
y1 4e-3

Click the Line/Extrusion tab. Enter the coordinates shown in Table 4.20 on the
Cross-Section Plot Parameters page. See Figure 4.131.

Click OK. Figure 4.132 shows the voltage difference (V};) between the electrode
(top) and the modeled Si sample (bottom), for the line x = 0. In this case, V; = 0.350
volts (Vyigh = Vigw = 0.350 V).

Postprocessing Animation

This solution to the 2D Hall_Effect_2 model can also be viewed as an animation. To view
the solution as a movie, using the menu bar, select Postprocessing > Plot Parameters.
Once the Plot Parameters window appears, click the Animate tab. On the Animate page,
select all the solutions in the Stored output times window (see Figure 4.133). Click the

8O0 Cruss-Section Plot P

! General Lirve/ Extrusion Point |

8 Line/Extrusion plot

Plot type

® Line plot () Extrusion plot

y-axis data

Predefined ities: | Electric p ] |“,-'
Expression: v

unit: [ v i'?"i
X-axis data Lross-section line data

® |y ":r-] x0: De-3 x1: |De-3
§ P y0: | -4e-3 yl:  de-3

Line resolution: 200

':' Multiple parallel lines
Number of line vector with distances

'_( Line Settings... )
s ——

(" Hep ) (_J\ppiv) ( cancel ) ( oK )

| FIGURE 4.131 2D Hall_Effect_2 model Cross-Section Plot Parameters, Line/Extrusion page
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| FIGURE 4132 2D Hall_Effect_2 model plot 1,

Start Animation button. Save this 2D Hall effect model animation by clicking on the
disk icon on the player screen. Alternatively, you can play the file Movie4_HE_2.avi
that was supplied with this book.

Second Variation on the 2D Hall Effect Model

This Hall effect model demonstrates the effect of having holes as the carrier in this
electronic material (a p-type semiconductor). A second, lower contact has been added
to allow the use of an external balancing circuit. A change is made in the value of the
conductivity, because holes are less mobile than electrons in Si.

o= Semiconductors have two types of carriers: electrons (n-type) and holes (p-
type). In a purified semiconductor, such as silicon (Si) or germanium (Ge), both carriers
are thermally activated and exist in equal numbers. That native conduction mode is
called the intrinsic conduction mode.

To fabricate electronic device structures, foreign atoms (As or P for n-type and Al
or B for p-type) are added to the host lattice (Si). The carriers are more easily thermally
activated from the foreign atoms (dopant atoms) at room temperature. This non-native
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| FIGURE 4.133 2D Hall_Effect_2 model animation Plot Parameters window

conduction mode is called the extrinsic conduction mode. In the extrinsic mode, the
carriers activated from the dopant atoms and the small number of carriers activated
intrinsically become the majority carriers (e.g., electrons). The second carrier (holes in
this example) becomes the minority carrier. The electron and hole carrier densities are
related by the mass action law:!3

np = n? (4.10)

where n; = intrinsic carrier density
= electron carrier density
p = hole carrier density

3
I
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| FIGURE 4.134 Multiphysics Madel Navigator window

To start building the Hall_Effect_3 model, activate the COMSOL Multiphysics
software. In the Model Navigator, select “2D” from the Space dimension pull-down
list. Select AC/DC Module > Statics > Conductive Media DC. Click the Multiphysics
button, and then click the Add button. See Figure 4.134.

Click the Application Mode Properties button. Select “On” from the Weak con-

straints pull-down list. Select “Non-ideal” from the Constraint type pull-down list. See
Figure 4.135. Click OK.

~Properties

Default element type: [ Lagrange - Quadratic ”

Weak constraints: [ On u

Constraint type: [ Non-ideal H

( Help ) (Cancel) m

| FIGURE 4.135 Application Mode Properties window
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Table 421 Constants Edit Window

Name Expression Description

sigma0 2.4e2[S/m] Silicon conductivity

Rh 1.25e-4[mA3/C] Hall coefficient

Bz 0.1[T] Magnetic field

coeff0 sigma0/(1+(sigma0*Rh*Bz)A2) Conductivity anisotropy 2

VO 5.0[V] Applied voltage

t Si 1.0e-3[m] Silicon thickness

coeff1 sigma0*Rh*Bz Conductivity anisotropy 1

s11 coeffO Conductivity matrix term 11

s12 -coeff0*coeff1 Conductivity matrix term 12

s21 coeff0*coeff1 Conductivity matrix term 21

s22 coeff0 Conductivity matrix term 22
Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter

the information shown in Table 4.21; also see Figure 4.136. Click OK.

2D Hall Effect Geometry

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
1.8e-2, and a height of 6e-3. Select “Base: Corner” and set x equal to -9e-3, and

y equal to -3e-3 in the Rectangle edit window. See Figure 4.137.

800 Constants

MName |Expression | Value | Description
sigma0 2.4e2[5/m| 240[5/m] ‘Silicon conductivity
Rh 1.25e-4[mA3/C] [1.25&—4)[m3,|f[s-A!| Hall coefficient

Bz 0.1[T] 0.1[T] Magnetic field

s21 coeff0*coeffl
522 coeffl

coeffl  sigmal/(1+(sigma0*Rh*Bz)A2) 239.99784[5/m]

VO 5.0[V] 5]

5 1.0e-3[m] 0.001[m]
coeffl sigmal*Rh*Bz 0.003[1]

s11  coeffo 239.99784([5/m]
512 -coeff0*coeffl -0.719994[5/m]

0.719994(5/m)
239.99784(5/m]

- == ——————— = 34

Conductivity anisotropy 2
Applied voltage

Silicon thickness
Conductivity anisotropy 1
Conductivity matrix term 11
Conductivity matrix term 12
Conductivity matrix term 21
Conductivity matrix term 22

= &

(" Help ) (Annlv
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| FIGURE 4.136 2D Hall_Effect 3 model Constants edit window




2D Hall Effect Model Considerations

O©°0 Recange
~Size Rotation angle

Width: m—] o r[']—] {(degrees)
Height: rﬁ

. I
¥ -3e-3

(wvelp ) (apply ) ((cancel ) ek )

| FIGURE 4.137 2D Hall_Effect_3 model Rectangle edit window

Click OK, and then click the Zoom Extents button. See Figure 4.138.

In this model, rectangles will be added to the boundary of the rectangle to define
the location of the positions of the contacts and the floating contacts. Using the menu
bar, select Draw > Specify Objects > Rectangle. In the Draw > Specify Objects >
Rectangle edit window, individually create each of the rectangles shown in Table 4.22
by selecting the window, entering the data, and then clicking OK.

Click the Zoom Extents button. Select Draw > Create Composite Object. Select
all of the rectangles. Verify that the Keep interior boundaries check box is checked.
See Figure 4.139.
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| FIGURE 4.138 2D Hall_Effect_3 model rectangle geometry
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Table 422 Rectangle Edit Window

Rectangle Number Width Height Base x Location yLocation
1 2e-3 1e-3 Corner -1e-3 3e-3
2 2e-3 1e-3 Corner -4e-3 -4e-3
3 2e-3 1e-3 Corner 2e-3 -4e-3
4 1e-3 6e-3 Corner -le-2 -3e-3
5 1e-3 6e-3 Corner 9e-3 -3e-3

Click OK. Figure 4.140 shows the composite object.

‘o= ¥ One contact rectangle at the top of the Hall effect model, two contact rectangles
at the bottom, and two contact rectangles on the ends are added to the boundary of the
first rectangle so that the contacts and the floating contacts are precisely defined. The
three contacts (top and bottom) are a typical experimental configuration to allow the
measuring instrument to balance the circuit and offset any unintended error voltages.

2D Hall Effect Subdomain Settings

Using the menu bar, select Physics > Subdomain Settings. Select subdomains 1, 3, 4,
5, and 6 in the Subdomain selection window. Enter t_Si in the d (Thickness) edit win-
dow. Verify that “Conductivity” is selected in the Conductivity relation pull-down list.
Enter sigma0 in the Electric conductivity window. See Figure 4.141.
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| FIGURE 4.139 2D Hall_Effect_3 model, Create Composite Object window
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Table 423 Matrix Elements Edit Window

Matrix Element Number Value
11 s11
12 s12
21 s21
22 s22

‘wore ® These matrix elements define the anisotropic coupling of the magnetic field and
the current flowing in the silicon sample.

Select subdomain 2 in the Subdomain selection window. Enter t_Si in the d
(Thickness) edit window. Verify that “Conductivity” is selected in the Conductivity
relation pull-down list. Click in the Electric conductivity edit window. Select
“Anisotropic-full” from the Conductivity type pull-down list. Enter the matrix elements
as shown in Table 4.23; see Figures 4.142 and 4.143. Click OK.
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| FIGURE 4.142 2D Hall_Effect_3 model geometry, Subdomain Settings (2)
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Table 424 Boundary Settings

Boundary Number Condition Group Index Source Current/Potential Figure
1 Ground — — 4.144
2,3,5-7,10-12, Electric insulation — — 4.145
15-17, 20, 21

23,24

8 Floating potential 1 0 4.146
14 Floating potential 2 4.147
18 Floating potential 3 4.148
25 Electric potential — VO 4.149

wore® The addition of the group index designation decouples the three floating
contacts from one another.

2D Hall Effect Boundary Settings

Using the menu bar, select Physics > Boundary Settings. Enter the boundary settings
as shown in Table 4.24. See Figures 4.144,4.145,4.146,4.147,4.148, and 4.149.
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| FIGURE 4.144 2D Hall_Effect_3 model Boundary Settings (1)
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| FIGURE 4.145 2D Hall_Effect_3 model Boundary Settings (2, 3, 57, 10-12, 15-17, 20, 21, 23, 24)
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| FIGURE 4.146 2D Hall_Effect_3 model Boundary Settings (8)
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| FIGURE 4.147 2D Hall_Effect_3 model Boundary Settings (14)
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| FIGURE 4.148 2D Hall_Fffect_3 model Boundary Settings (18)
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| FIGURE 4.149 2D Hall_Effect_3 model Boundary Settings (25)

Click the Weak Constr. tab. Verify that the Use weak constraints check box is
checked. See Figure 4.150.
Click OK. The final configuration of the boundary settings is shown in Figure 4.151.

2D Hall Effect Mesh Generation

Using the menu bar, select Mesh > Initialize Mesh. Click the Refine Mesh button
twice. See Figure 4.152.
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| FIGURE 4.150 2D Hall_Effect_3 model Boundary Settings, Weak Constr. page
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| FIGURE 4.153 2D Hall_Effect_3 model Solver Parameters window

Solving the Second Variation on the 2D Hall Effect Model

Using the menu bar, select Solve > Solver Parameters. In the Solver selection window,
select “Parametric.” In the Parameter name edit window, enter Bz. In the Parameter
values edit window, enter 0:0.1:2.0. See Figure 4.153. Click OK.

o= ¥ The Parametric Solver is chosen, in this case, so that the modeler can solve the
Hall_Effect_3 Model quasi-statically. This allows the modeler to see solutions over a
wide range of magnetic field values.

Using the menu bar, select Solve > Solve Problem.

Postprocessing

The default plot is a 2D surface plot of the voltage distribution at the highest value of
the magnetic field (Bz = 2 Tesla). See Figure 4.154.
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| FIGURE 4.154 2D Hall_Effect_3 model default surface voltage distribution plot

More detailed information is displayed by adding contour lines. Using the menu
bar, select Postprocessing > Plot Parameters. Click the Contour tab. Place a check
mark in the Contour plot check box. Click the Uniform color radio button. Click the
Color select button, and select “Black.” See Figure 4.155.

Click OK. See Figure 4.156.

The exact voltage difference at any point in the model can be determined by
creating a cross-section plot. Using the menu bar, select Postprocessing > Cross-
Section Plot Parameters. Select the 2T solution in the Solutions to use window. See
Figure 4.157.

Click the Line/Extrusion tab. Enter the coordinates shown in Table 4.25 on the
Cross-Section Plot Parameters page.

Table 425 Cross-Section Line Data Edit Window

Line Data Value
x0 Oe-3
x1 Oe-3
y0 -3e-3
yv1 4e-3

217



218

CHAPTER 4 2D MODELING

U Plot Parameters
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( Help ) (Apply Y cancel ) ( oK )

| FIGURE 4.155 2D Hall_Effect_3 model Plot Parameters, Contour Data page

Select “y” on the x-axis data pull-down list. See Figure 4.158.

Click OK. Figure 4.159 shows the voltage difference (V};) between the electrode
(top) and the modeled Si sample (bottom), for the line x = 0. In this case, V; = 0.085
volts (Vyigh = Viow = 0.085 V).

Postprocessing Animation

This solution to the 2D Hall_Effect 3 model can also be viewed as an animation. To
view the solution as a movie, using the menu bar, select Postprocessing > Plot
Parameters. Once the Plot Parameters window appears, click the Animate tab. On the
Animate page, select all the solutions in the Stored output times window (see Figure
4.160). Click the Start Animation button. Save this 2D Hall effect model animation by
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| FIGURE 4.156 2D Hall_Effect_3 model surface voltage distribution plot (2T), with contour lines
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| FIGURE 4.160 2D Hall_Effect_3 model animation Plot Parameters window

clicking on the disk icon on the player screen. Alternatively, you can play the file
Movie4_HE_3.avi that was supplied with this book.

2D Hall Effect Models: Summary and Conclusions

The models presented in this section of Chapter 4 have introduced the following new
concepts: two-dimensional modeling (2D), the Hall effect, AC/DC Module, Conductive
Media DC, weak constraints, floating contacts, anisotropic conductivity, semiconductor
dual-carrier types, and imbalance-offset geometry. The 2D Hall effect model is a pow-
erful tool that can be used to model Hall effect magnetic sensors for sensing fluid flow,
rotating or linear motion, proximity, current, pressure, and orientation. A comparison of
the calculated results for the three Hall effect models is shown in Table 4.26.
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Table 426  Hall Effect Modeling Results Summary

Model Floating Contacts Carrier Type Vy (V) (Vy A%)
HE_1 Point defined n-type (electron) 0.340 —

HE_2 Dual rectangle defined n-type (electron) 0.350 ~+3
HE_3 Triple rectangle defined p-type (hole) —0.085 ~—75

The differences between the calculations for the tested models for the n-type car-

rier are in the range of a few percentage points. It can clearly be seen that the p-type

sil

icon is only one-fourth as sensitive as the n-type material. That reduction in sensi-

tivity is attributable to the low hole mobility. It is left to the modeler to explore other
differences between the models by variation of the parameters, as suggested in the

€X

ercises at the end of this chapter.
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B Exercises

1. Build, mesh, and solve the COMSOL 2D electrochemical polishing model problem
presented in this chapter.

2. Build, mesh, and solve the first variation of the 2D electrochemical polishing
model problem presented in this chapter.

3. Build, mesh, and solve the second variation of the 2D electrochemical polishing
model problem presented in this chapter.

4. Build, mesh, and solve the Hall effect model presented in this chapter.

5. Build, mesh, and solve the first variation of the Hall effect model presented in this

chapter.

Build, mesh, and solve the second variation of the Hall effect model presented in
this chapter.

. Explore other variations of the arguments in the COMSOL 2D electrochemical

polishing models.

8. Explore other variations of the arguments in the Hall effect models.

10.

. Explore how an increase in the run time modifies the behavior of the COMSOL

2D electrochemical polishing model.

Explore how changes in the sample geometry affect the behavior of the Hall effect
model.
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2D Axisymmetric Modeling

In This Chapter

2D Axisymmetric Guidelines for New COMSOL® Multiphysics® Modelers
2D Axisymmetric Modeling Considerations
2D Axisymmetric Coordinate System
Heat Conduction Theory
2D Axisymmetric Heat Conduction Modeling
2D Axisymmetric Cylinder Conduction Model
First Variation on the 2D Axisymmetric Cylinder Conduction Model
Second Variation on the 2D Axisymmetric Cylinder Conduction Model,
Including a Vacuum Cavity
2D Axisymmetric Cylinder Conduction Models: Summary and Conclusions
2D Axisymmetric Insulated Container Design
2D Axisymmetric Thermos_Container Model
First Variation on the 2D Axisymmetric Thermos_Container Model
Second Variation on the 2D Axisymmetric Thermos_Container Model
2D Axisymmetric Thermos_Container Models: Summary and Conclusions

B 2D Axisymmetric Guidelines for New COMSOL® Multiphysics® Modelers

2D Axisymmetric Modeling Considerations

2D axisymmetric modeling can be less difficult than 1D modeling and is about the
same level of difficulty as 2D modeling. Specifically, 2D axisymmetric modeling
has fewer implicit assumptions than 1D modeling. The 2D axisymmetric model
requires the modeler to think in terms of cylindrical coordinates and rotational
symmetry. Such models can be challenging to build, depending on the underlying
physics involved. The least difficult aspect of 2D axisymmetric model building
arises from the fact that the geometry is still relatively simple. (In a 2D model, the
modeler has only a single plane as the modeling space.) However, the physics and
the rotational nature of the geometry in a 2D axisymmetric model can range from
relatively easy to extremely complex.
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o= COMSOL® Multiphysics® software has two 2D modeling modes: 2D
(beginning-level through advanced-level 2D modeling) and 2D axisymmetric
(advanced-level 2D modeling). In keeping with the introductory focus of the material
in this text, both of the model types—that is, the 2D model introduced in Chapter 4,
and the 2D axisymmetric model introduced in this chapter—along with the associated
physics and the related methodology for use of the models, are introduced in this book.
Significantly more advanced 2D modeling techniques exist than those presented here in
Chapters 4 and 5. Examples of some of those more difficult techniques are reserved
for introduction in later chapters (6 and 7). For further expansion of your 2D modeling
horizons, refer to the COMSOL Manuals, the COMSOL website, and the general
COMSOL Multiphysics software-related research literature.

The 2D axisymmetric model implicitly assumes, in compliance with the laws of
physics, that the energy flow, the materials properties, the environment, and any other
conditions and variables that are of interest are homogeneous, isotropic, or constant,
unless otherwise specified, throughout the entire domain of interest, both within the
model and, through the boundary conditions, in the environs of the model. Bearing
that in mind, the modeler needs to ensure that all of the modeling conditions and asso-
ciated parameters (default settings) in each new model created have been properly
considered, defined, or set to the appropriate value(s).

The modeler also needs to seriously consider the steps that will be required to
establish the correct postprocessing and visualization settings so as to extract the
desired information from the modeling solution. The default parameter settings on
any given model will probably not present exactly the information that the modeler
needs or desires, although it may come close to meeting the modeler’s demands. It
is the responsibility of the modeler to determine exactly which of the myriad of
postprocessing and visualization choices available in the COMSOL Multiphysics
software to employ.

ot As mentioned previously, it is always preferable for the modeler to be able to
accurately anticipate the expected behavior (results) of the model and the presentation
of its results. Do not assume that the default values that are initially present when the
model is first created will suit the needs of the new model. Always verify that the
values employed in the model are the correct values needed for that model. Calculated
solution values that significantly deviate from the expected values or from comparison
values measured in experimentally derived realistic models are probably indicative of
one or more modeling errors either in the original model design, in the earlier model
analysis, or in the understanding of the underlying physics, or they may simply be due
to human error.
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2D Axisymmetric
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>
>

P
Cylindrical Coordinates

| FIGURES.1 2D axisymmetric coordinate system

2D Axisymmetric Coordinate System

In 2D axisymmetric models, there are two geometrical coordinates: space (r) and
space (z). See Figure 5.1.

In the steady-state solution to any 2D axisymmetric model, parameters can vary
only as a function of the radial position in space (r) and the axial position space (z)
coordinates. Such a model represents the parametric condition of the model in a
time-independent mode (quasi-static). In a transient solution model, parameters can
vary both by position in space (r) and space (z) and in time (¢). The transient solution
model is essentially a sequential collection of steady-state (quasi-static) solutions.
The space coordinates (r) and (z) typically represent a distance coordinate through-
out which the model is to calculate the change of the specified observables (i.e.,
temperature, heat flow, pressure, voltage, current) over the range of values (r,;,<=
7<= Tpay) and (2o, <= 2 <= Zz,,,). The time coordinate (¢) represents the range of
values (t,;, <= t <= t_,,) from the beginning of the observation period (¢,;,) to the
end of the observation period (7,,,,).

To assist the reader in achieving a broader exposure to the applicability of the
physics discussed in this chapter and to demonstrate the power of the basic
COMSOL 2D axisymmetric modeling techniques, the examples in this chapter
demonstrate heat transfer modeling techniques from two substantially different
approaches. Heat transfer is an extremely important design consideration. It is one
of the most widely needed and applied technologies employed in applied engi-
neering and physics. Most modern products or processes require an understanding
of heat transfer either during development or during the use of the product or process
(e.g., automobiles, plate glass fabrication, plastic extrusion, plastic products, houses,
ice cream).

max min
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o= Heat transfer concerns have existed since the beginning of prehistory. The
science of thermodynamics, and consequently the present understanding of heat
transfer, started with the work of Nicolas Leonard Sadi Carnot, as published in his 1824
paper titled “Reflections on the Motive Power of Fire.”! The first use of the term
“thermodynamics™ is attributed to William Thomson (Lord Kelvin).? Subsequent
contributions to the understanding of heat, heat transfer, and thermodynamics in general
were made by James Prescott Joule > Ludwig Boltzmann,* James Clerk Maxwell,> Max
Planck,’ and numerous others. The physical understanding and engineering use of
thermodynamics play a very important role in the technological aspects of machine and
process design in modern applied science, engineering, and medicine.

The first example presented in this chapter, on cylinder conduction, explores the
2D axisymmetric steady-state modeling of heat transfer and temperature profiling for
a thermally conductive material, implemented through use of the COMSOL Heat
Transfer Module. In the first variation on the cylinder conduction model, a model is
built using the basic COMSOL Multiphysics software. The calculated modeling results
are then compared. The second variation on the cylinder conduction model explores the
use of heat transfer modeling for low-pressure gas/vacuum environments.

The second 2D axisymmetric modeling example in this chapter, titled Thermos_
Container, explores the modeling of heat loss for thermally insulated containers.

o= Insulated containers can be found applied in many different applications in
modern society. Examples include Thermos containers, water heaters, and refrigerated
liquid containers (for fuels, liquified gases, heat exchangers, and so on).

Heat Conduction Theory

Heat conduction is a naturally occurring process that is readily observed in many aspects
of modern life (e.g., refrigerators, freezers, microwave ovens, thermal ovens, engines).
The heat transfer process allows both linear and rotational work to be done in the gener-
ation of electricity and the movement of vehicles. The initial understanding of transient
heat transfer was developed by Newton’ and started with Newton’s law of cooling:®

dQ

d
where 7? is the incremental energy lost in joules per unit time (J/s)

A is the energy transmission surface area (m?)

h is the heat transfer coefficient [W/(m?*K)]

Ty is the surface temperature of the object losing heat (K)
Ty, is the temperature of the environment gaining heat (K)
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Subsequent work by Jean Baptiste Joseph Fourier,” based on Newton’s law of
cooling, developed the law for steady-state heat conduction (known as Fourier’s
law!9). Fourier’s law is expressed here in differential form:

q = —kVT (5.2)
where q is the heat flux in watts per square meter (W/m?)

k is the thermal conductivity of the material [W/(m*K)]
VT is the temperature gradient (K/m)

B 2D Axisymmetric Heat Conduction Modeling

The following numerical solution model (cylinder conduction) was originally developed
by COMSOL as a tutorial model based on an example from the NAFEMS collection.!!
It was developed for distribution with the Multiphysics software as a COMSOL
Multiphysics General Heat Transfer Application Mode Model in the Heat Transfer
Module Model Library. This model introduces two important basic concepts that apply
to both applied physics and applied modeling: axisymmetric geometry (cylindrical)
modeling and heat transfer modeling.

ot It is important for the new modeler to personally build each model presented
within the text. There is no substitute in the path to an understanding of the modeling
process for the hands-on experience of actually building, meshing, solving, and postpro-
cessing a model. Many times the inexperienced modeler will make and subsequently
correct errors, thereby adding to his or her experience and fund of modeling knowledge.
Even building the simplest models will expand the modeler’s fund of knowledge.

Heat transfer modeling is important in physical design and applied engineering prob-
lems. Typically, the modeler desires to understand heat generation during a process and
to either add heat or remove heat to achieve or maintain a desired temperature. Figure 5.2
shows a 3D rendition of the 2D axisymmetric cylinder conduction geometry, as will be
modeled here. The dashed-line ellipses in Figure 5.2 indicate the 3D rotation that would
need to occur to generate the 3D solid object from the 2D cross section shown.

2D Axisymmetric Cylinder Conduction Model

ot This model is derived from the COMSOL cylinder conduction model. In this
model, however, the selected thermally conductive solid is niobium (Nb).!>!3 Niobium
has a variety of uses—as an alloying element in steels, as an alloying element in
titanium turbine blades, in superconductors, as an anticorrosion coating, as an optical
coating, and as an alloy in coinage.
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2D Axisymmetric

Cylinder

z Cross Section
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[ ozl >
Cylindrical Coordinates

| FIGURE 5.2 3D rendition of the 2D axisymmetric cylinder conduction model

To start building the Cylinder_Conduction_1 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Next select Heat Transfer Module > General Heat
Transfer > Steady-state analysis. See Figure 5.3. Click OK.
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p [ Fluid-Thermal Interaction h 4
Dependent variables: T)
Application mode name: | htgh
Element: ((Legrange-T, ) M ( Multiphysics )

( Help ) (Cancel) &W-’

| FIGURE 5.3 2D axisymmetric Cylinder_Conduction_1 Model Navigator setup
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| Table 5.1 Constants Edit Window

Name Expression Description
k_Nb 52.335[W/(m*K)] Thermal conductivity Nb
rho_Nb 8.57e3lkg/mA3] Density Nb
Cp_Nb 2.7e2[J/(kg*K)] Heat capacity of Nb
TO 2.7315e2[K] Boundary temperature
q_0 5e5[W/mA2] Heat flux

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 5.1; also see Figure 5.4. Click OK.

o= ™ When building a model, it is usually best to consolidate the calculational param-

eters (e.g., constants, scalar expressions) in a small number of appropriate, convenient
locations (e.g., a Constants file, a Scalar Expressions file) so that they are easy to find
and modify as needed. Since the settings in Constants and Scalar Expressions edit
windows can be imported and exported as text files, the appropriate text file can be
modified in a text editor and then reimported into the correct Constants or Scalar
Expressions edit window.

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
0.08 and a height of 0.14. Select “Base: Corner” and set r equal to 0.02 and z equal to 0
in the Rectangle edit window. See Figure 5.5.

Click OK, and then click the Zoom Extents button. See Figure 5.6.

Using the menu bar, select Draw > Specify Objects > Point. In the Point edit
window, enter the information shown in Table 5.2. See Figure 5.7.

Click OK. See Figure 5.8.

800 Constar

| Mame Expression Value Deccription

|k Nb 52.335IW/(m*K)] 52.335[W/im'K)l  Thermal conductivity Nb

rho_Nb  8.57e3|kg/mn3] 35?0[kgfm3] Density Nb

Cp_Nb 2.7e2[)/(kg*K)] 2700/ (kg K] Heat capacity

T 0 2.7315e2[K] 273.15([K] Boundary temperature

q_0 Ses[W/maz] ses[wim’] Heat flux
'y
v

=:3 (" help ) ( apply ) ( Cancel ) E oK)

| FIGURE5.4 2D axisymmetric Cylinder_Conduction_1 model Constants edit window
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~Size angle

width: [0.08 | o [0 | tdegrees)
Height: |0.14

Base: | Corner 3] | style: [ solid =

FE [0.02 l Name: [Rl l

( Help ) ( Apply ) (Cancel) M

| FIGURE55 2D axisymmetric Cylinder_Conduction_1 model Rectangle edit window
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Srved COMSOL Model il Cybnder Conductwnlamoh
10,38, .06 [ [cRiD [EQUAL [SHAP [BIALGE [MULTH [SOUD |

| FIGURE 5.6 2D axisymmetric Cylinder_Conduction_1 model cylinder rectangle

| Table 5.2  Point Edit Window

Point 1 0.02 0.04
Point 2 0.02 0.1
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B0 Point_
~Coordinates - .
ro _D.DZ 0.02
|z |0.0401 ( cancel )
MName: PT1

| FIGURE57 2D axisymmetric Cylinder_Conduction_1 model Point edit window

ot Two points have been added on the interior (small r value) boundary of the
rectangle (cylinder cross section) to define the upper (larger z value) and lower (smaller
z value) bounds of the heat-flux application region.

Physics Subdomain Settings: General Heat Transfer

Having established the geometry for the 2D axisymmetric Cylinder_Conduction_1
model (a rectangle with two points on the boundary), the next step is to define the fun-
damental Physics conditions. Using the menu bar, select Physics > Subdomain Settings.
Select subdomain 1 in the Subdomain selection window (the only available subdomain).
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[ — —

014

-oopoie
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=
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I1Bv\CPUnEs8|»Ho+prH
OW|<a|wwEE

-0.08 -0.04 001 [ [T [TT] [T [T ol 012 014 otk 01k

| Saved COMSOL Mol fils Cylinder_Comduction_Ya.mah
Addding point with skl #T1"
Saved COMSCR Madel file Cyliader_Conduttion_lamoh

(0.0, o GRID [EQUAL [SNAP [DIALGE [WULT [SOLID

| FIGURE 5.8 2D axisymmetric Cylinder_Conduction_1 model rectangle with points
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| Table 5.3  Subdomain Edit Windows

Name Expression Description

k (isotropic) k_Nb Thermal conductivity
p rho_Nb Density

Cr Cp_Nb Heat capacity

In the Subdomain edit windows, enter the information shown in Table 5.3; also see
Figure 5.9. Click OK.

o= For static and quasi-static calculations, the only physical property value
required for the conduction calculation is k (k_Nb). From the point of view of physical
consistency, however, the density (tho_Nb) and the heat capacity (Cp_Nb) should be
included as well. If Cp and rho are set to zero, the implication is the model includes a
perfect vacuum, which is logically inconsistent with the stated value of k. Also, by
including the values for Cp and rho in this location, they are conveniently available
should the modeler wish to modify the model for transient analysis.

0.0 Subdomain Settings - General Heat Transfer
omain s
Equation
V-(-kVT) = Q

T = temperature

[m" {Condum'on | Convection deal Gas Init Element Coler |
-Subdomain selection Thermal properties and heat sources/sinks
_ Library material: | Fa‘i f’ Load... \]
Quantity Value/Expression Unit Description
8 k (isotropic) k_Nbi W (m:K) Thermal conductivity
() k(anisotropic) 40000 400 WIHm K o rmal conductivity
P TthaNb | ka/m®  pensity
CP Cp_l'~.lb— Jitka-K) Heat capacity at constant pressure
Q ™ | Wim*  Hearsource

Opacity: | Opague | 33

Group: %
|| Select by group

E Active in this domain

( Help ) (Applv) (Cnncel ) ( oK )

| FIGURE5.9 2D axisymmetric Cylinder_Conduction_1 model Subdomain Settings edit window
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| Table 5.4 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Value/Expression Figure Number
1,4 Thermal insulation — 5.10
2,56 Temperature T0 5.11
3 Heat flux g0 5.12

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select and/or enter the given boundary condition and value as shown in Table 5.4.
Click OK. See Figures 5.10, 5.11, and 5.12.

Mesh Generation

On the toolbar, click the Initialize Mesh button once. Click the Refine Mesh button
once. This results in a mesh of approximately 2200 elements. See Figure 5.13.

SO0 Boundary Settings - General Heat Transfer (htgh)

Equation

-n-(-kVT) =0

Boundaries | Groups |

Boundary selection

Croup:

’:‘ Select by group

1 Interior boundaries

{ Boundary Condition | Highly Conductive Layer Element Color/Style |
Boundary sources and constraints
Library coefficient: [ |'-¢~'l ( Load... \l
Boundary condition: [~ rharmal insulation |'-3-]
Quantity Value/Expression Unit Description
2
9 0 Wim Inward heat flux
h ] W/(m* ) Heat transfer coefficient
Tint 27315 L4 External temperature
To 273.15 S Temperature
Radiation type: e &
= i} ! Surface emissivity
Tamb 0 & Ambient temperature
2
Jy epsilon_htgh*sigma_h W/m Surface radiosity expression
Member of group(s): E

( Help ) (Applv b (Cancel\__ ( oK )

| FIGURE 5.10 2D axisymmetric Cylinder_Conduction_1 model Boundary Settings (1, 4) edit window
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800 Boundary Settings - General Heat Transfer (htgh)
Equation
T=TD
@ { Boundary Condition| Highly Conductive Layer Element Color/Style |
-Boundary selection Boundary sources and constraints
L Library coefficient: | |'"3"1 ( Load... \l
2|
i Boundary condition: m
- Quantity Value/Expression Unit Description
9 0 W/m? Inward heat flux
h ] W/(m® ) Heat transfer coefficient
Tinf 273.15 i External temperature
TD T.0O ke Temperature
Radiation type: I@
£ 1] L Surface emissivity
Group: + Tam o & Ambient temperature
’:‘ Selact by ataiip Iy epsilon_htgh*sigma_h mez Surface radiosity expression
Member of groupis): 1

1 interior boundaries

( Help ) __(Applv\_ (Cancel\__ ( oK )

| FIGURE5.11 2D axisymmetric Cylinder_Conduction_1 model Boundary Settings (2, 5, 6) edit window

Solving the 2D Axisymmetric Cylinder_Conduction_1 Model

Using the menu bar, select Solve > Solve Problem. The COMSOL Multiphysics soft-
ware automatically selects the Stationary Solver.

o= ® The COMSOL Multiphysics software automatically selects the solver best
suited for the particular model based on the overall evaluation of the model. The
modeler can, of course, always change the chosen solver or the parametric settings. It is
usually best to try the selected solver and default settings first to determine how well
they work. Then, once the model has been run, the modeler can do a variation on the
model parameter space to seek improved results.

Figure 5.14 shows the modeling solution results obtained using single-value
parameters with the default solver (UMFPACK).

Parametric Solving of the 2D Axisymmetric Cylinder_Conduction_1 Model

Now that the model has been built, it is relatively easy to expand the model to calcu-
late other quasi-static solutions.
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=N+ (-kVT) = gy + h(T, ;- T

E.Mﬁﬂuﬁ Groups ] ,__E-muwmﬂ Highly Conductive Layer Element Calor(Style ‘.—._

-Boundary selection-

~Roundary snurces and

; Library coefficient: ( “ ( Load... )

_ Boundary condition: | Heat flusx @

5 0 i Valua/EFxy i LUnit Description

13 F N - =
a ) W/m?  jnvard heat flux
h o Wim'K Heat transfer coefficient
Ving ?‘ K External temperature
Ta 27315 K Temperatura
Radiation type: Nk
e n 1 Surface emissivity

|

Group: | : Tamb 1] K Ambient temperature
o - wym? "

[] select by aroup epsilon_htgh*sigma_h Surface radiosity expression
Member of groupis): 1 |

] Interior boundaries

( Help ) ( Applv) (_Can:el_} HH

| FIGURE 5.12 2D axisymmetric Cylinder_Conduction_1 model Boundary Settings (3) edit window
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| Mesh cansists of 2216 elemantt.
| Saved EIMSEH Model Nl Cybnder_Canductian_iamoh

19183, 7.291e-3) | - | [ [

| FIGURE 5.13 2D axisymmetric Cylinder_Conduction_1 model Mesh window
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A0, " o SOMS iphvaics.= GaomL{twat T o viee Modube - Garsel Heat Tanstee (hiohh ; Gyiinder Conduction. L ok
D& i mEk ALs RA=EBRLRId Thnod ?
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[ Wumber of degrees of fresdam sahed far: 4531
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(0.178, D.0937) EQUAL [sHAP

| FIGURE5.14 2D axisymmetric Cylinder_Conduction_1 model using the default solver

wore ™ This time, instead of using the default solver, the model is run using multiple
value parameters in the Parametric Solver (UMFPACK) as the initial solver. The
Parametric Solver (UMFPACK) results include not only the default solution, but also
solutions at a number of other values of heat flux (q_0).

Using the menu bar, select File > Save as. Enter Cylinder_Conduction_1p.

From the menu bar, select File > Reset Model >Yes. On the menu bar, click the
Initialize Mesh button once. Click the Refine Mesh button once. This results in a mesh
of approximately 2200 elements.

From the menu bar, select Solve > Solver Parameters > Parametric. Enter q_0
in the Parameter name edit window. Enter 0:5¢3:5¢5 in the Parameter values edit
window. See Figure 5.15. Click OK.

From the menu bar, select Solve > Solve Problem. See Figure 5.16.

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.17.
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00 Salver;facameters)
Analysic: {GEI’!HI] | Parametric Stativnary Adaptive Advanced |

[ Stationary 0-3-1

Parameter

™ Auto select solver

2 Parameter name: q_ 0
Solver.
|Stationary | Parameter values: 0:5e3:5e5
|Time dependent
EI—_|gerw;|I|_|e Linear system solver
{crati Li v lver: | Direct (UMFPACK)
|Stationary segregated AR SYEIAI SO )
|Parametric segregated Braconditfionar s

( sewngs.. )
el sl

™1 Adaptive mesh refinement

Matrix ¥ ( "9']'

(" Help ) (_Applv ) (Can:el ) {—-ou-—a

| FIGURE5.15 2D axisymmetric Cylinder_Conduction_1p model Solver Parameters edit window
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| FIGURES.16 2D axisymmetric Cylinder_Conduction_1p model using the Parametric Solver (UMFPACK)
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I« Principal Streamling Particle Tracing Max /Min Deform I Animare l
~Movie setti Bl lutions to use
File type. | aw |4 Select via:
Width (in pixels): 640
Height {in pixels): 480

Frames per second: [ 10

[ Advanced.. )

~Static / Eigenfunction animation

Cycle type: Full harmonic @

Number of frames: | 11

|| Reverse direction

"] Use camera settings from main window

Start Animation

( Help } (J\ppiv) (C:mcel b 6—3»—-—-}

| FIGURE5.17 2D axisymmetric Cylinder_Conduction_1p model Plot Parameters window

Click the Start Animation button. See Figure 5.18.
Alternatively, you can play the file Movie5_CC_1p.avi that was supplied with this
book.

First Variation on the 2D Axisymmetric Cylinder Conduction Model

wore® This model is derived from the COMSOL cylinder conduction model. This
model, however, is built using the basic COMSOL Multiphysics software package,
instead of the Heat Transfer Module. The selected thermally conductive solid is, as in
the initial model, niobium (Nb). The modeler should note, as mentioned previously, that
for static and quasi-static calculations, the only physical property value required for the
thermal conduction calculation is k (k_Nb), the thermal conductivity. That property is
the only one that will be used in this model.
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800 COMSOL Movie Player
=&

q_0(101)=5e5 Max: 476.907
Surface: Temperature [K]

460

440

0.08
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0.04

0.02 320

300

280

-0.04 -0.02 O 002 0.04 006 008 01 012 014 016
Min. 273.15

Play ) Stof & Rl

| FIGURE 5.18 2D axisymmetric Cylinder_Conduction_1p model animation, final frame

To start building the Cylinder_Conduction_2 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Select COMSOL Multiphysics > Heat Transfer >
Conduction > Steady-state analysis. See Figure 5.19. Click OK.

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 5.5; also see Figure 5.20. Click OK.

o™ When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants
or Scalar Expressions edit window.

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
0.08 and a height of 0.14. Select “Base: Corner” and set r equal to 0.02 and z equal to
0 in the Rectangle edit window. See Figure 5.21.
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| Table 5.5 Constants Edit Window

k_Nb 52.335[W/(m*K)]
TO 2.7315e2[K]
g0 5e5[W/mA2]

Thermal conductivity Nb
Boundary temperature
Heat flux

—,&.M Muoudel Library

User Mudels

Open

Sellings ]*

)

Space dimension: [ Axial symmetry (2D}

i Application Modes
¥ [l COMSOL Multiphysics
» [ Acoustics
» [ Convection and Diffusion
» [ Electromagnetics
» [ Fluid Dynamics
¥ [ Heat Transfer
> D Convection and Conduction
v |:‘| Londuction

E‘ Transient analysis

» (@ Suuciural Mechanics i
» (@ Deformed Mesh v
Nependent variahles: T

Application mode name:  ht

! Lagrange - Quadra... E

Element:

Heat Transfer

Description:

hear flux, convective, and temperature
hnundary conditinns

Steady-state analysis in 2D axial
symmetry.

Heat transfer through conduction with
|
|
|

( Multiphysics )

Cre ) (cnee) @O0

| FIGURE5.19 2D axisymmetric Cylinder_Conduction_2 Model Navigator setup

Name | Expression | Value | Description

k_Nb 52.335[W/(m*K)]  52.335[W/(m:K)] Thermal conductivity Nb
] 2.7315e2([K] 273.15([K] Boundary temperature
q_0 5e5[W/mAz2] Se5[W/m?] Heat flux

|

Tale

= &

| FIGURE5.20 2D axisymmetric Cylinder_Conduction_2 model Constants edit window

( Help ) (Anplv) (Cancel) (—.N—a/
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~Size ion angle
Width: | 0.08 o 0 {degrees)
Height: II:J.14

e e
FE 0.02 Name: R1
L o

( Help ) ( Apply ) (Canc:}) ‘m

| FIGURE5.21 2D axisymmetric Cylinder_Conduction_2 model Rectangle edit window

Click OK, and then click the Zoom Extents button. See Figure 5.22.

Using the menu bar, select Draw > Specify Objects > Point. In the Point edit
window, enter the information shown in Table 5.6. See Figure 5.23.

Click OK. See Figure 5.24.

o Two points have been added, as in the earlier model, on the interior (small
r value) boundary of the rectangle (cylinder cross section) to define the upper (larger
z value) and lower (smaller z value) bounds of the heat-flux application region.

(13

[CCIEEICEIEG e

I1@E\00OnG60a @o+EM 1IN -(00D0

0.0k T ETT ] [TH B [T [T [T [0 [T 046 ot

. Canduciion 3 mah

| Adding e bl R,

| Sawed COMIOL Mol T Cybocter_Canduction 2 meh

i, o8 [ [CRiD [EQUAL [SHAP [DRALGE [WiilTi [SouD |

| FIGURE 5.22 2D axisymmetric Cylinder_Conduction_2 model cylinder rectangle
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| Table 5.6  Point Edit Window

Point 1 0.02 0.04
Point 2 0.02 0.1

Coordinates

r: [0.020.02 |

z (00401 |
Name: |PT1 ] (_)pr

| FIGURE5.23 2D axisymmetric Cylinder_Conduction_2 model Point edit window
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P« a8 |FEEMNN- X

PTL

TI@B C0UngRe N @Mo+EE[x N -]

L124
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|Saved COMSGL Model fils Cylindes_Condincbon_2.mgh
Adding point wath label 'PT1". i
WNMLM&MM:!M e - .

1,18, 0.00) I [GRuD [EQUAL [SNAP [DIALGE [MULTI [SOLID |

| FIGURE5.24 2D axisymmetric Cylinder_Conduction_2 model rectangle with points
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| Table 5.7  Subdomain Edit Window

Name Expression Description
k (isotropic) k_Nb Thermal conductivity

Physics Subdomain Settings: General Heat Transfer

Having established the geometry for the 2D axisymmetric Cylinder_Conduction_2
model (a rectangle with two points on the boundary), the next step is to define the fun-
damental Physics conditions. Using the menu bar, select Physics > Subdomain Settings.
Select subdomain 1 in the Subdomain selection window (the only available subdomain).
In the Subdomain edit windows, enter the information shown in Table 5.7; also see
Figure 5.25. Click OK.

o= For static and quasi-static calculations, the only physical property value required
for the calculation is k£ (k_Nb).

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select or enter the given boundary condition and value as shown in Table 5.8.
Click OK. See Figures 5.26,5.27, and 5.28.

SuOuN) Subdomain Settings - Heat Transfer by Conduction (ht)

Equation

-V (k¥T) = Q, T= temperature

l Subdomains Groups | [ Physics Init Element Color |

Subdomain selection 1 Thermal properties and heat sources /sinks
_ Library material: [ }:i [’ Load... \
Quantity Value/Expression Unit Description
8 k {isotropic) k_Nb Wikl Thermal conductivity

W (m-K)

() k{anisotropic) 40000400 Thermal conductivity

e -
A Q 0 Wim Heat source
Croup: v

’:‘ Select by group

E Active in this domain

I_, Help \ (Applv) (CanceI\] ( oK 3

| FIGURE5.25 2D axisymmetric Cylinder_Conduction_2 Model Subdomain Settings edit window
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| Table 5.8 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Value/Expression Figure Number
1,4 Thermal insulation — 5.26
2,5, 6 Temperature TO 5.27
3 Heat flux g0 5.28

Mesh Generation

On the toolbar, click the Initialize Mesh button once. Click the Refine Mesh button
once. This results in a mesh of approximately 2200 elements. See Figure 5.29.

Solving the 2D Axisymmetric Cylinder_Conduction_2 Model

o= ¥ The COMSOL Multiphysics software automatically selects the solver best suited

for the particular model based on the overall evaluation of the model. The modeler can,
of course, always change the chosen solver and the parametric settings. This time, instead
of using the default solver, the model is run using the Parametric Solver (UMFPACK) as
the initial solver. The Parametric Solver (UMFPACK) results include not only the default
solution, but also solutions at a number of other values of heat flux (q_0).

SN Boundary Settings — Heat Transfer by Conduction (ht)
Equation
n-(k¥T) =0
[ Boundaries Groups | [Cneﬁici&nts | Color/Style |
Boundary selection 1 Boundary sources and constraints
Boundary condition: [ pormal insulation |.3]
‘3 ‘Quantity Value/Expression Unit Description
2
|_ a5 (u] W/m Inward heat flux
5
2
& h il W/m= K Heat transfer coefficient
Tinf ] K External temperature
2 4
. Const 0 WM™ K™} problem-dependent constant
Croup: v
ot 0 K Ambient temperature
[ select by group
TD o K Temperature
[ Interior boundaries : o

r Help \l (Applv) [’Cancel?] E Ok 3

| FIGURE 5.26 2D axisymmetric Cylinder_Conduction_2 model Boundary Settings (1, 4) edit window
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~Equation
T= T‘J
_! Boundaries = Groups | E Coefficients | Color/Style 1
-Boundary selection—————— ~Boundary sources and constraints
Boundary condition: [ e @3
3 Quantity Value/Expression Unit Description
2
g 0 Wim Inward heat flux
5
e 2
i 0 WM™k Heat transfer coefficient
Tinf o] Kk External temperature
74
—————mr | anst 0 W/Im" K"} problem-dependent constant
Croup: b
Thksy 1] K Ambient temperature
D Select by group
T I K
D Interior boundaries B T4 | Temperature

( Help ) (Applv) (Cancel) f—ﬁk'—a

| FIGURE 5.27 2D axisymmetric Cylinder_Conduction_2 model Boundary Settings (2, 5, 6) edit window

Using the menu bar, select Solve > Solver Parameters > Parametric. Enter q_0
in the Parameter name edit window. Enter 0:5e3:5¢5 in the Parameter values edit
window. See Figure 5.30. Click OK.

From the menu bar, select Solve > Solve Problem. See Figure 5.31.

~Equation

N (K9T) = gy + h(T; (- T) + Const(T__#-T%

_! Boundaries | Groups | [G-neﬂic&!ms | Calor/style |

-Boundary selection——————— ~Boundary sources and constraints
1 Boundary condition: [ Heatflus FB
2
‘Quantity Value/Expression Unit Description
R e 2
4 A q_0 W/m Inward heat flux
5
— 2
6 h 0 WM™k} Heat transfer coefficient
—,
Tinf o Kk External temperature
[ ——— Z et
= —r onst 0 W/Im= K"} problem-dependent constant
Croup: -
iy 1] K Ambient temperature
D Select by group
Ty = K
[ interior boundaries 2 v Temperature

( Help ) (Applv) (Cancel) E oK )

| FIGURE 5.28 2D axisymmetric Cylinder_Conduction_2 model Boundary Settings (3) edit window
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| FIGURE5.29 2D axisymmetric Cylinder_Conduction_2 model mesh window

Analysis: [General | Parametric  Stationary  Adupiive  Advanced |

l Stationary ﬁ :

M Auto select solver ]

Parameter name: q_ 0
Sulver.
Stationary Parameter values: |0:5e3:5e5 |
Time dependant
Ligenvalue . Linear system solver

Stationary segregated Linear system solver: [ Direct (UMFPACK)

Parametric segregated

aw

Preconditioner:

‘:_' Adaptive mesh refi

Matrix symmetry: [ Automatic M

) Cho ) (e ) (@08

| FIGURE5.30 2D axisymmetric Cylinder_Conduction_2 model Solver Parameters edit window
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| FIGURE531 2D axisymmetric Cylinder_Conduction_2 model using the Parametric Solver (UMFPACK)

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.32.

Click the Start Animation button. See Figure 5.33.

Alternatively, you can play the file Movie5_CC_2.avi that was supplied with this
book.

Comparison of Cylinder Conduction Models 1p and 2

As can be readily seen in Table 5.9, the calculated values for Cylinder Conduction
Models 1p and 2 are exactly the same for the simple conduction calculation, as would
be expected. The advantage of using the Heat Transfer Module, as needed, is that it
can accommodate more complex physics. See Figures 5.34 and 5.35.

Table 5.9 Comparison of T-max for Cylinder Conduction Models 1p and 2

Model Number Module Used T-max Figure Number
1p Heat Transfer Module 476.907 K 5.34
2 Basic Heat Transfer 476.907 K 5.35
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SO0, Plot Parameters
[« Principal Streamiing Particle Tracing Max /Min Deform } Animare l
~Movie settings . Solutions to use
File type. AVI |4 Selecl via
Width (in pixels): 640
Height {in pixels): 480

Frames per second: .10
[ Advanced.. )

~Static / Eigenfunction animation -

Cycle type: Full harmonic E

Number of frames: | 11

|| Reverse direction

"] Use camera settings from main window

[ Start Animation |

( wetp ) (Cappy ) ((Cancel ) (o)

| FIGURE5.32 2D axisymmetric Cylinder_Conduction_2 model Plot Parameters window

Second Variation on the 2D Axisymmetric Cylinder Conduction Model,
Including a Vacuum Cavity

o= This model is derived from the COMSOL cylinder conduction model. In this
model, the selected thermally conductive solid is niobium (Nb).!213 A vacuum cavity has
been added to the cylinder geometry. With the added vacuum cavity, the modeler can
explore some of the additional heat transfer modeling capabilities of the Heat Transfer
Module. Vacuum isolation is a valuable tool in lowering heat loss in modern machines.

To start building the Cylinder_Conduction_3 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Select Heat Transfer Module > General Heat
Transfer > Steady-state analysis. See Figure 5.36. Click OK.
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| FIGURE5.33 2D axisymmetric Cylinder_Conduction_2 model animation, final frame
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| FIGURE 5.34 2D axisymmetric Cylinder_Conduction_1p model, final frame
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| FIGURE5.35 2D axisymmetric Cylinder_Conduction_2 model, final frame
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[ Application Modes
» [0 COMSOL Multiphysics
» [ AC/DC Module
¥ [ Heat Transfer Module
v |:| GCeneral Heat Transfer
D Steady-state analysis

D Transient analysis

| Bioheat Equation
s D 9 ) . Description:
> |:| Weakly Compressible Navier-Stokes Heat transfer by conduction,
» |:| k-& Turbulence Model convection, and radiation.
P | ] k-w Turbulence Model
_D _ L Steady-state analysis in 2D axial
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Dependent variahles: TJ

Application mode name: | htgh

! = e
Element: Lagrange - T, J; |' E! ( Multiphysics )

( Help ) (Cancel) E—Eﬁ—'—:j

| FIGURE5.36 2D axisymmetric Cylinder_Conduction_3 Model Navigator setup



2D Axisymmetric Heat Conduction Modeling

| Table 5.10 Constants Edit Window

Name Expression Description

k_Nb 52.335[W/(m*K)] Thermal conductivity Nb

rho_Nb 8.57e3[kg/mA3] Density Nb

Cp_Nb 2.7e2[J/(kg*K)] Heat capacity Nb

TO 2.7315e2[K] Boundary temperature

q_0 5e5[W/mA2] Heat flux

p_0 1.33e-7[Pa] Pressure in vacuum
Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 5.10; also see Figure 5.37. Click OK.

ot When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants

or Scalar Expressions edit window.

Using the menu bar, select Draw > Specify Objects > Rectangle. Create the two

rectangles indicated in Table 5.11.

| Table 5.11 Rectangle Edit Window

Rectangle Number Width Height Base r z Figure Number
1 0.08 0.14 Corner 002 O 5.38
2 0.002 0.139 Corner 0.06 0.00056 5.39
) _Constants
| Nama Expression Value Description
k Nb 52.3351W/(m*K)l 52.3351W/(m-K)l Thermal conductivity Nb
rho_Nb  8.57e3[kg/m43] 8570[kg/m’] Density Nb
Cp_Nh 2 T2 () tkg*K)] 2700/ (kg k)] Heat capacity Nh
T_0 2.7315e2(K] 273.15(K] Boundary temperature
q_0 SeS[w/maz2] Ses(w/me] Heat flux
p 0 1.33e-7[Pa] (1.33e-7[Pal Pressure in vacuum
.l
= H (Hen ) (Capy ) (cancel ) (oK)

| FIGURE 5.37 2D axisymmetric Cylinder_Conduction_3 model Constants edit window
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~Size ~Rotation angle—
Width:  0.08 o 0 (degrees)
Height: :0_14
~Position |
122 '002—' Mame: R2
z
L____J

( Help ) ( APP'\-’) (Cancel) HH

| FIGURE5.38 2D axisymmetric Cylinder_Conduction_3 model Rectangle edit window (1)

Click OK, and then click the Zoom Extents button. See Figure 5.40.

Using the menu bar, select Draw > Specify Objects > Point. In the Point edit win-
dow, enter the information shown in Table 5.12. See Figure 5.41.

Click OK. See Figure 5.42

o ® Two points have been added on the interior (small r value) boundary of the
rectangle (cylinder cross section) to define the upper (larger z value) and lower (smaller
z value) bounds of the heat-flux application region.

~Size ~Rotation angle-

Width: |0.002 oo 1] {degrees)
Height: {0139

~Position

Base: Corner E Style: [ solid B
I 0.06 Name: R2

z | 0.0005

( Help ) ( Apply ) (Cancel) E—"W—'a

| FIGURE 5.39 2D axisymmetric Cylinder_Conduction_3 model Rectangle edit window (2)
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| FIGURE 5.40 2D axisymmetric Cylinder_Conduction_3 model cylinder rectangles (1 and 2)

Using the menu bar, select Draw > Create Composite Object. Enter R1+ R2 in the
Set formula edit window. Verify or check the Keep interior boundaries check box. See
Figure 5.43.

Click OK. See Figure 5.44

Table 5.12 Point Edit Window

Name r Location Z Location
Point 1 0.02 0.04
Point 2 0.02 0.1
~Coordinates——————————————
{4 ;0.02 0.02
z. |0.0401
Mame: PTL Cﬂ)

Help

| FIGURE5.41 2D axisymmetric Cylinder_Conduction_3 model Point edit window
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| FIGURE 5.42 2D axisymmetric Cylinder_Conduction_3 model rectangles with points

Physics Subdomain Settings: General Heat Transfer

Having established the geometry for the 2D axisymmetric Cylinder_Conduction_3
model (a rectangle with two points on the boundary), the next step is to define the fun-
damental Physics conditions. Using the menu bar, select Physics > Subdomain Settings.
Select “subdomain 17 in the Subdomain selection window. In the Subdomain edit
windows, enter the information shown in Table 5.13. See Figure 5.45.

~Object type-
e Solids
O Curves
O Points

Object selection: Set formula:

R1 R1+R2
RZ

8 Keep interior boundaries

[ ’:‘ Repair

Repair tolerance: 1.0E-4

| FIGURE 5.43 2D axisymmetric Cylinder_Conduction_3 model Create Composite Object edit window
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i
| |
o | PT1
| i
|
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o ! H
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-0.06 004 007 [ [TH [T [T oos [ [T a4 818 B

V:[-kVI) =Q

| T = temperature

,_m_, __wndnma-} Convection  deal Gas  Init | Element  Color ]—
bd I 1 . Thermal properties and heat sources/sinks
iﬁ [ Library material: [ H ( Load... )
Quantity Value/Expressi Unit  Description
@ kiisotropic) 'k Nb WImK) ris6rmal conductivity
O kianisotropic) 40000 400 WM K) T ormal conductivity
p [tho b | ka/m® Density
o oo | V99 year capacity at constant pressure
Q 0 | WIm®  Heatsource
Oparity: OFiGuE
Group: 5|
] Sebect by group
E Active in this domain

( Help -) (Applv) (Clﬂ[l!l) F'GH

| FIGURE 5.45 2D axisymmetric Cylinder_Conduction_3 model Subdomain Settings (1) edit window
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| Table 513 Subdomain Edit Window

Name Expression Description

k (isotropic) k_Nb Thermal conductivity
p rho_Nb Density

Cr Cp_Nb Heat capacity

Select “subdomain 2” in the Subdomain selection window. Click the Library
material Load button. Select Liquids and Gases > Gases > Air, I atm. Click OK.

Enter the term p_0 in place of p in the expression rho(p...in the Density edit
window. Click on the Opacity pull-down list. Select “Transparent.” See Figure 5.46.
Click OK.

o= ™ The insertion of p_0 into the density function for air sets the pressure in the
vacuum cavity. The selection of “Transparent” allows energy transfer by radiation.

~

Subdomain Settings - General Heat Transfer (htgh)

Equation
V-(-kVT) = Q

T = temperature

[ Subdomains = Groups | [ Conduction  Convection ideal Gas Init  Element  Color |
Subdomain selection Thermal properties and heat sources [sinks
! Library material: | Air, 1 atm 4 ] (" Load.. \
I
Quantity Value/Expression Unit Description
@ k (isotropic) m Wi m:K) Thermal conductivity
O k (anisotropic) W Wilm i Thermal conductivity
P m ka/ m? Density
CP m Jitkg-K) Heat capacity at constant pressure
Q '@ | W/m®  Heatsource
Opacity: fm}
Group: 5

| | Select by group

rz[ Active in this domain

l.r Help \l _r—AppIy ) _(Cnncel) ( ok )

| FIGURE5.46 2D axisymmetric Cylinder_Conduction_3 model Subdomain Settings (2) edit window
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| Table 5.14 Boundary Settings—General Heat Transfer Edit Window

Boundary
1,4

2,5,10

3

Boundary Condition
Thermal insulation
Temperature

Heat flux

Value/Expression

T0
q.0

Figure Number
5.47
5.48
5.49

no=® For static and quasi-static calculations, the only physical property value
required for the conduction calculation is k (k_Nb). However, from the point of view of
physical consistency, the density (rho_Nb) and the heat capacity (Cp_Nb) should be
included. If Cp and rho are set to zero, the implication is that of a perfect vacuum, which
is logically inconsistent with the stated value of k. Also, by including the values for Cp
and rho in this location, they are conveniently available should the modeler wish to

modify the model for transient analysis.

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select or enter the given boundary condition and value as shown in Table 5.14. Click OK.
See Figures 547,5.48, and 5.49.

Highly Conductive Layer

Unit Description

wim? Inward heas flux

2
W™K Heal transler coefficient

k. External temperature
K Temperature

1

Surface pmissivity

e Ambient temperature

enn Boundary Sei
Equation
=n: (=TT} = 0
Boundaties | Croups { Boundary Condition
Roundary selection Boundary sources and constraints
- Library coefficient: | F'a'f ( Load.. )
E] ian:
| Boundary condition: [ hermal insulation I--t]
s Quantity Value/Expression
g
h
10 Vint
To
Radiation type:
3
s == I.\mh
Group
fo
|| Select by group

|1 tnterions boundaries

Member of groups):

o Wim? surface radiosity expression

1

{ welp \ ( rpry ) ( tance ) (Emored)

| FIGURE 5.47 2D axisymmetric Cylinder_Conduction_3 model Boundary Settings (1

. 4) edit window
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| Tin 27315 K External temperature
| To r'l_o— K Temperature
T —
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| FIGURE5.48 2D axisymmetric Cylinder_Conduction_3 model Boundary Settings (2, 5, 10) edit window
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| 10 Tint 1273.15 L External temperature
Ta 27315 K Temperature
Radiation ypat [ None B
[ 1
| = o Surface emissivity
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| FIGURE 5.49 2D axisymmetric Cylinder_Conduction_3 model Boundary Settings (3) edit window
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| FIGURE 5.50 2D axisymmetric Cylinder_Conduction_3 model mesh

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters > Subdomain 1. Enter
Maximum element size 0.002. Select Method > Quad. Click the Remesh button.
Select Free Mesh Parameters > Subdomain 2. Enter Maximum element size 0.0005.
Select Method > Quad. Click the Remesh button.

Click OK. See Figure 5.50.

Solving the 2D Axisymmetric Cylinder_Conduction_3 Model

From the menu bar, select Solve > Solver Parameters > Parametric. Enter q_0 in the
Parameter name edit window. Enter 0:5e¢3:5e5 in the Parameter values edit window.
See Figure 5.51. Click OK.

From the menu bar, select Solve > Solve Problem. See Figure 5.52.

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.53.
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| FIGURE5.51 2D axisymmetric Cylinder_Conduction_3 model Solver Parameters edit window
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| FIGURE552 2D axisymmetric Cylinder_Conduction_3 model using the Parametric Solver (UMFPACK)
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[ Principal Streamline Particle Tracing Max / Min Deform } Animate ]
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File type: AV Select via: __?_'
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Number of frames: 11

Times:

[ Reverse direction

[ Use camera settings from main window

Start Animation

( Help ) CApplv ) (Cancel) E—QH

| FIGURE 5.53 2D axisymmetric Cylinder_Conduction_3 model Plot Parameters window

Click the Start Animation button. See Figure 5.54.

Alternatively, you can play the file Movie5_CC_3.avi that was supplied with this
book.

2D Axisymmetric Cylinder Conduction Models: Summary and Conclusions

The models presented in this section of Chapter 5 have introduced the following new
concepts: two-dimensional axisymmetric modeling (axial symmetry [2D]), cylindrical
coordinates, conductive media DC, Heat Transfer Module, heat conduction theory,
opaque and transparent thermally conductive materials, and vacuum. Previously intro-
duced concepts employed in these models include triangular mesh, free mesh param-
eters, subdomain mesh, maximum element size, and quadrilateral mesh (quad).
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| FIGURE554 2D axisymmetric Cylinder_Conduction_3 model animation, final frame

A comparison of the calculated results for the three cylinder conduction models is
shown in Table 5.15. As can be readily observed, the presence of a vacuum cavity sig-
nificantly reduces the rate of heat flow through the model and raises the equilibrium

temperature at the surface receiving the heat flux.

For simple heat transfer models, both the basic COMSOL Multiphysics software
and the Heat Transfer Module yield the same result, as would be expected. For more
complex models involving such conditions as a vacuum, the Heat Transfer Module is

required.

Table 5.15 Cylinder Conduction Modeling Results Summary

Model Number Module Used Vacuum T-max (K)
1p Heat Transfer Module No 476.907 K
2 Basic Heat Transfer No 476.907 K
3 Heat Transfer Module Yes 572.051 K

T-max (°C) AT
203.76 °C —
203.76 °C 0
298.90 °C 95.144
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B 2D Axisymmetric Insulated Container Design

Sir James Dewar'* invented the vacuum flask in 1892. The vacuum flask enabled him
to store low-temperature liquified gases for longer periods of time. Being a research
scientist, his primary concern was the study of the liquification process for gases and
the study of the resulting liquids.

o= Prior to the mid-1900s, it was uncommon for research scientists to patent or
commercialize new inventions, regardless of their potential commercial or economic
impact. The usual process was to disclose new findings through letter publication to a
learned society.!?

The term “Thermos™! came into existence in 1904, when a German company was
formed under the name Thermos GmbH to commercialize the vacuum flask technology.
The vacuum flask (invented by Dewar) has come into widespread common usage by
both scientists and nonscientists alike, under the name “thermos” or “thermos bottle.”
As such, the name “thermos” has, through common usage, become the generic name,
in the United States and some other countries, for the vacuum flask or thermos bottle.
There are, of course, other insulating materials in use that are not quite as efficient as
the vacuum flask but nevertheless adequate. Thus some thermos bottles (vacuum flask
containers) have no vacuum, but simply a low-thermal-conductivity solid (insulating
material) in the place where the vacuum would normally exist.

2D Axisymmetric Thermos_Container Model

o= This model is derived from the COMSOL thermos laminar flow and thermos
laminar hcoeff models. Those models can be found in the Tutorial Models folder of the
Heat Transfer Module Model Library. In this model, Thermos_Container_1, the walls of
the flask (e.g., bottle, tank) are formed of stainless steel. In the 2D axisymmetric
Thermos_Container_1 model, the selected thermal insulating solid is rigid urethane
foam.!” In the first variation on the 2D axisymmetric Thermos_Container model, a vacuum
cavity replaces the urethane foam. In the second variation on the 2D axisymmetric
Thermos_Container model, a glass'® material replaces the stainless steel'® wall material
and the insulating vacuum cavity remains. These changes in the materials design of these
models reflect some of the typical alterations and trade-offs that need to be made in the
exploratory design phase of a new artifact (e.g., product, tool).

To start building the Thermos_Container_1 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Select Heat Transfer Module > General Heat
Transfer > Steady-state analysis. See Figure 5.55. Click OK.
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| FIGURE 5.55 2D axisymmetric Thermos_Container_1 Model Navigator setup

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 5.16; also see Figure 5.56. Click OK.

ot ¥ When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants
or Scalar Expressions edit window.

ot When building a model, it is usually best to choose names for modeler-defined
parameters (e.g., constants, scalar functions) that are easily recalled and associated with
the function that they provide in the model (e.g., k_foam, rho_foam).




| Table 5.16 Constants Edit Window

2D Axisymmetric Insulated Container Design

Name Expression
k_foam 9e-2[W/(m*K)]
rho_foam 6e2[kg/mA3]
Cp_foam 1.4e3[J/(kg*K)]
k_304ss 1.62e1[W/(m*
rho_304ss 8e6[kg/mA3]
Cp_304ss 5.0e2[J/(kg*K)]
p_0 1.0[atm]

TO 2.7315e2[K]
TL 9.5e1[degC]
L_wall 0.35[m]

L_top 0.15[m]

K)l

Description

Thermal conductivity foam
Density foam

Heat capacity foam
Thermal conductivity 304ss
Density 304ss

Heat capacity 304ss

Air pressure

Boundary temperature
Liquid temperature
Projected height of tank wall
Width of top

Building the 2D Axisymmetric Thermos Container

o= The actual sequence of steps required in the building of the 2D axisymmetric
Thermos_Container_1 model is initially somewhat complex. However, once the model
is built, the modeler can use the export and import functions to use the same physical
model configuration and explore the influence of different materials and materials
properties on the overall design behavior, as shown in the first and second variations of

the 2D axisymmetric thermos container model.

Using the menu bar, select Draw > Specify Objects > Rectangle. Create each of

the two rectangles indicated in Table 5.17.

B0 Constants
bt ol it
MName | Expression | Value Description
k_foam Qe-2[W/ (m*K)] 0.09[W/(m: K] Thermal conductivity foam

rho_foam Ge2[kg/ma3]
Cp_foam 1.4e3[)/(kg*Ki]
k_304ss 1.62el[W/(m*K)]
rho_304ss  BeB[kg/ma3]
Cp_304ss 5.0e2[)/(kg*Ki]

600[kg/m?)] Density foam
1400[)f(kg-K)]  Heat capacity foam
16.2[W/(m K] Thermal conductivity 304ss

SEG[kg,Fm3]

Density 304ss

500[)/ (kg K)] Heat capacity 304ss

p_0 1.0[atm] 1.01325e5[Paj Air pressure

T O 2.7315e2[K] 273.15[K] Boundary temperature

TL 9.5el[degC] 368.15[K] Liquid temperature

L_wall 0.35[m] 0.35[m] Projedted height of tank wall

L_top 0.15[m] 0.15[m] Width of top <
v

3 J <>

==

( Help ) (Applv) (Cancel\_ ( oK )

| FIGURE556 2D axisymmetric Thermos_Container_1 model Constants edit window
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| Table 5.17 Rectangle Edit Window

Object Number Width Height Base
Rectangle 1 0.25 0.65 Corner 0
Rectangle 2 0.15 0.3 Corner

o Oo'N

PO S . COMSOL Translut = Ganeral binae Tracsifur {higs) - Thaimes, Containe:_1.mph
DEEdS LB L AL SI=S W 2B Thundp ¥
(=]1".]

=11 ]

7
|

I1EPCRae0 > BHOo+REIZ TN - |0
nag I
T

CRID [EQUAL [SHAP [DHALOE (M7 [S0UD

| FIGURE5.57 2D axisymmetric Thermos_Container_1 model rectangles R1 and R2

Click OK, and then click the Zoom Extents button. See Figure 5.57.

Using the menu bar, select Draw > Specify Objects > Ellipse. Create the ellipse
indicated in Table 5.18. Click OK.

Using the menu bar, select Draw > Specify Objects > Rectangle. Create the rec-
tangle indicated in Table 5.19. Click OK.

Select Draw > Create Composite Object. Enter E1—R3 in the Set formula edit win-
dow. Verify that the Keep interior boundaries check box is unchecked. See Figure 5.58.
Click OK.

Table 5.18 Ellipse Edit Window

Object Number A-semiaxes B-semiaxes Base r
Ellipse 1 0.15 0.05 Center 0 0.3
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| Table 5.19 Rectangle Edit Window

Object Number Width Height Base r
Rectangle 0.2 0.4 Corner -0.2 0

Select Draw > Create Composite Object. Enter R2+COl1 in the Set formula
edit window. Verify that the Keep interior boundaries check box is unchecked. See
Figure 5.59.

Click OK. See Figure 5.60, which shows the profile of the outer tank.

Create the inner structure of the insulated tank by following the steps in Table 5.20.
Select the appropriate action from the menu bar using the Draw pull-down menu.
See Figure 5.61.

8o

Cumpuosite Object
Dhject ype Shartcuts

o | -
© solids Union )
./
Curves Cancel )
O ( Intersection \f
Points i =
o ( Apply )
SelectAll ) g —
( Help ]
Object selection: Set formula:
|R1 E1-R3
r2
i; D Keep interinr houndaries
™ Repair

Repair tolerance
| FIGURE 5.58 2D axisymmetric Thermos_Container_1 model half-ellipse creation

Ohject type -Shartcuts
© solids ( Union ] -I
—
O cune
( Intersection \I
Points E =
o { Apply )
( SelectAl )
- ik i s
[ Help )
Object selection: Set formula:
|fl1 R2+CO1
l
COL || Keep interior haundariss

™ Repair

Repair tolerance

| FIGURES.59 2D axisymmetric Thermos_Container_1 model outer tank profile creation
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| FIGURE5.60 2D axisymmetric Thermos_Container_1 model outer tank profile

| Table 5.20 Tank Structure Creation Steps

Step  Object  Width/A  Height/B  Base  r z
1 Rectangle 0.15-0.005 0.3-0.005 Corner 0 0.005
2 Ellipse 0.15-0.005 0.05-0.005 Center 0 0.3
3 Rectangle 0.2 0.4 Corner -0.2 0
4 Create Composite Object Formula = E1—R3 No Interior Boundaries
5 Create Composite Object Formula = R2+CO1 No Interior Boundaries
6 Rectangle 0.15-0.025 0.3-0.025 Corner 0 0.025
7 Ellipse 0.15-0.025 0.05-0.025 Center 0 0.3
8 Rectangle 0.2 0.4 Corner -0.2 0
9 Create Composite Object Formula = E1—R3 No Interior Boundaries
10 Create Composite Object Formula = R2+CO1 No Interior Boundaries
11 Rectangle 0.15-0.03 0.3-0.03 Corner 0 0.03
12 Ellipse 0.15-0.03 0.05-0.03 Center 0 0.3
13 Rectangle 0.2 0.4 Corner -0.2 0
14 Create Composite Object Formula = E1—-R3 No Interior Boundaries
15 Create Composite Object Formula = R2+CO1 No Interior Boundaries
16 Rectangle 0.15-0.03 0.29-0.03 Corner 0 0.03
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| ) COMSOL Multiphysics - Geom1/Heat Transfer Module - General Heat Transfer (htghl - Thermos Container_1.mph
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| FIGURE5.61 2D axisymmetric Thermos_Container_1 model tank components

The tank lid structure is defined by adding a line that separates the lid and the
body of the tank. Select Draw > Specify Objects > Line. Enter 0.15—0.03 space
0.15 in the r edit window. Enter 0.3 space 0.3 in the z edit window. See Figures
5.62 and 5.63.

The next step is to combine the components into the final tank structure. Select Draw
> Create Composite Object. Enter R1+CO2+CO3+C0O4+CO5+R2. Important: This
time, verify that the Keep interior boundaries check box is checked. See Figure 5.64.

~Coordinates

L 0.15-0.03 0.15

= 0303
style: [ Palyline 3 { apply )
Name: |B1

| FIGURE5.62 2D axisymmetric Thermos_Container_1 model Line edit window
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k2

0.3 -2 01 [} [T} 02 03 04 as o5

|Sawed €OMEOL M=l Al Thermes_Comalner_i.mph

| Adding curve with kst 'B1',

Saved COMSOH Model file Thermen Comtainer_§mph B

.6, 0.2 7 [cnin [EQUAL [SMAP [BIALGE [MULTI [sOUD

| FIGURES.63 2D axisymmetric Thermos_Container_1 model tank components with lid line

Click OK. See Figure 5.65.

Now, to save time and effort on the next model, save the present insulated tank con-
figuration. Select File > Export > Geometry Objects to File. Enter TC_1_Geometry in
the Save As edit window. Select DXF file (*.dxf) from the File Format pull-down list.
See Figure 5.66. Click Save.

~Objecttype | Shortcuts
© sos Com &9
O cunes
Gk Croov )
Apply
Select All
[ Help )
Object selection: Set formula:

—

IR1+C02+C03+C01+C05+R2

g Keep interior boundaries

= D Repair

Repair tolerance: 1.0E-4

| FIGURE5.64 2D axisymmetric Thermos_Container_1 model Create Composite Object edit window
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| FIGURE 5.65 2D axisymmetric Thermos_Container_1 model tank

[0 0 i 5l 0 (00 0 0 i o

[ File Format: | DXF file (*.dxf =) ‘

(e o)

| FIGURE 5.66 2D axisymmetric Thermos_Container_1 model tank Export Geometry Objects, Save As window
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| Table 5.21 Subdomain Edit Window (1, 3, 6, 8)

Subdomain Operation Name Expression

1,3,6,8 Enter k k_304ss
1,3,6,8 Enter p rho_304ss
1,3,6,8 Enter Cr Cp_304ss

Description
Thermal conductivity
Density

Heat capacity

Table 5.22 Subdomain Edit Window (2, 7)

Subdomain Operation Name Expression
2,7 Enter k k_foam

2,7 Enter p rho_foam
2,7 Enter Cr Cp_foam

Description
Thermal conductivity
Density

Heat capacity

| Table 5.23  Subdomain Edit Window (5, 9)

Subdomain Operation Name

59 Load Basic Materials Properties > Air, 1 atm

Table 5.24 Subdomain Edit Window (4)

Subdomain Operation Name

4 Load Basic Materials Properties > Water, liquid

Physics Subdomain Settings: General Heat Transfer

Having established the geometry for the 2D axisymmetric Thermos_Container_1 model,
the next step is to define the fundamental Physics conditions. In the Subdomain edit
windows, load or enter the information shown in Tables 5.21 through 5.24. See also

corresponding Figures 5.67 through 5.70.

Enter p_0 in place of p in the density expression to yield rho(p_O[1/Pa],T[1/K])

[kg/mA3] in the Density edit window.
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Equation -

V.-kvT) =Q
T = temperature

_E-Sub“m-1 Groups | ,—f"cﬂmmu‘ Convection  Ideal Gas Init | Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

= Library material: [ M ( Load... )
” ity Value/Expressi. Unit Description
5 e k lisotropich k_i0dss Witm K} T armal conductivity
7 () kianisotropic) 400 0.0 400 WIM'K) Thermal conductivity
. P [tho soass | ke/m® Density
cn .C[J_BT' kg K e capacity at constant pressure
a 0 | wm? Heal source
Group: | — %)
|| Select by group
! Active in this domain

( Help ) ( Apply ) (Can:el) M

| FIGURE5.67 2D axisymmetric Thermos_Container_1 model Subdomain Settings (1, 3, 6, 8) edit window

- Equarion

V:(-k¥m =Q
T = temperatura

_E-Subm-i Groups | ,—me.-q Convection  Ideal Gas Init = Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

:. Library material: [ M ( Load... )
3 ity Value/Exg i Unit Description
: e k lisotropich E;m—- Witm K} o rmal conductivity
_ () k(anisotrapic) 400 00 400 WM K) Thermal conductivity
s P ltho foam | ka/m®  pensity
cn .Cp_fuam—' Jitkg-K) Heat capacity at constant pressure
a 0 | Wym? Heal suurce

Group: | =

|| Select by group

! Active in this domain

( Help ) ( Apply ) (Can:el) f—-ﬂb—a

| FIGURE 5.68 2D axisymmetric Thermos_Container_1 model Subdomain Settings (2, 7) edit window
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Equarion -

V.-V =Q
T = temperature

_E-Submﬂ Groups | —[—-Eomm-—i Convection  ideal Gas Init  Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

; Library material: [ Air, 1 atm N ( Load... )
3 Quantity Value/Expression Unit Description
_ @ kiisorropics [ kr[1/KDWm 0] | ™K Tharmal conductivity
: () k(anisotropic) 400 0.0 400 WImK) T ermal conductivity
_ P [thotp OI1/PalTIL/KD k9/m"  Density
cr' m Jitkg-K) Heat capacity at constant pressure
a 0 1 wm? Heal source

Group: |

|| Select by group

g Active in this domain

( Help ) (Annh‘) (Can:el) qu

| FIGURE5.69 2D axisymmetric Thermos_Container_1 model Subdomain Settings (5, 9) edit window

~Equarion -

V-i-kvTh=Q
T = temperature

_E-Submﬂ Groups | —f’m“‘”‘“‘ Convection  ideal Gas Init Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

; Library marerial: [ ‘Water, liquid H ( Load... )

3 Quantity Value/Expression Unit Description

® kisoropio  [ker1/epwim] | Y™K Tharmal conductivity

: () k(anisotropic) 400 0 0 400 WIM'K) Thermal conductivity

: L Trhotti1/KDIka/mn3] | ka/m®  pensity
S m Jitkg-K) Heat capacity at constant pressure
a 0 L WM Heat source

Group: | 29

|| Select by group

! Active in this domain

( Help ) ( Annh‘) (Can:el) HM

| FIGURE5.70 2D axisymmetric Thermos_Container_1 model Subdomain Settings (4) edit window
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| Table 5.25 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Value/Expression Figure Number
2 Thermal insulation — 5.71
8, 14, 21 Temperature TL 5.72

wor=® In this model, because of the high thermal conductivity of water, the
temperature of the liquid is very close to uniform throughout. Thus uniformity can be
assumed and subdomain 4 can be made inactive. The temperature of the liquid is
incorporated into the boundary conditions. Also, because this model will calculate only
the heat transfer, and not the detailed convection flow in the surrounding air, subdomain
9 can be made inactive. Convection losses are incorporated into the heat transfer
coefficient boundary conditions. Incorporating both of these assumptions into the
model significantly simplifies the model calculations.

Select subdomain 4. Uncheck the Active in this domain check box.
Select subdomain 9. Uncheck the Active in this domain check box. Click OK.

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select or enter the given boundary condition and value as shown in Table 5.25.
Click OK. See Figures 5.71 and 5.72.

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select the boundary condition.

Load the Library coefficient using the path Heat Transfer Coefficients > Air, Ext.
Natural Convection as shown in Table 5.26.

Enter L_wall in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 28:

h_ave(T[1/K],Tinf_htgh[1/K].L_wall[ I/m])[W/(mA2*K)]

Enter T_O in the External temperature (T, edit window for boundary 28. See
Figure 5.73.

| Table 5.26 Boundary Settings—General Heat Transfer Edit Window

277

28 Heat flux Nat. Vertical wall, L=height 5.73
34 Heat flux Nat. Horiz. plane, Upside, L=width 5.74

Boundary Boundary Condition Library Coefficient Figure Number
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~Equation -
-n-(-k¥T) = 0
ndaries | Groups ._..lenm&udmnq Highly Conductive Laver  Element | Color/Style ‘L__
~Boundary selection a -Roundary sources and ¢
Library coefficient. [ M ( Load... J
5 Boundary condition: [ Tharmal insulation ﬁ
Q ity lue/Expressi Unit Description
5 % 0 WM lnward heat flux
i 0] W/(m? K) Heat transfer coefficient
Tint 273.15 K External temperature
Ty 273185 k Temperature
Radiation type: o 2]
5 0 : Surface emissivity
5 A= K
Graup: ool o Ambient temperature
I ilon_htgh® no Wi i ;
':| Salatt by gronp epsilon_htgh®sigma_h Surface radiosity expression
Mamher of groupls): 1

[ Interior boundaries

(v ) (Caoov ) (Ccancet ) G

| FIGURE 5.71 2D axisymmetric Thermos_Container_1 model Boundary Settings (2) edit window

~Equation

T'Tﬂ

__Ewundwluq Groups !,,__ _{-ﬂnunﬂm&nﬂdmnq Hiahly Conductive Layer Element Caolor/Style ],__

~Boundary selection - m -Roundary sources and ¢
Library coeflicient. [ H ( Load... )
Boundary conditon: [~ Temperatwre 8]
y '_,"_7 i Unit Description
1 % 0 Wim® invard heat flux
T ) o W/(m? KD Haat transfer coefficient
16 L 273,15 K External temperature
:; To TL K Temperature
N —
e 1 0 i Surface emissivity
S = Tamb 0 K Ambient temperature
st by et I RpElionENGhTRiGmail | WINY.  Surfacavadiosity expressin
[ Interior boundaries MemER ol armIn: !

( Help ) (MDN) (CIIl(!l) M

| FIGURE5.72 2D axisymmetric Thermos_Container_1 model Boundary Settings (8, 14, 21) edit window
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8,00 Boundary Sattings — General Heat Transfer {htgh)

Equation

-0 (-kVT) = yg + hiT, n

inf ™

I Boundaries i Croups 1 [ Boundary Condition Highly Conductive Layer Element Color/Style |

Boundary selection Boundary sources and constraints
14 Library coefficient: | Mat vertical wall, L=height FG-] { Load.. )
21 Boundary condition: [ o0 50 |..=.i

Quantity Value/Expression Unit Description

2 To | WM jnward heat flux

h m w”mZ.K] Heat transfer coefficient

Tin 273.15 k External temperature
1 73 1% K
0 273.15 Temperature
Radiarion type: [rT— ™ l
2 E 0 x Surface emissivity
34 v
—————————r T = K !
Group: amb 0 Ambient temperature
r 2 ity -
1 Sclect by group Yo epsilon_htgh*sigma_h W/m Surface radiosity expression
— Member of group(s): 1

1 Interior boundaries

{ veip ) ( Appy ) ( Cancel ) (oK)

| FIGURE5.73 2D axisymmetric Thermos_Container_1 model Boundary Settings (28) edit window

Enter L_top in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 34:

h_ave(T[1/K],Tinf_htgh[1/K],L_top[1/m])[W/(m"2*K)]

Enter T_O in the External temperature (T;,) edit window for boundary 34. See
Figure 5.74.
Click OK.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters > Subdomain 1, 2, 3,6, 7, 8.
Enter Maximum element size 0.002. Select Method > Quad. Click the Remesh button.
See Figure 5.75.

Click OK. See Figure 5.76.

Solving the 2D Axisymmetric Thermos_Container_1 Model

From the menu bar, select Solve > Solver Parameters > Parametric. Enter T L in the
Parameter name edit window. Enter 273.15:9.5:368.15 in the Parameter values edit
window. See Figure 5.77. Click OK.
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- Equation -

=N (-kVT) = g + h(T; = T)

,__E.uundmu.--| Groups | —-E—WHMMNUN—| Highly Conductive Layer ~ Element | Color/Style L

-Boundary selection-

~Roundary sources and

Library coefficient: [ Nat Horiz plane, Upside, L=width M ( Load... )
21 Boundary condition: | Hioat fhiune EQ

Quantity Value/Expression Unit Description

A (o | wym? Inward heat flux

h " h_ave(T[1/K],Tinf_ht Witm®-K) Heat transfer coefficient
28 Tint T_O0 | K External temperature

Ta 27315 K Temperature

Radiation type: Nk

e n 1 Surface emissivity

Groupell — : Tamb o K Amhbient temperaturs
L ) htgh®si wym? i

[] seleccbyarolp epsilon_htgh*sigma_h Surface radiosity expression

Member of group(s): 1

] Interior boundaries

( Help ) ( Apply ) (_Can:el_} Hlﬂ"—’

| FIGURE 5.74 2D axisymmetric Thermos_Container_1 model Boundary Settings (34) edit window

| Global bd in | Boundary Point  Advanced | @

~Subdomain selection

Subdomain mesh parameters

Maximum element size: | 0.002
Element growth rate:

1
4
5 Method: Quad B
B
9

Cancel

Apply

[ select by group

Select Remaining
Select Meshed

(ResettnDefaults) ( Remesh ) 'f Mesh Selected )

| FIGURE5.75 2D axisymmetric Thermos_Container_1 model Free Mesh Parameters edit window
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| FIGURES.76 2D axisymmetric Thermos_Container_1 model mesh
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| FIGURE5.77 2D axisymmetric Thermos_Container_1 model Solver Parameters edit window
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| FIGURE5.78 2D axisymmetric Thermos_Container_1 model using the Parametric Solver (UMFPACK)

From the menu bar, select Solve > Solve Problem. See Figure 5.78.

Postprocessing

Select Postprocessing > Plot Parameters > Surface. Select “°C [degC]” in the Unit
pull-down list. See Figure 5.79.

Click OK. See Figure 5.80.

Given that our main interest in creating the 2D axisymmetric Thermos_Container_1
model is to examine the heat transfer, the next step is to determine the heat loss. Select
Postprocessing > Boundary Integration. Select boundaries 28 and 34 (the wall and top
of the tank, respectively). Select “Normal total heat flux” in the Predefined quantities
pull-down list. Check the Compute surface integral (for axisymmetric modes) check box.
See Figure 5.81.

Click OK. The result of the Boundary Integration (~82 W) is displayed as Value
of surface integral: xx.xxxxx [W], Expression: ntflux_htgh, Boundaries: 28, 34 in the
display window at the bottom of the COMSOL user interface. See Figure 5.82.
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| FIGURE 5.79 2D axisymmetric Thermos_Container_1 model Plot Parameters window
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| FIGURE5.80 2D axisymmetric Thermos_Container_1 model surface temperature (°C)
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~Expression to integrate

Predefined guantities: [ Normal total heat flux “
Expression: |nt‘llu>(_htgh l
Unit of integral: [ W H

g Compute surface integral (for axisymmetric modes)

~Solution to use

Parameter value:

Solution at angle (phase): |0 degrees

Frame: | =

Integration order: Eﬁum 4
C Help ) ( Apply) (Carlcel) M

Time:

| FIGURE 5.81 2D axisymmetric Thermos_Container_1 model Boundary Integration edit window
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| FIGURE 5.82 2D axisymmetric Thermos_Container_1 model user interface display window
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4 Principal Streamline Particle Tracing Max | Min Deform l Animate '
Movie settings Solutions to use
File type: [ aw B Calsct vin
Width {in pixels). [ea0 |

Helght (in pixels): 480

Frames per second: 10
Advanced...
—

Static / Eigenfunction animation

Cycle type: | Full harmenic B

Number of frames. 11

[ Reverse directinn

"1 Use camera settings from main window

( Start Animation )

( Help \ ( Apply ) ( Cancel ) E—BIQ—)

| FIGURE5.83 2D axisymmetric Thermos_Container_1 model Plot Parameters window

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.83.

Click the Start Animation button. See Figure 5.84.

Alternatively, you can play the file Movie5_TC_1.avi that was supplied with this
book.

First Variation on the 2D Axisymmetric Thermos_Container Model

o= In this model, Thermos_Container_2, the walls of the flask (e.g., bottle, tank)
are formed of stainless steel. In the 2D axisymmetric Thermos_Container_1 model, the
selected thermal insulating solid was rigid urethane foam. In this model, the first
variation on the 2D axisymmetric Thermos_Container model, a vacuum cavity replaces
the urethane foam.

285



286 CHAPTER 5 2D AXISYMMETRIC MODELING

800 COMSOL Movie Player
==
T_L{11)=368.15 Max: 368.15
Surface: Temperature [K]
0.6
360
0.5 350
[ 340
0.4
F 1330
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F 320
0.2 F 4310
300
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290
o
280
-0.3 -0.2 -0.1 o 0.1 0.2 0.3 0.4 0.5
Min: 273.15
( Play ) Stop -

| FIGURE5.84 2D axisymmetric Thermos_Container_1 model animation, final frame

To start building the Thermos_Container_2 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Select Heat Transfer Module > General Heat
Transfer > Steady-state analysis. See Figure 5.85. Click OK.

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 5.27; also see Figure 5.86. Click OK.

o= When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants
or Scalar Expressions edit window.
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—{vm | Model Library User Models Open Settings R

Space dimension: [ Axial symmetry (2D} M

[ Application Modes
» [0 COMSOL Multiphysics
» [0 AC/DC Module
¥ [ Heat Transfer Module
v D General Heat Transfer
D Steady-state analysis

D Transient analysis

| Bioheat Equati
> D lehea quamn- . Description:
> |:| Weakly Compressible Navier-Stokes Heat transfer by conduction,
| 3 D le-£ Turbulence Model convection, and radiation.
> |:| le-w Turbulence Model o .
. 5 Steady-state analysis in 2D axial
» [ Electro-Thermal Interaction 4| | symmetry.
» [ Fluid-Thermal Interaction v
Dependent variables: :TJ
Application mode name: | htgh
Element: [ Lagrange - T, J; M ( Multiphysics )

( Help ) (Cancel) E—Bﬁw—'a

| FIGURE5.85 2D axisymmetric Thermos_Container_2 Model Navigator setup

wore ™ When building a model, it is usually best to choose a name for modeler-
defined parameters (e.g., constants, scalar functions) that are easily recalled and
associated with the function that they provide in the model (e.g., p_vac, L_wall).

Name | Expression | Value | Description

k_304ss 1.6Zel[W/(m*K)] 16.2[W/(m-K)] Thermal conductivity 304ss 1 [s

rho_304ss  Beb[kg/mA3] gas[kg;n-ﬁ] Density 30455

Cp_304ss 5.0e2(Jf (kg*K] 5000/ (kg K] Heat capacity 304ss

p_0 1.0[atm] 1.01325e5([Pa) Air pressure

p_vac 1.33e-7[Pa) {1.33e-7)[Pa] Pressure in Vacuum

TO 2.7315e2[K] 273.15[K) Boundary temperature

T L 9.5e1[deqC] 368.15[K] Liquid temperature

L_wall 0.35[m] 0.35[m] Projected height of tank wall

L_top 0.15[m] 0.15[m] Width of top
FY
v

= H ( Help ) ( Applv) CCancEI) E—Dﬁf—)

A

| FIGURE 5.86 2D axisymmetric Thermos_Container_2 model Constants edit window
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| Table 5.27 Constants Edit Window

Name Expression Description

k_304ss 1.62e1[W/(m*K)] Thermal conductivity 304ss
rho_304ss 8e6[kg/mA3] Density 304ss

Cp_304ss 5.0e2[J/(kg*K)] Heat capacity 304ss

p_0 1.0[atm] Air pressure

p_vac 1.33e-7[Pal Pressure in vacuum

T0 2.7315e2[K] Boundary temperature

T L 9.5e1[degCl] Liquid temperature

L_wall 0.35[m] Projected height of tank wall
L_top 0.15[m] Width of top

Select File > Save as. Enter Thermos_Container_2. Click the Save button.

Importing the 2D Axisymmetric Thermos Container

o= ¥ The actual sequence of steps required in the building of the 2D axisymmetric
Thermos_Container was presented in the discussion of the 2D axisymmetric
Thermos_Container_1 model. Now the modeler can use the import function to utilize
the same physical model configuration and explore the influence of different materials
and materials properties on the overall model design behavior.

Using the menu bar, select File > Import > CAD Data From File. Select
“TC_1_Geometry.dxf.” See Figure 5.87. Click the Import button.

~ i o
0.0, Import CAD Data From File
File: || |
| £ 7_Models l--&-!
Mam | Date
";, TC_1_Geometry.dxf Thursday, January 1, 2009 6:5... |
Ll .
Options... ) = -

File Format- | All 2D CAD files (*.dxf; =.... 8]

| New Folder ) ( Cancel ) mport

| FIGURES.87 2D axisymmetric Thermos_Container_2 model import
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| Table 5.28 Rectangle Edit Window

Object Number Width Height Base
Rectangle 1 0.25 0.65 Corner 0 0

Y

ot Because the Geometry.dxf file contains only boundary information, the
modeler needs to create a domain to which the boundary information can be applied.

Using the menu bar, select Draw > Specify Objects > Rectangle, as indicated in
Table 5.28. Click OK. See Figure 5.88.

Physics Subdomain Settings: General Heat Transfer

Having established the geometry for the 2D axisymmetric Thermos_Container_2
model, the next step is to define the fundamental Physics conditions. Select Physics >
Subdomain Settings. In the Subdomain edit windows, enter the information shown in
Table 5.29. See Figure 5.89.

nePi=al: 5 5 (=] -
el Al 2 A Bl
]

03 0z 01 ] a1 [ 03 04 [ [

Read geometry dacs droem CAD file TC_1_C
Adding rectangle with Labal 'R
Saved COMAOL Messel fle Thermes_Container

2muh
0.6, 0.3 GRID [FOUAL [SNAP

| FIGURE5.88 2D axisymmetric Thermos_Container_2 model import and rectangle R1
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| Table 5.29 Subdomain Edit Window

Subdomain Operation Name Expression Description
1,3,6, 8 Enter k k_304ss Thermal conductivity
1,3,6 8 Enter p rho_304ss Density

1,3,6,8 Enter Co Cp_304ss Heat capacity

In the Subdomain edit windows, enter the information shown in Table 5.30.
Enter p_vac in place of p in the density expression rho(p[1/Pa],T[1/K])[kg/mA3], so
that it reads rho(p_vac[1/Pa],T[1/K])[kg/m”3] in the Density edit window. Select
“Transparent” from the Opacity pull-down list. See Figure 5.90.

In the Subdomain edit windows, enter the information shown in Table 5.31. Enter
p_0O in place of p in the density expression to yield rho(p_0[1/Pa],T[1/K])[kg/mA3] in
the Density edit window. Select “Transparent” from the Opacity pull-down list. See
Figure 5.91.

In the Subdomain edit windows, enter the information shown in Table 5.32. See
Figure 5.92.

BN Subdomain Settings - General Heat Transfer

Equation
V- (-kVT) = Q

T = temperature

(Subdomains | Groups | {Comium’nn | Convection  IdealGas  Init  Element  Color |
-Subdomain selection Thermal properties and heat sources/sinks
_ Library material: [ "H r Load... \
_ Quantity Value/Expression Unit Description
: 6 k (isotropic) k_30455— Wi (m:K) Thermal conductivity
_ () k(anisotropicy 40000 400 WHM KD e rmal conductivity
P P Tho3odss | ko/m®  Density
CP Cp_}? Jitka-K) Heat capacity at constant pressure
Q ™ | Wim  Hearsource

Opacity: | Opaque |Aa

o
=
o
=
=1
4

|| Select by group

E Active in this domain

( Help \ (Appl\a) (Cnncel A ('—ﬂ!@—ha

| FIGURE 5.89 2D axisymmetric Thermos_Container_2 model Subdomain Settings (1, 3, 6, 8) edit window
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| Table 5.30 Subdomain Edit Window

Subdomain Operation Name
2,7 Load Basic Materials Properties > Air, 1 atm

| Table 5.31 Subdomain Edit Window

Subdomain Operation Name

59 Load Basic Materials Properties > Air, 1 atm

Table 5.32 Subdomain Edit Window

Subdomain Operation Name

4 Load Basic Materials Properties > Water, liquid
8.0 Subdomain Settings - Gene eat Transfer.

Equation

V- (-kVT) = Q

T = temperature

rm". { Conduction | Convection Ideal Gas Init Element Color |

-Subdomain selection- -~Thermal properties and heat sources/sinks

— Library material: [ Air, 1 atm I-H ( Load... \

3 Quantity Value/Expression Unit Description

: 6 k (isotropic) m Wi(m:R) Thermal conductivity

(O kianisatropic) 40000 400 WHM KD e rmal conductivity

. P tho(p_vac[1/PalT[1/1] ko/m® Density
CP m Jitka-K) Heat capacity at constant pressure
Q ™ | Wim  Hearsource

Onxihe

as

Group:
|| Select by group

g Active in this domain

C Help \ (Apply ) (Cnncel 3 ( oK )

| FIGURE5.90 2D axisymmetric Thermos_Container_2 model Subdomain Settings (2, 7) edit window
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~ Equarion -

V:(-k¥D =Q
T = temperature

_E-ﬁ_ubmﬁi Groups 1_ —Emm‘.‘ﬂ Convection ideal Gas Init Element Color ]—

~Subdomain selection-

Thermal properties and heat sources/sinks

; Library marerial: [ Air, 1 atm_1 M ( Load... )

3 Quantity Value/Expression Unit Description

_ @ kiisorropics kT [1/KDW/m 0] | Y™K Tharmal conductivity

g () k(anisotropic) 400 0 0 400 WM} Thermal conductivity

P [thotp O[1/PalTIL/KD k9/m*  pensity

" S m Jitkg-K) Heat capacity at constant pressure
a 0 | Wm? Heal source

Group: | e

|| Select by group

[ Active in this domain

( Help ) ( Apply ) (Can:el) HH

| FIGURE5.91 2D axisymmetric Thermos_Container_2 model Subdomain Settings (5, 9) edit window

- Equation

V:(-k¥D =Q
T = temperature

_E&WMﬂ Groups | —Pmm—ﬂ Convection  ideal Gas  Init  Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

y Library material: | Water, liquid M ( Load... )
3 L
3 Quantity Value/Expression Unit Description
emi i
< @ kiisoropics | kr[1/KDWm 0] | Y™K Tharmal conductivity
B A
5 () ki(anisotropic) 4000 0 400 WIMK) 10rmal eonductivity
: P thott[1/KDIka/masl | ka/m*  pensity
S Cp(T[L/K]1 /kg*K)] Jitkg- Ky Heat capacity at constant pressure
a 0 T WM Heatsource
Opacity: Upague B
Group: | =
|| Select by group
M Active in this domain

( Help ) (Annh‘) (Can:el) —ok—)

| FIGURE 5.92 2D axisymmetric Thermos_Container_2 model Subdomain Settings (4) edit window
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| Table 5.33 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Value/Expression Figure Number
2 Thermal insulation — 5.93
8, 14, 21 Temperature TL 5.94

oW In this model, because of the high thermal conductivity of water, the
temperature of the liquid is very close to uniform throughout. Thus uniformity can be
assumed and subdomain 4 can be made inactive. The temperature of the liquid is
incorporated into the boundary conditions. Also, because this model will calculate only
the heat transfer, and not the detailed convection flow in the surrounding air, subdomain
9 can be made inactive. Convection losses are incorporated into the heat transfer
coefficient boundary conditions. Incorporating both of these assumptions into the model
significantly simplifies the model calculations.

Select subdomain 4. Uncheck the Active in this domain check box. Select subdo-
main 9. Uncheck the Active in this domain check box. Click OK.

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select or enter the given boundary condition and value as shown in Table 5.33. Click OK.
See Figures 5.93 and 5.94.

8. Boundary Settings - General Heat Transfer (high)
Equation
-0 (=k¥T) = 0
[Roundasies—| Group [“Roundary Condition. | Highly Condus tive Layer
Roundary selection Boundary sources and constraints
3 Library coefficient: '7'3* I" Load... \
3 Boundary condition: [ Thermal nsulation 191]
s Quantity Value/Expression Unit Description
9 Wi nward heat flux
] | h

2
WM™ K} Heat transfer coefficient

I K

int External temperature

o 273.1 K Temperature
13

14 Radiation type:
15
16 : | t L Surfack amissiuity
L ] i %
N amb Ambignt temperature
Group
ly lon_htghzigr W/m?
|| Select by group b Surface radiosity expression
Member of groupis): 1

|1 tnterine boundaries

{ welp \ ( appry ) ( tance ) Foked)

| FIGURE 5.93 2D axisymmetric Thermos_Container_2 model Boundary Settings (2) edit window
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800 BoucdanySettiogssGeneplbieat o ieibiably
Equation
T=Ty

[ Boundaries | Groups 1 [ Boundary Gondition--| Hiahly Conductive Layer Element Color/Style 1

~Boundary selection ] Boundary sources and constraints
Library coefficient: [ |!:'*‘ ( Load... )
Boundary condition: | Temperature Iy ]
Quantity Value/Expression Unit Description
A 0] w."mz Inward heat flux
13 h 0 W/ (m?- Heat transfer coefficient
15 Tint 273.15 K External temperature
16
17 Ta T L . Temperature
13 Radiation type: [ A— - l
21 i 2 o ! Surface emissivity
v
. Tamb o & Ambient temperature
Croup: v
' Iy AT F R R R | W o :
spsilon_htgh*sigma_f fm Surface radiosity expression
[ select by group il Ll T exp
Member of groupis): 1

1 Interior boundaries

( Help b (Applv) (" cancel \ ( 0K )

| FIGURE 5.94 2D axisymmetric Thermos_Container_2 model Boundary Settings (8, 14, 21) edit window

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select the boundary condition.

Load the Library coefficient using the path Heat Transfer Coefficients > Air, Ext.
Natural Convection as shown in Table 5.34.

Enter L_wall in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 28:

h_ave(T[1/K],Tinf_htgh[1/K],L_wall[1/m])[W/(m*2*K)]

Table 5.34 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Library Coefficient Figure Number
28 Heat flux Nat. Vertical wall, L=height 5.95
34 Heat flux Nat. Horiz. plane, Upside, L=width 5.96
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~Equation -

-n-(-kVT) = qp + h(T, - T)

_Enduuh{ Groups !._. ,__[-llnundmlenndmn-q Highly Conductive Laver Element Color/Style }__

[ Boundary selection - H ~Roundary sources and ¢
ia Library coefficient. | Nat Vertical wall, L=height E3] ( Load.. )
21 Boundary condition: m
Quantity V..lluc,fllpuni-nn Unit Description
% ™ | Wim®  jnward heat flux
h Th_avelTLL/KI.Tinf_ht; W/(m?-K) weat transfer coafficient
Tint T 0 K External temper ature
To 27315 K Temperature
Radiation type: None
i & o 3 Surface emissivity
P Tamb o K Ambient temperature
] ot Bramn I apElioni R Eipmai | WM Surfacaradiosity expréscion
1 Interior boundaries Memotnct ot 3

( Help ) ( nnnl\r) (Cmcel) m

| FIGURE 5.95 2D axisymmetric Thermos_Container_2 model Boundary Settings (28) edit window

Equation

-n (-kWT) = g + h(T, . -T)

__Ewumlu-ﬂ Groups !._. ——f"‘"""""‘“"‘"“"" Highly Conductive Layer Element Color/5wyle :L__

~Boundary selection - 5 ~Roundary sources and ¢
ia Library coefficient. | Mat Horiz plane, Upside, L=width H ( Load... )
21 Boundary condiion: (eafux 19
Quantity mem‘i-ln Unit Description
% ™ | WM jnward heat flux
i Th_avetTiL/KL Tinf_ht,. W/ K) Heat transfer coefficient
I8 Tin 1'_07 K External lemperalure
To 273.15 K Temperature
N e —
E 0 : Surface emissivity
G Tamb o K Ambient temperature
e I epsilon_htgh®sigma_h W/ m’ Surface radiosity expression
[ Interior boundaries MmOt cl TR !

( Help ) ( annhr) (CIIl(I!l) (—w—)

| FIGURE 5.96 2D axisymmetric Thermos_Container_2 model Boundary Settings (34) edit window
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BN Free Mes| ters
| Global Subdomain | Boundary Point Advanced |
Subdomain selection Subdomain mesh parameters | ( cancel )
e
Maximum element size: 0.002 (ﬁl
Apply )
Element growth rate:

[ .

Method: Quad =

wiwbwwlﬂ

’j Select by group

Select Remaining |
[ Select Meshed )

( Reset to Defaults ) ( Remesh ) Mesh Selected

| FIGURE5.97 2D axisymmetric Thermos_Container_2 model Free Mesh Parameters edit window

Enter T_O in the External temperature (T, ) edit window for boundary 28. See
Figure 5.95.

Enter L_top in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 34:

h_ave(T[1/K],Tinf_htgh[1/K],L_top[1/m])[W/(m"2*K)]

Enter T_O in the External temperature (T;,) edit window for boundary 34. See
Figure 5.96.
Click OK.

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters > Subdomain 1,2,3,6, 7, 8.
Enter Maximum element size 0.002. Select Method > Quad. Click the Remesh button.
See Figure 5.97.

Click OK. See Figure 5.98.

Solving the 2D Axisymmetric Thermos_Container_2 Model

From the menu bar, select Solve > Solver Parameters > Parametric. Enter T_L in the
Parameter name edit window. Enter 273.15:9.5:368.15 in the Parameter values edit
window. See Figure 5.99. Click OK.
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| FIGURE5.98 2D axisymmetric Thermos_Container_2 model mesh
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Parameter name: T L
Solbver.
Stativnary Parameter values: 273.15:9.5:368.15 |
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| FIGURE5.99 2D axisymmetric Thermos_Container_2 model Solver Parameters edit window
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| FIGURE 5.100 2D axisymmetric Thermos_Container_2 model using the Parametric Solver (UMFPACK)

From the menu bar, select Solve > Solve Problem. See Figure 5.100.

Postprocessing

Select Postprocessing > Plot Parameters > Surface. Select “°C [degC]” in the Unit
pull-down list. See Figure 5.101.

Click OK. See Figure 5.102.

Given that our main interest in creating the 2D axisymmetric Thermos_Container_2
model is to examine the heat transfer, the next step is to determine the heat loss. Select
Postprocessing > Boundary Integration. Select boundaries 28 and 34 (the wall and top
of the tank, respectively). Select “Normal total heat flux” in the Predefined quantities
pull-down list. Check the Compute surface integral (for axisymmetric modes) check box.
See Figure 5.103.

Click OK. The result of the Boundary Integration (~37 W) is displayed as Value
of surface integral: xx.xxxx [W], Expression: ntflux_htgh, Boundaries: 28, 34 in the
display window at the bottom of the COMSOL user interface. The amount of energy
lost is approximately 45% of that lost using the urethane foam insulation (~82 W) in
the 2D axisymmetric Thermos_Container_1 model. See Figure 5.104.
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| FIGURE 5.101 2D axisymmetric Thermos_Container_2 model Plot Parameters window
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[ FIGURE 5.102 2D axisymmetric Thermos_Container_2 model surface temperature (°C)
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Boundary selection: ~Expression to integrate

Predefined guantities: [ Normal total heat flux H
Expression: ! ntflux_htgh |
Unit of integral: [ w M

s Compute surface integral (for axisymmetric modes)

~Solution to use

Lol
Parameter value:

Time:

Solution at angle (phase): |0 degrees

' :

Frame:

Integration order: EAum 4

( Help ) (Apply) (Cancel) M

| FIGURE 5.103 2D axisymmetric Thermos_Container_2 model Boundary Integration edit window
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| FIGURE 5.104 2D axisymmetric Thermos_Container_2 model user interface display window
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[« Principal Streamling Particle Tracing Max /Min Deform || Animare l
~Movie setti -Solutions to use
File Lype. AVI I Select via: f— -
Width (in pixels): 640
Height {in pixels): 480
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[~Static / Eigenfunction animation =i
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Number of frames: 11
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| FIGURE 5.105 2D axisymmetric Thermos_Container_2 model Plot Parameters window

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.105.

Click the Start Animation button. See Figure 5.106.

Alternatively, you can play the file Movie5_TC_2.avi that was supplied with this
book.

Second Variation on the 2D Axisymmetric Thermos_Container Model

o In this model, the second variation on the 2D axisymmetric Thermos_ Container
model, a glass material replaces the stainless steel walls and a vacuum cavity replaces
the urethane foam.
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| FIGURE 5.106 2D axisymmetric Thermos_Container_2 model animation, final frame

To start building the Thermos_Container_3 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “Axial symmetry (2D)” from
the Space dimension pull-down list. Select Heat Transfer Module > General Heat
Transfer > Steady-state analysis. See Figure 5.107. Click OK.

Constants

o= When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants
or Scalar Expressions edit window.

Using the menu bar, select Options > Constants. In the Constants edit window,
enter the information shown in Table 5.35; also see Figure 5.108. Click OK.
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[ New | ModelLibrary  UserModels  Open  Sewings L

Space Axcial wyr y 2N E

Bl Avplication Modes
» (B COMSOL Multiphysics
» [ AC/DC Module
¥ [ Heat Transfer Module
v D ‘General Hear Transfer
|_‘| Steady-state analysis
[ Transient analysis
» [ Bioheat Equation
| 2 D Weakly Compressihle Navier-stokes
» D k- Turbulence Model
[
>

[ k-w Turbulence Madel
Electro-Thermal Interaction
» (L4 Fluid-Thermal Interaction

i d
Description:
Heat transfer by conduction,
convection, and radiation.
Sreary-srare analysis in 20 axial
-
k1

symmetry

_—

Dependent variables: | T)

Application mode name. | high

Flement: | Lagrange - Taly S

( Multiphysics )

| FIGURE 5.107 2D axisymmetric Thermos_Container_3 Model Navigator setup

| Table 5.35 Constants Edit Window

p_0 1.0[atm]
p_vac 1.33e-7[Pa]
TO 2.7315e2[K]
TL 9.5e1[degC]
L_wall 0.35[m]
L_top 0.15[m]

Air pressure

Pressure in vacuum
Boundary temperature
Liquid temperature
Projected height of tank wall
Width of top

Name | Fxpression | Valse | Nescriptinn

p_0 1.0{atm] 1.01325e5[Pa]  Air pressure

p_vac 1.33e-7[Pa] (1.33e-7)[Pa] Pressure in Vacuum

I_o 2.7515e2[K] 24 3.15[K] Boundary temperature

T L 9.5¢1[degC] 368.15(K] Liquid temperature

Lwall  0.35[m] 0.35[ml Projected height of tank wall
L_top 0.15[m] 0.15{m] Width of top

o — |

== (“help ) ( Aeply ) ( Cancel ) W/

| FIGURE 5.108 2D axisymmetric Thermos_Container_3 model Constants edit window
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SO0 _Import CAD Data From File
File: E| ]
[ 1 7_Models 2

| N 4| Date Modified
B i
Gl .
D |
Gl |
D !
"4 TC_1_Geometry.dxf Thursday, January 1, 2009 6:5... |
G 5
; x|

File Format: | All 2D CAD files (*.dxf; *.... |"$"’!

[ MNew Folder ) ( Cancel ) “Import

| FIGURE 5.109 2D axisymmetric Thermos_Container_2 model import

ot ¥ When building a model, it is usually best to choose a name for modeler-defined
parameters (e.g., constants, scalar functions) that are easily recalled and associated with
the function that they provide in the model (e.g., p_vac, L_wall).

Select File > Save as. Enter Thermos_Container_3. Click the Save button.

Importing the 2D Axisymmetric Thermos Container

o ¥ The actual sequence of steps required in the building of the 2D axisymmetric
Thermos_Container was presented in the discussion of the 2D axisymmetric
Thermos_Container_1 model. Now the modeler can use the import function to utilize
the same physical model configuration and explore the influence of different materials
and materials properties on the overall model design behavior.

Using the menu bar, select File > Import > CAD Data From File. Select
“TC_1_Geometry.dxf.” See Figure 5.109. Click the Import button.

o= ¥ Because the Geometry.dxf file contains only boundary information, the
modeler needs to create a domain to which the boundary information can be applied.

Using the menu bar, select Draw > Specify Objects > Rectangle, as indicated in
Table 5.36.
Click OK. See Figure 5.110.
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| FIGURE5.110 2D axisymmetric Thermos_Container_3 model import and rectangle R1

Physics Subdomain Settings: General Heat Transfer
Having established the geometry for the 2D axisymmetric Thermos_Container_3
model, the next step is to define the fundamental Physics conditions. Select Physics >
Subdomain Settings. In the Subdomain edit windows, enter the information shown in
Table 5.37. See Figure 5.111.

In the Subdomain edit windows, enter the information shown in Table 5.38.

| Table 5.36 Rectangle Edit Window

Rectangle 1 0.25 0.55 Corner 0 0

| Table 5.37  Subdomain Edit Window

1,3,6, 8 Load Basic Materials Properties > Silica Glass

| Table 5.38  Subdomain Edit Window

2,7 Load Basic Materials Properties > Air, 1 atm
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SO0

Equation
V- (-kVT) = Q

T = temperature

[m". {Comiunion |\ Convection deal Gas Init Element Color |
-Subdomain selection ~Thermal properties and heat sources/sinks
_ Library material: [ silica Glass H—l ( Load... )
_ Quantity Value/Expression Unit Description
: 8 k (isotropic) W Wim:K) Thermal conductivity
_ O kianisotropic) 40000 400 WM &) Thermal conductivity
C— P D03kgimaa | Ka/m Density
CP W Jtka-K) Heat capacity at constant pressure
Q o | Wim® Hearsource

Opacity: f Opague s ]

(]
=
o
=
o
a

|| Select by group

E Active in this domain

( Help j (Apply 3 (Cnncel ) ( oK )

| FIGURES.111 2D axisymmetric Thermos_Container_3 model Subdomain Settings (1, 3, 6, 8) edit window

Enter p_vac in place of p in the density expression rho(p[1/Pa],T[1/K])[kg/mA3],
so that it reads rho(p_vac[1/Pa],T[1/K])[kg/mA3] in the Density edit window. Select
“Transparent” from the Opacity pull-down list. See Figure 5.112.

In the Subdomain edit windows, enter the information shown in Table 5.39.

Enter p_0 in place of p in the density expression to yield rho(p_O[1/Pa],
T[1/K])[kg/mA3] in the Density edit window. Select “Transparent” from the Opacity
pull-down list. See Figure 5.113.

In the Subdomain edit windows, enter the information shown in Table 5.40. See
Figure 5.114.

Table 5.39 Subdomain Edit Window

Subdomain Operation Name
59 Load Basic Materials Properties > Air, 1 atm
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-~ Equarion

V-(-kVT) = Q
T = temperatura

,_E-ﬁubdom_lhu-i Groups | —f—-ﬂﬂndocmm Convection  Ideal Gas Init | Element  Color L

~Subdomain selection-

Thermal properties and heat sources/sinks

_ . Library marerial: [ Air, 1 atm N ( Load... )

3 ity Value/Exp i Unit Description

: ® kiisoropio  [ker(i/kpw/m K] | W™K Tharmal conductivity

_ () k(anisotropic) 400 00 400 WIM'K) Thermal conductivity

: P Tthotp vaci1rpal,Ti1n| ka/m*  pensity
cn m Jitkg: 0 Heat capacity at constant pressure
a 0 | Wfm? Heal suurce
ome

Group: | 3

|| Select by group

! Active in this domain

( Help ) (Annh‘) (Can:el) (—an—)

| FIGURE5.112 2D axisymmetric Thermos_Container_3 model Subdomain Settings (2, 7) edit window

T = temparature

_&M Groups | —!--ﬁmm-q Convection  Ideal Gas Init | Element Color L

bd, select Thermal properties and heat sources/sinks |

; Ubrary material: | Air, 1 atm_1 B (Coad)

3 ‘Quantity Value/Expression Unit Description

@ kiisotropicl k(T /KDIW/mRK)] | YUK Thecmal conductivity

g () ki(anisotropic) 400 0.0 400 WIM"K) Thermal conductivity

_ P [thotp 011/PalTIL/K])| k8/m®  Density
cr' m Jitkg-K) Heat capacity at constant pressure
Q 0 | Wim? Heat source
T

an

Group: |
|| Select by group

M Active in this domain

( Help ) (annlv) (Lan:el) Hn—-)

| FIGURE 5.113 2D axisymmetric Thermos_Container_2 model Subdomain Settings (5, 9) edit window
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| Table 5.40  Subdomain Edit Window

Subdomain Operation Name
4 Load Basic Materials Properties > Water, liquid

wore® In this model, because of the high thermal conductivity of water, the
temperature of the liquid is very close to uniform throughout. Thus uniformity can be
assumed and subdomain 4 can be made inactive. The temperature of the liquid is
incorporated into the boundary conditions. Also, because this model will calculate only
the heat transfer, and not the detailed convection flow in the surrounding air, subdomain
9 can be made inactive. Convection losses are incorporated into the heat transfer
coefficient boundary conditions. Incorporating both of these assumptions into the
model significantly simplifies the model calculations.

Select Subdomain 4. Uncheck the Active in this domain check box. Select
Subdomain 9. Uncheck the Active in this domain check box. Click OK.

B0 Subdomain Settings - General Heat Transfer (htgh)

Equation

V:(-kVT) =Q

T = temperature

[ Subdomains | Groups | {Cundum’on | Convection deal Gas Init  Element  Color |
-Subdomain selection Thermal properties and heat sources/sinks
; Library material: [ Water, liquid I-zE-'i ( Load... )
3 Quantity Value/Expression Unit Description
_ 8 k (isotropic) m Wi m:K) Thermal conductivity
‘:' () k(anisotropicy 40000 400 WM KD Ty ormal conductivity
g P “tho(T{1/K)[kg/mA3) | ka/m®  pensity
CP m Jitka-K) Heat capacity at constant pressure
Q @ | Wim®  Hearsource

Opacity: | Opagque |e}

Group: :
|| Select by group

E{ Active in this domain

( Help \ rApva‘? (Cnncel > ( oK )

| FIGURE 5.114 2D axisymmetric Thermos_Container_3 model Subdomain Settings (4) edit window
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| Table 5.41 Boundary Settings—General Heat Transfer Edit Window

Boundary Boundary Condition Value/Expression Figure Number
2 Thermal insulation — 5.115
8, 14, 21 Temperature TL 5.116

Physics Boundary Settings: General Heat Transfer

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select or enter the given boundary condition and value as shown in Table 5.41.
Click OK. See Figures 5.115 and 5.116.

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select the Boundary condition.

Load the Library coefficient using the path Heat Transfer Coefficients > Air, Ext.
Natural Convection as shown in Table 5.42.

SN Boundary Settings - General Heat Transfer (htgh)
Equation
-n-(-kVT) =0
Boundaries | Groups 1 [Bnundarndnditicn Highly Conductive Layer Element Color/Style |
Boundary selection Boundary sources and constraints
Library coefficient: | |=’! ( Load... \l
Boundary condition: [ Tparmal insulation |=]
3 Quantity Value/Expression Unit Description
2
9 0 Wim Inward heat flux
2
8 h ] W/Im=-K) Heat transfer coefficient
Tint 273.15 i External temperature
TIJ 273.15 3 Temperature
13 i
% Radiation type: N .
15
16 E | £ 1] ! Surface emissivity
v
m TEat 1 ke Ambient temperature
Croup:
2
[l elerc by s Jy epsilon_htgh*sigma_h ~W/m Surface radiosity expression
Member of groupis): 1

1 interior boundaries

( Help ) __(Appl\.r ) I_rCanceI ) ( oK -)

| FIGURE 5.115 2D axisymmetric Thermos_Container_3 model Boundary Settings (2) edit window
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800
Equarion
TaTy
m [ Boundary Condition | Hiohly Conductive Laye Element | Color/Style |
Boundary selection Boundary sources and constraints
[ Library coefficient: | "e" (" Load.. )
EL“' Boundary conditinn® @
16
7 Quantity Value/Expression Unit Description
2 g - W/m? Inward heat fux
h Wim® K0 Hpat transfar coefficient
Tint 273.158 K External temperature
To T_Li K Temperature
Radiation type: f@
?25 1 : E C 1 Surface emissivity
:luuu. - - T L K Ambient temperature
() salecthy b ho epsilan_hrah sigma_t WIm®  Surface radioshy expression
Member of group(s): 1

1 Interior boundaries

( Help ) r Applv) (" Cancel ) F“ "ml'_‘a

| FIGURE 5.116 2D axisymmetric Thermos_Container_3 model Boundary Settings (8, 14, 21) edit window

Enter L_wall in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 28:

h_ave(T[1/K],Tinf_htgh[1/K],L_wall[ 1/m])[W/(mA2*K)]

Enter T_O in the External temperature (T, edit window for boundary 28. See
Figure 5.117.

Enter L_top in the Heat transfer coefficient (h) expression in place of the L_htgh
term for boundary 34:

h_ave(T[1/K],Tinf_htgh[1/K].,L_top[1/m])[W/(m"2*K)]
Enter T_O in the External temperature (T}, edit window for boundary 34. See

Figure 5.118.
Click OK.

| Table 5.42 Boundary Settings—General Heat Transfer Edit Window

Boundary
28
34

Boundary Condition Library Coefficient Figure Number
Heat flux Nat. Vertical wall, L=height 5117
Heat flux Nat. Horiz. plane, Upside, L=width 5.118
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- Equarion

-+ (~kVT) = gy + h(T, (=T

_Ehllm| Groups .

_fmmumu-a Highly Conductive Layer  Element | Color/Style |

- Boundary selecti dary sources and constraints
Library coefficient: [ Mat. Vertical wall, L=height_1 M ( Load... :]
21 Boundary condition® ! Heat flux !Eg
Quantity Value/Expression Unit Description
a 0 WM jnard heat flux
h Ch_awe(T[1/K], Tinf_ht; Wiim? KD Hear transfer enefficient
Tint T_0 Bk External temperature
To 273.15 K Temperature
Hadiation type: 'E‘"“
L] £ 0 1 Surface emissivity
34 -
2 — Tamb o K Ambient temperature
Group. -
. W/m?
™1 selact hy group h epsilon_high*sigma_h W/ Surface radiosity expression
Member of group(s): 1
1 Interior boundaries 2

( Help ) ( Apply ) (Can:!l) m

| FIGURES.117 2D axisymmetric Thermos_Container_3 model Boundary Settings (28) edit window

Eguarion

1+ (~kVT) = gy + hiT, (=T

_Enun'dmu«-i Groups | [‘BoundaryCondition | Highly Conductive Layer  Element  Color/Style |

- Boundary selection

| Group. |
™1 select by group

1 Interior boundaries

~Boundary sources and constraints

Library coefficient: | Mat. Horiz plane, Upside, L=width M ( Load... )

Eoundary condition® ! Heat flux Eia

Quantity Value/Expression Unit Description
9 0 Wim?  jneard heat flux
h Ch_ave(T[1/K],Tinf_ht Wiim? KD Hear transfer enefficient
Tint TO0 ks External temperature
Ta 27115 K Temperature
Radiation type: ' None EB
£ 1 i
o Surface emiscivity
Tamb o K Ambient temperature
L] epsilon_high sigma - Wim®  Surface radiosity expression
Member of groupis): 1

( Help ) ( Apply ) (Can:!l) Hﬁ"e

| FIGURE5.118 2D axisymmetric Thermos_Container_3 model Boundary Settings (34) edit window
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8.0.0 Free Mesh Parameters.
| Global ~ Subdomain | Boundary  Point  Advanced | oK
~Subdomain selection | rSubdomain mesh parameters-

Cancel

Maximum element size: | 0.002
Apply

Element growth rate:

Help
Method: [ Quad @

Lol

mimaww"d

[ select by group

Select Remaining
[ Select Meshed )

( Reset to Defaults \ ( Remesh ) Mesh Selected

| FIGURE 5.119 2D axisymmetric Thermos_Container_3 model Free Mesh Parameters edit window

Mesh Generation

From the menu bar, select Mesh > Free Mesh Parameters > Subdomain 1,2, 3,6, 7, 8.

Enter Maximum element size 0.002. Select Method > Quad. Click the Remesh button.
See Figure 5.119.

Click OK. See Figure 5.120.

Solving the 2D Axisymmetric Thermos_Container_3 Model

From the menu bar, select Solve > Solver Parameters > Parametric. Enter T_L in the
Parameter name edit window. Enter 273.15:9.5:368.15 in the Parameter values edit
window. See Figure 5.121. Click OK.

From the menu bar, select Solve > Solve Problem. See Figure 5.122.

Postprocessing

Select Postprocessing > Plot Parameters > Surface. Select “°C [degC]” in the Unit
pull-down list. See Figure 5.123.
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| FIGURE 5.121 2D axisymmetric Thermos_Container_3 model Solver Parameters edit window
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| FIGURE 5122 2D axisymmetric Thermos_Container_3 model using the Parametric Solver (UMFPACK)

| General I'—w—{ Contour Boundary Arrow Principal >

g Surface plot
[SurfaceData | HeightData |
e ————————
defined ( ] (Crange.)
Expression: [T | ™ smooth
Unit: (o M

~Coloring and fiil
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| FIGURE 5123 2D axisymmetric Thermos_Container_3 model Plot Parameters window
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| FIGURE 5.124 2D axisymmetric Thermos_Container_3 model surface temperature (°C)

Click OK. See Figure 5.124.

Given that our main interest in creating the 2D axisymmetric Thermos_
Container_3 model is to examine the heat transfer, the next step is to determine the
heat loss. Select Postprocessing > Boundary Integration. Select boundaries 28 and
34 (the wall and top of the tank, respectively). Select “Normal total heat flux” in the
Predefined quantities pull-down list. Check the Compute surface integral (for
axisymmetric modes) check box. See Figure 5.125.

[f-"ee
Boundary selection: CExprassinn to integrate
16 |
£ Predefined quantities Normal total heat flux H‘
18 e
14 Expression: ntflux_htgh
20 Unit of integral: [ w H“
21
22 E Compute surface integral ifor axisymmetric modes)
23 L
24 Solution to use
25
26 Parameter value: | 36815 m
27 |
Time
;z solution atangle (phase): |0 | degrees
31 -
32 Frame -
33
| Integration order g Auto |4

(" Help ) (" Apply ) (Can::}‘ﬂ E—OH

| FIGURE 5.125 2D axisymmetric Thermos_Container_3 model Boundary Integration edit window
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| FIGURE 5126 2D axisymmetric Thermos_Container_3 model user interface display window

Click OK. The result of the Boundary Integration (~34 W) is displayed as Value
of surface integral: xx.xxxx [W], Expression: ntflux_htgh, Boundaries: 28, 34 in the
display window at the bottom of the COMSOL user interface. The amount of energy
lost is approximately 41% of that lost using the urethane foam insulation in the 2D
axisymmetric Thermos_Container_1 model (~82 W). See Figure 5.126.

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 5.127.

Click the Start Animation button. See Figure 5.128.

Alternatively, you can play the file Movie5_TC_3.avi that was supplied with this
book.

2D Axisymmetric Thermos_Container Models: Summary and Conclusions

The models presented in this section of Chapter 5 have introduced the following con-
cepts: two-dimensional axisymmetric modeling (Axial symmetry [2D]), cylindrical
coordinates, conductive media DC, Heat Transfer Module, heat conduction theory,
opaque and transparent thermally conductive materials, export and import of CAD
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o0
< Principal Streamline Particle Tracing Max [ Min Deform Animate l
Movie settings Solutions to use
File type. [ av @ Select via ~
Width (in pixels). G40
Height (in pixels): 480
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( Advanced... )

Static / Eigenfunction animation

Cycle type: [ Full harmanic M

Number of frames: 11

| 1 Reverse direction

) use camera semings from maln window

Start Animation

( Help ) (Appl\a) (Can:el) HH

| FIGURE5.127 2D axisymmetric Thermos_Container_3 model Plot Parameters window

drawings (.dxf files), heat transfer coefficients, and vacuum. Previously introduced
concepts employed in this section include the triangular mesh, free mesh parameters,
subdomain mesh, maximum element size, and quadrilateral mesh (quad).

A comparison of the calculated results for the three thermos container models is
shown in Table 5.43. As can be readily observed, the presence of a vacuum cavity sig-
nificantly reduces the rate of heat flow through the model and the associated heat loss.

| Table 5.43 Thermos Container Modeling Results Summary

Model Number Materials Used Vacuum Heat Loss AW (%)
1 304ss, urethane foam No ~82 W —
2 304ss Yes ~37 W ~45%

3 Silica glass Yes ~34 W ~41%
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| FIGURE5.128 2D axisymmetric Thermos_Container_2 model animation, final frame
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Exercises

10.

. Build, mesh, and solve the COMSOL 2D axisymmetric cylinder conduction model

problem presented in this chapter.

Build, mesh, and solve the first variation of the 2D axisymmetric cylinder con-
duction model problem presented in this chapter.

. Build, mesh, and solve the second variation of the 2D axisymmetric cylinder

conduction model problem presented in this chapter.

. Build, mesh, and solve the 2D axisymmetric Thermos_Container model presented

in this chapter.

Build, mesh, and solve the first variation of the 2D axisymmetric
Thermos_Container model presented in this chapter.

. Build, mesh, and solve the second variation of the 2D axisymmetric Thermos_

Container model presented in this chapter.

. Explore other variations of the arguments in the COMSOL 2D axisymmetric

cylinder conduction models.

Explore other variations of the arguments in the 2D axisymmetric Thermos_
Container models.

. Explore how an increase in the pressure modifies the behavior of the COMSOL

2D axisymmetric cylinder conduction model.

Explore how changes in the tank geometry affect the heat loss in the 2D axisym-
metric Thermos_Container model.
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2D Simple Mixed-Mode
Modeling

In This Chapter

2D Mixed-Mode Guidelines for New COMSOL® Multiphysics® Modelers
2D Mixed-Mode Modeling Considerations
2D Coordinate System
2D Axisymmetric Coordinate System
Joule Heating and Heat Conduction Theory
Heat Conduction Theory
2D Resistive Heating Modeling
2D Resistive Heating Model
First Variation on the 2D Resistive Heating Model
Second Variation on the 2D Resistive Heating Model, Including Alumina Isolation
2D Resistive Heating Models: Summary and Conclusions
2D Inductive Heating Considerations
2D Axisymmetric Coordinate System
2D Axisymmetric Inductive Heating Model
First Variation on the 2D Axisymmetric Inductive Heating Model
Second Variation on the 2D Axisymmetric Inductive Heating Model
2D Axisymmetric Inductive Heating Models: Summary and Conclusions

B 2D Mixed-Mode Guidelines for New COMSOL® Multiphysics® Modelers
2D Mixed-Mode Modeling Considerations

It is assumed, at this point, that the reader has been exposed, at least briefly, to the
information contained in Chapters 4 and 5. In this chapter, the basic material from
Chapters 4 and 5 is utilized and somewhat expanded. In the earlier chapters, models
were built and then solved using a quasi-static approach. In this chapter, the transient
(time-dependent) method of solution is introduced. Transient models are intrinsically
more difficult than quasi-static models. Transient models require a firmer understand-
ing of the underlying physics and a more complete characterization of the materials
employed in the model.
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o= In transient or time-dependent (e.g., dynamic, unsteady) models, at least one
of the dependent variables changes as a function of time.

These 2D models implicitly assume, in compliance with the laws of physics, that
the energy flow, the materials properties, the environment, and any other conditions
and variables that are of interest are homogeneous, isotropic, and constant unless other-
wise specified (e.g., time dependent) throughout the entire domain of interest, both
within the model and, through the boundary conditions, in the environs of the model.

In the two models presented in this chapter, the resistive heating model and the
inductive heating model, heat is generated within the body of the modeled materials
through the same mechanism, Ohm’s law! (i.e., Joule heating?), by two fundamentally
different, but similar methods. In the resistive heating models, heat is generated by the
flow of direct current (DC)3 through the body in the models, resulting in Joule heat-
ing. As the body heats, the temperature rises. Because the resistivity depends on the
temperature, the resistivity (conductivity) changes and consequently the amount of
heat generated within the body changes, and so on.

In the inductive heating model, eddy currents (alternating currents [AC]*) are
induced within the material of the modeled body. Heat is generated by the flow of the
induced alternating current within the body, generating Joule heating. As the body heat
increases, the temperature rises. Similarly, because the resistivity depends on the tem-
perature, the resistivity (conductivity) changes and consequently the amount of heat
generated within the body changes, the temperature rises, and so on.

noe® As mentioned in previous chapters, it is always preferable for the modeler to
be able to accurately anticipate the expected behavior (results) of the model and to
understand how those results should be presented. Never assume that the default values
that are initially present when the model is first created will suit the needs of a new
model. Always verify that the values employed in the model are the correct ones needed
for that model. Calculated solution values that significantly deviate from the expected
values or from comparison values measured in experimentally derived realistic models
are probably indicative of one or more modeling errors either in the original model
design, in the earlier model analysis, or in the understanding of the underlying physics,
or are simply due to human error.

2D Coordinate System

Two different 2D coordinate systems are employed in the models that are built in this
chapter. In the first set of models (resistive heating), the basic 2D coordinate system
plus time is employed. The second set of models (inductive heating) employs the 2D
axisymmetric coordinate system plus time. Each of the coordinate systems was chosen
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to facilitate the modeler building the least difficult model necessary to achieve a rea-
sonably accurate demonstration of the principles involved and achieve a good first
approximation result.

o= Because it is completely impossible to accommodate all variable factors into
any scientific or engineering problem larger than the two-body problem,’ each
scientific or engineering calculation yields an approximate result. A good first
approximation result is derived from a calculation that yields an answer that allows the
modeler to determine the degree of feasibility of an adequate solution to the problem in
question, within the limits of tolerable variance (error). All of the nonmodeling
parameters need to be estimated either by the modeler, his or her power structure, or his
or her accountant.

The purpose of the models presented here is to demonstrate the application of the
chosen modeling techniques to applied physical prototypes, using measured materials
properties for commercially available materials. These first approximation result
models can be modified and used by the modeler to build other exploratory candidate
models to determine the feasibility of similar devices as part of a more complex
development or analysis project.

In a steady-state solution to a 2D model, parameters can vary only as a function
of position in space (x) and space (y) coordinates. Such a 2D model represents the
parametric condition of the model in a time-independent mode (quasi-static). In a tran-
sient solution model, parameters can vary both by position in space (x) and space (y)
and in time (?); see Figure 6.1.

The transient solution model is essentially a sequential collection of (quasi-static)
solutions, except that one or more of the dependent variables ( f (7, ¢)) has changed
with time. The space coordinates (x) and (y) typically represent a distance coordinate
throughout which the model is to calculate the change of the specified observables
(i.e., temperature, heat flow, pressure, voltage, current) over the range of values
(X <= X <= X0 and (¥, <= ¥ <= Y.)- The time coordinate (t) represents the
range of values (¢, <= t <= t,,,) from the beginning of the observation period (7,;,)

min max

to the end of the observation period (¢,

max)‘

time

X

| FIGURE 6.1 2D coordinate system, plus time
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time

r

| FIGURE6.2 2D axisymmetric coordinate system, plus time

2D Axisymmetric Coordinate System

In the steady-state solution to any 2D axisymmetric model, parameters can vary only
as a function of the radial position in space (r) and the axial position space (z) coordi-
nates. Such a model represents the parametric condition of the model in a time-
independent mode (quasi-static). In a transient solution model, parameters can vary
both by position in space (r) and space (z) and in time (¢); see Figure 6.2.

The transient solution model is essentially a sequential collection of steady-state
(quasi-static) solutions. The space coordinates (7) and (z) typically represent a distance
coordinate throughout which the model is to calculate the change of the specified
observables (i.e., temperature, heat flow, pressure, voltage, current) over the range of
values (7,,;,,<= r <= r,,,) and (2 ;, <= Z <= z,,,,)- The time coordinate (¢) repre-
sents the range of values (t,;, <= t <= t_,,) from the beginning of the observation
period (¢ . ) to the end of the observation period (¢

min max) .

Joule Heating and Heat Conduction Theory

Joule heating techniques are extremely important in device design considerations. Joule
heating is applied to tasks as varied as heating houses (AC) and baking potatoes
(microwave AC). It accounts for some of the most widely utilized technologies
employed for research, design, and application in engineering and physics. Most mod-
ern products or processes require an understanding of Joule heating techniques either
during development or during the use of the product or process (e.g., automobiles, plate
glass fabrication, plastic extrusion, plastic products, houses, baked potatoes, ice cream).

NoTE W Heating and heat transfer concerns have existed since the beginning of
prehistory. There have been many contributors to our present understanding of the
interaction of electric currents and solids. In this particular area, however, two scientists
made especially notable contributions: Georg Ohm® and James Prescott Joule.” Ohm
discovered Ohm’s law:3

I =

1%
= 6.1)
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where I = current in amperes (A)
V = voltage (electromotive force) in volts (V)
R = resistance in ohms

Joule discovered Joule’s law:?

Q=I*R-t (6.2)

where Q = heat generated in joules (J)
I = current in amperes (A)
R = resistance in ohms
t = time in seconds (S)

The first example presented in this chapter, the resistive heating model, explores
the 2D electro-thermal interaction modeling of Joule heating using transient analysis.
The model is solved for a material that is both electrically and thermally conductive.
This model is implemented using the COMSOL® Multiphysics® Electro-Thermal
Application Mode.

In the first variation on the resistive heating model, the new model is built to
explore a common configurational change and is solved using the same COMSOL
Multiphysics Application Mode. In the second variation on this model, a model is built
that incorporates materials modifications in addition to the configurational changes; it
is solved using the COMSOL Multiphysics AC/DC Electro-Thermal Application
Mode. The second variation also explores the influence of a low-pressure gas/vacuum
environment on the model’s properties. The calculated modeling results are then
compared.

The second example, the induced heating model, explores the use of induced AC
eddy currents to create Joule heating in a 2D axisymmetric model. The first and sec-
ond variations on the induced heating model explore the effects of materials and para-
metric changes.

Heat Conduction Theory

Heat conduction is a naturally occurring process that is readily observed in many
aspects of modern life (e.g., refrigerators, freezers, microwave ovens, thermal ovens,
engines). The heat transfer process allows both linear and rotational work to be done
in the generation of electricity and the movement of vehicles. The initial understand-
ing of transient heat transfer was developed by Newton'? and started with Newton’s
law of cooling:!!

do
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d
where 7? = incremental energy lost in joules per unit time (J/s)

A = energy transmission surface area (m?)

h = heat transfer coefficient [W/(m**K]

T = surface temperature of the object losing heat (K)
Ty = temperature of the environment gaining heat (K)

Subsequent work by Jean Baptiste Joseph Fourier,'> based on Newton’s law of
cooling, developed the law for steady-state heat conduction (known as Fourier’s law'3).
Fourier’s law is expressed here in differential form:

q = —kVT 64)
where g = heat flux in watts per square meter (W/m?)

k = thermal conductivity of the material [W/(m*K]
VT = temperature gradient (K/m)

B 2D Resistive Heating Modeling

2D Resistive Heating Model

The following numerical solution model (Resistive_Heating_1) is derived from a
model that was originally developed by COMSOL as a Multiphysics demonstration
model for distribution with the Multiphysics software in the basic Multiphysics Model
Library. This model introduces the coupling of two important basic Application
Modes: Joule Heating in the Conductive Media DC Application Mode and the Heat
Transfer by Conduction Application Mode. The coupling of these two modes in this
model demonstrates the interactions normally found in typical engineering materials.

o Itis important for the new modeler to personally build each model presented in
this text. There is no substitute in the path to understanding of the modeling process for
the hands-on experience of actually building, meshing, solving, and postprocessing a
model. Many times the inexperienced modeler will make and subsequently correct
errors, there by adding to his or her experience and fund of modeling knowledge. Even
building the simplest model will expand the modeler’s store of knowledge.

Modeling Joule heating is important in a wide variety of physical design and
applied engineering problems. Typically, the modeler desires to understand Joule heat
generation during a process and either add heat or remove heat to achieve or maintain
a desired temperature. Figure 6.3 shows a 3D rendition of the 2D resistive heating
geometry, as will be modeled in this section.
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| FIGURE 6.3 3D rendition of the 2D resistive heating model

To start building the Resistive_Heating_1 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “2D” (default setting) from the
Space dimension pull-down list. Select COMSOL Multiphysics > Electro-Thermal
Interaction > Joule Heating > Transient analysis. See Figure 6.4. Click OK.

—{.Nw | Model Library User Models Open Settings —
Space dimension: [ zp M
o
» [0 Electromagnetics - “/l
» (L] Fluid Dynamics [

p [0 Heat Transfer

» [0 Structural Mechanics

» [0 PDE Modes

» [0 Deformed Mesh

¥ [ Electro-Thermal Interaction

¥ [ Joule Heating Description:

D Steady-state analysis A predefined combination of
D Transient analysis application modes for Joule heating
Fluid—Th PT—— (resistive heating). Combines
> i Flui bl latis K Conductive Media DC with heat transfer
» [ AC/DC Module 4 | | by conduction for modeling of
» [ Heat Transfer Module ¥ | |electro-thermal applications such as
Joule heating.
Dependent variahles: _TV Transient analysis.
Application mode name: | ht dc
Element: [ Lagrange - Quadra... M ( Maltiphysics ')

( Help ) (Can:el) G—M

| FIGURE6.4 2D Resistive_Heating_1 Model Navigator setup
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Table 6.1 Constants Edit Window

Name Expression Description

r_Cu 1.754e-8[ohm*m] Resistivity of copper at T_ref

T_ref 20[degC] Reference temperature

alpha_Cu 3.9e-3[1/K] Temperature coefficient copper

V_0 Te-1[V] Electric potential (voltage)

T air 300[K] Air temperature

k_Cu 3.94e2[W/(m*K)] Thermal conductivity copper

rho_Cu 8.96e3[kg/mA3] Density copper

Cp_Cu 3.8e2[J/(kg*K)] Heat capacity copper
Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 6.1; also see Figure 6.5. Click OK.

o= ¥ When building a model, it is usually best to consolidate the calculational
parameters (e.g., constants, scalar expressions) in a small number of appropriate,
convenient locations (e.g., a Constants file, a Scalar Expressions file) so that they are
easy to find and modify as needed. Because the settings in the Constants and Scalar
Expressions edit windows can be imported and exported as text files, the appropriate
text file can be modified in a text editor and then reimported into the correct Constants
or Scalar Expressions edit window.

Using the menu bar, select Draw > Specify Objects > Rectangle. Enter a width of
1.0 and a height of 1.0. Select “Base: Center” and set x equal to 0 and y equal to O in
the Rectangle edit window. See Figure 6.6.

SO0 - Constants -
Mame Exprescion Value Description
ir Cu '1.754e-Blohm*m]  (1.754e-8)[Q-m] Resistivity of copper at T ref
T_ref 20[degC] 293.15[K] Reference temperature
alpha_Cu  3.9e-3[1/K] 0.0039[1/K] Temperature coefficient
v o le-1[v] 0.1[v] Electric potential (voltage)
| T_air 300[K] 300[K] Air temperature
k_Cu 3.94e2[W/im*Ki] 394[W/im-Kil Thermal conductivity copper
rho_Cu 8.96e3[kg/mr3) ggﬁo[kg;mﬁ Density copper
Cp_Cu 3.8e2[)/ (kg*K)] 3800/ (ka-Ki) Heat capacity copper
'y
v
€ Pl
Dﬂ’ Fl ( Help ‘) ( Apphy ) I'r Cancel \I E—Bh—a

| FIGURE6S5 2D Resistive_Heating_1 model Constants edit window
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~Size Rotation angle

width: 1.0 ] o [D | (degrees)
Height: |—1_.n_—*|

~Position

x [0 || Name: [R1 |
¥: 0

( Help ) ( Appl\r) CCancel) ﬁ

| FIGUREG.6 2D Resistive_Heating_1 model Rectangle edit window

Click OK, and then click the Zoom Extents button. See Figure 6.7.

Using the menu bar, select Draw > Specify Objects > Circle. In the Circle edit
window, enter a radius of 0.1 and a base of “Center.” Set x equal to 0 and y equal to 0.
See Figure 6.8.

Click OK. See Figure 6.9.

EHA[L kL@ |k ALs RA=E D RLFRA WRNAOH T
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=
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IXTENECHERE s Y @o+emwEnin-[00AD

03 0k 07 06 05 04 03 a2 0.1 [ [T [F] 03 [T 05 08 o7 s 03

Adding rectangle with Libel 'RE'

1ok
[EEELEN [ [cuiD [EQUAL [SHAR [BIALDE (WULT [Sou0 [

| FIGURE6.7 2D Resistive_Heating_1 model rectangle
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( Help ) ( Applv) (Cancal) M

| FIGUREG.8 2D Resistive_Heating_1 model Circle edit window

wore ™ The rectangle is the 2D representation of a cube in cross section. The circle is
added to the 2D geometry to allow the creation of a hole through the cube, as shown in
Figure 6.3.

Using the menu bar, select Draw > Create Composite Object. In the Set formula
edit window, enter R1—C1. See Figure 6.10.

CEEE % Phak Al RA=CS D RALPA4 Thuaddp T

=l .1 FIrS
=) =

oo
= MK

02

TIBNOONE 885N HoFERE N -

0.3

0.5

03 ) 07 -5 05 04 03 a2 -0.1 [ [T [F] 03 [T 05 06 07 s LE}

Eaved COMBOL Madal fls Basitive_Vieating_ 1 mph
Adding eirels with Libal '€ 1" B
Saved COMSOL Mesiel file Kesithe_beating | moh

[GRID [EQUAL {SNAP [DIALOE [WULTI [SOUD

| FIGURE6.9 2D Resistive_Heating_1 model rectangle and circle
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~Object type——— Shortcuts =
e Solids ( T ) —
Curves Cancel
O { Intersection | ;)
() Points
Apply
Comeemiy | 2220
( Help )
Object selection: Set formula:
= )
C1
E Keep interior boundaries
] Repair
’VRapaIr tolerance: 1.0E-4

| FIGURE 6.10 2D Resistive_Heating_1 model Create Composite Object edit window

Click OK. See Figure 6.11.

This model introduces the coupling of two basic Application Modes: Joule
Heating in the Conductive Media DC Application Mode and the Heat Transfer by
Conduction Application Mode. The Physics subdomain and boundary settings will

B8 0Bk ALy 2A=C B PLEBF dhmaOm T
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°
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03 & 07 06 05 04 03 a2 0.1 [ [T [ 03 [T 05 08 [t} s 03
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Saved COMSOL Motel fle Reqsttive Hasting_ | meh i

L T o EAL (3P 316 (007 5006 |

| FIGURE6.11 2D Resistive_Heating_1 model, block with hole
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iThermal insulation

300 K 300 K
Voltage Ground
i -hiN e

TThermal insulation 300K

| FIGURE 6.12 2D Resistive_Heating_1 model boundary conditions overview

need to be specified in each mode separately. Figure 6.12 shows an overview of the
boundary conditions for the combination of both modes.
First, however, the subdomain settings values need to be specified.

Physics Subdomain Settings: Heat Transfer by Conduction (ht)

Having established the geometry for the 2D Resistive_Heating_1 model of a block
with a hole, the next step is to define the fundamental Physics conditions. Using the
menu bar, select Multiphysics > Heat Transfer by Conduction (ht).

Using the menu bar, select Physics > Subdomain Settings. Select subdomain 1 in
the Subdomain selection window (the only available subdomain). In the Subdomain
edit windows, enter the information shown in Table 6.2. See Figure 6.13.

o= ¥ For transient calculations, all of the physical property values are required
for the conduction calculation. If Cp and rho are set to zero, the implication is that
the material is a perfect vacuum, which is logically inconsistent with the stated
value of k.

Select the Init tab. Enter T_ref in the Initial value edit window. See Figure 6.14.
Click OK.

Table 6.2 Subdomain Edit Window

Name Expression Description
k (isotropic) k_Cu Thermal conductivity
p rho_Cu Density

Cr Cp_Cu Heat capacity
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 Equarion -
Ehﬂl;"l}lfal-'v-{wll =04 hn-“llulvll + “Iulu“uvi.l!ulu‘ 3 |‘). I= temperature
_Eubmbg—‘ Croups | { Physics- | Init  Elememt Color L
~Subdomain selection- ~Thermal prop and heat Jsink: 1
ﬁ Library material. [ M Load...
! Value/Exg i Unit Description
sa 1 1 Time-scaling coefficient
e k {isotropic) k_Cu WItm'E)  thermal conductivity
) ktanisotropicy 40000 400 W/tm-K) hermal conductiviy
P rho_Cu ka/m? Density
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| FIGURE6.13 2D Resistive_Heating_1 model Subdomain Settings edit window
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| FIGURE 6.14 2D Resistive_Heating_1 model Subdomain Settings, Init edit window
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Table 6.3  Boundary Settings—Heat Transfer by Conduction (ht) Edit Window

Boundary Boundary Condition Value/Expression Figure Number
1,4-8 Temperature T_air 6.15
2,3 Thermal insulation — 6.16

Physics Boundary Settings: Heat Transfer by Conduction (ht)

Using the menu bar, select Physics > Boundary Setting. For the indicated boundaries,
select or enter the given boundary condition and value as shown in Table 6.3. Click OK.
See Figures 6.15 and 6.16.

Physics Subdomain Settings: Conductive Media DC (dc)

Using the menu bar, in the Model Navigator menu, select Multiphysics >
Conductive Media DC (dc). Using the menu bar, select Physics > Subdomain
Settings. Select subdomain 1 in the Subdomain selection window (the only available
subdomain). Select “Linear temperature relation” from the Conductivity relation
pull-down list. In the Subdomain edit windows, enter the information as shown in
Table 6.4. See Figure 6.17.

o= At this point in the model, the generation of heat is coupled to the resistivity
through the temperature change.

SuuN)
Equation
T=TIJ
l Boundaries = Groups 1 { Coefficients | Color/Style |
Boundary selection 1 Boundary sources and constraints
Boundary condition: | Temperature |..I
Quantity Value/Expression Unit Description
rd
gl (] Wim Inward heat flux

2
0 W/m® K} Heat transfer coefficient

inf ] Kk External temperature

1] Wf[mz-K“! Problem-dependent constant

Group: =

T 1] K Ambient temperature
[ select by group

T - K
1 interior boundaries W T_air Temperature

( Help \ (Applv) (Cancel\. ( oK )

| FIGURE6.15 2D Resistive_Heating_1 model Boundary Settings (1, 4-8) edit window
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MM i ™ d i
(< N Boundary Settings - Heat Transfer by Conduction (ht)
Equation
n-{kVT) =0
I Boundaries = Groups ] {Cceﬁiciems | Color/style |
-Boundary selection 1 Boundary sources and constraints
: Boundary condition: [ gpq malinsulation |-33
_ Quantity Value/Expression Unit Description
2
4 g 0 Wim Inward heat flux
5
2
6 A il WM™ K Heat transfer coefficient
7
8 TinF i} K External temperature
2 4
= Const i} WfHm= K°) Problem-dependent constant
Croup: v
s i K Ambient temperature
1 Select by group
Tg ; K

[ Interior boundaries 0 Temperature

( Help \ CApplv) (Cancel\_ ( oK )

| FIGURE6.16 2D Resistive_Heating_1 model Boundary Settings (2, 3) edit window

Select the Init tab. Enter V_0*(1—x[1/m]) in the V(t,) edit window. See Figure
6.18. Click OK.

o™ The initial conditions assume a linear voltage drop across the body of the
model. This is reflected in the initialization equation (V(t,) = V_0*(1—x[1/m])).

Physics Boundary Settings: Conductive Media DC (dc)

Using the menu bar, select Physics > Boundary Settings. For the indicated bound-
aries, select or enter the given boundary condition and value as shown in Table 6.5.
Click OK. See Figures 6.19, 6.20, and 6.21.

Table 64  Subdomain Settings—Conductive Media DC (dc) Edit Window

Name Expression Description
o r_Cu Resistivity at reference temperature
a alpha_Cu Temperature coefficient

Ty T _ref Reference temperature
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- Equation
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| FIGURE6.17 2D Resistive_Heating_1 model Subdomain Settings edit window
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( Help ) ( Apply ) (Cancel) Gﬂﬂﬁ—a

| FIGURE 6.18 2D Resistive_Heating_1 model Subdomain Settings Init edit window
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Table 6.5  Boundary Settings—Conductive Media DC (dc) Edit Window
Boundary Boundary Condition Value/Expression Figure Number
1 Electric potential V_0 6.19
2,3,5-8 Electric insulation — 6.20
4 Ground — 6.21

-Equation — ——

V=¥,

{--&!unﬂaﬂ'@t. | Groups

[.r‘nndil'mnc { ColoriStyle |

Boundary selection

R

Group:
1 Select by group

1 Interior boundaries

dary sources and constraints

Library material

v Load.. |
Boundary ¢ it Flactric ial E
Quantity Value/Expression Unit Description
Vo V.o ¥

Electric potential

( Help ) (_Appha) (Cancelj e—-@ﬁ—a

| FIGURE 6.19 2D Resistive_Heating_1 model Boundary Settings (1) edit window
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| FIGURE 6.20 2D Resistive_Heating_1 model Boundary Settings (2, 3, 5-8) edit window
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| FIGURE6.21 2D Resistive_Heating_1 model Boundary Settings (4) edit window

Figure 6.22 shows the 2D Resistive_Heating_1 model with all the boundary settings.

Mesh Generation

On the toolbar, click the Initialize Mesh button once. Click the Refine Mesh button
once. This results in a mesh of approximately 4300 elements. See Figure 6.23.
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| FIGURE6.22 2D Resistive_Heating_1 model with all the boundary settings
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| FIGURE6.23 2D Resistive_Heating_1 model mesh window

Solving the 2D Resistive_Heating_1 Model

Using the menu bar, select Solve > Solver Parameters. The COMSOL Multiphysics
software automatically selects the Time dependent solver.

o= The COMSOL Multiphysics software automatically selects the solver best
suited for the particular model based on the overall evaluation of the model. The
modeler can, of course, change the chosen solver and the parametric settings. It is
usually best to try the selected solver and default settings first to determine how well
they work. Then, once the model has been run, the modeler can do a variation on the
model parameter space to seek improved results.

Enter 0:50:2000 in the Times edit window. See Figure 6.24. Click OK.

Time-Dependent Solving of the 2D Resistive_Heating_1 Model
Select Solve > Solve Problem. See Figure 6.25.

Postprocessing and Visualization

The default plot shows the temperature distribution in Kelvin. The temperature distri-
bution can also be shown in degrees Centigrade. To do so, select Postprocessing > Plot
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| FIGURE6.24 2D Resistive_Heating_1 model Solver Parameters edit window
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| FIGURE6.25 2D Resistive_Heating_1 model solution
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Coloring: | Interpolated &= ] Fill style: [ Filled ™ ]

~Surface color
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| FIGURE6.26 2D Resistive_Heating_1 model Plot Parameters edit window

Parameters > Surface. Verify that the Surface plot check box is checked and that the
Predefined quantities pulldown list shows “Temperature.” Select “degC” or “°C” from
the Unit pull-down list. See Figure 6.26.

Click OK. See Figure 6.27.

It is relatively simple to demonstrate the heat flux. Select Postprocessing > Plot
Parameters > Arrow. Check the Arrow plot check box. Select Heat Transfer by
Conduction (ht) > Heat flux from the Predefined quantities pull-down list. Click the
Color button and select a color such as “black.” Click OK. See Figure 6.28.

Click OK. See Figure 6.29.

Next, because this is a transient analysis model, the modeler can test how close the
solution is to the steady-state value. Select Postprocessing > Cross-Section Plot Parameters
> General > Point plot. Verify that all of the Solutions to use are selected. See Figure 6.30.
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| FIGURE 6.27 2D Resistive_Heating_1 model, degrees Centigrade
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| FIGURE6.28 2D Resistive_Heating_1 model, Plot Parameters, Arrow edit window
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| FIGURE6.29 2D Resistive_Heating_1 model, temperature and heat flux
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| FIGURE6.30 2D Resistive_Heating_1 model, Cross-Section Plot Parameters, General edit window
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| FIGURE6.31 2D Resistive_Heating_1 model, Cross-Section Plot Parameters, Point edit window

Click the Point tab. Select “°C” from the Unit pull-down list. Enter x = 0,y =
0.4 in the Coordinates edit windows. See Figure 6.31.

Click OK. Figure 6.32 shows the temperature versus time plot for the point
x =0,y = 0.4. It is easily seen that the temperature is close to the steady-state
value (the curve approaches the horizontal, small AT) at the end of the modeling
calculation.

Postprocessing Animation

Select Postprocessing > Plot Parameters > Animate. Select or verify that all of the
solutions in the Solutions to use window are selected. See Figure 6.33.
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| FIGURE 6.32 2D Resistive_Heating_1 model, temperature versus time at x = 0, y = 0.4

Click the Start Animation button. See Figure 6.34.
Alternatively, you can play the file Movie6_RH_1.avi that was supplied with this
book.

First Variation on the 2D Resistive Heating Model

The following numerical solution model (Resistive_Heating_2) is derived from the
model Resistive_Heating_1. In this model, geometric and materials composition
changes are introduced, such as might be used in a general industrial application. It is
a multielement heating unit with Nichrome (a nickel-chromium alloy) heating bars
and copper connecting bars.

ot The Resistive_Heating_2 model demonstrates materials and a configuration as
might be employed in heat sealers, soldering heads, packaging equipment, and printed
circuit board processing equipment.
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| FIGURE6.33 2D Resistive_Heating_1 model, Plot Parameters window

Modeling Joule heating is important in a wide variety of physical design and
applied engineering problems. Typically, the modeler desires to understand Joule heat
generation during a process and either add heat or remove heat so as to achieve or
maintain a desired temperature. Figure 6.35 shows a 3D rendition of the 2D resistive
heating geometry, as will be modeled here.

To start building the Resistive_Heating_2 model, activate the COMSOL
Multiphysics software. In the Model Navigator, select “2D” (the default setting) from



2D Resistive Heating Modeling

Time =2000 Max: 115.553
Surface: Temperature [°C]  Arrow: Heat flux

05 110

0.4

0.2

-0.2
50
40
=0.4
io
=-0.G
-0.8 -0.6 -0.4 -0.2 i 0.2 0.4 0.6 0.8 20
Min. 19.154
Crav ) (Cseon ) @

| FIGURE6.34 2D Resistive_Heating_1 model animation, final frame
the Space dimension pull-down list. Select COMSOL Multiphysics > Electro-Thermal
Interaction > Joule Heating > Transient analysis. See Figure 6.36. Click OK.

Constants

Using the menu bar, select Options > Constants. In the Constants edit window, enter
the information shown in Table 6.6; see also Figure 6.37. Click OK.

NiCr Heating Barsl

Cu
Connecting
Bars

I FIGURE 6.35 3D rendition of the 2D Resistive_Heating_2 model (not to scale)
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| FIGURE6.36 2D Resistive_Heating_2 Model Navigator setup

Table 6.6  Constants Edit Window

Name Expression Description

V_0 1[V] Electric potential (voltage)
T_ref 20[degC] Reference temperature
T_air 300[K] Air temperature

r_Cu 1.754e-8[ohm*m] Resistivity Cuat T_0
alpha_Cu 3.9e-3[1/K] Temperature coefficient Cu
k_Cu 3.94e2[W/(m*K)] Thermal conductivity Cu
rho_Cu 8.96e3[kg/mA3] Density Cu

Cp_Cu 3.8e2[J/(kg*K)I Heat capacity Cu

r_NiCr 1.08e-6[ohm*m] Resistivity NiCr at T_0
alpha_NiCr 1.7e-3[1/K] Temperature coefficient NiCr
k_NiCr 1.13e1[W/(m*K)] Thermal conductivity NiCr
rho_NiCr 8.4e3[kg/mA3] Density NiCr

Cp_NiCr 4.5e2[J/(kg*K)] Heat capacity NiCr
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a0 Constants
SN
MName Expression | Value Description
V.0 le-1[V] 0.1[v] Electric potential (voltage)
T_ref 20[degC] 293.15[K] Reference temperature
T_air 300(K] 300[K] Air temperature
r_Cu 1.754e-8[ohm*m] (1.754e-8)[Q m] Resistivity Cuat T_0
alpha_Cu 3.9e-3[1/K] 0.0039[1/K] Temperature coefficient Cu
k_Cu 3.94e2[W/im*K)] 394[W/(m K] Thermal conductivity Cu
rho_Cu 8.96e3[kg/mn3) ggsg[kgl,rn-ﬁ] Density Cu
Cp_Cu 3.8e2[)/(kg*Ki] 380[)/ (kg K] Heat capacity Cu
r_NiCr 1.08e-6[ohm*m] (1.08e-6)[02-m] Resistivity NiCrat T_0
alpha_NiCr 1.7e-3[1/K] 0.0017[1/K] Temperature coefficient NiCr
k_NiCr 1.13el[W/im*K)] 11.3[W/im: K] Thermal conductivity NiCr
rho_NiCr 8.4e3[kg/ma3] S400[kg,|frn3] Density NiCr i
Cp_NiCr 4.5e2[)/ (kg*K)] 450()/ (kg K] Heat capacity NiCr A
v
€ o o« »l
==

( Help ) (Applv) (Cancel\, ( oK )

| FIGURE6.37 2D Resistive_Heating_2 model Constants edit window

nore ¥ In building this model, the calculational parameters (e.g., constants, scalar
expressions) have been consolidated into a convenient location (e.g., a Constants file, a
Scalar Expressions file) so that they are easy to find and modify as needed. Because the
settings in Constants and Scalar Expressions edit windows can be imported and exported
as text files, the appropriate text file can be modified in a text editor and then reimported

into the correct Constants or Scalar Expressions edit window.

Using the menu bar, select Draw > Specify Objects > Rectangle. Create each of

the rectangles indicated in Table 6.7. See Figure 6.38.

Using the menu bar, select Draw > Create Composite Object. Enter: R1+R7+

R8—R2—R3—R4—R5—R6. See Figure 6.39.

Table 6.7

Rectangle Edit Window

0 N OO o W N

R Number Width

1.0
0.9
0.9
0.9
0.9
0.9
0.05
0.05

Height
1.1
0.1
0.1
0.1
0.1
0.1
1.1
1.1

Base ¢

Center 0

Corner —-0.45
Corner —0.45
Corner -0.45
Corner —-0.45
Corner -0.45
Corner —0.50
Corner -0.45

0

0.35
0.15
—0.05
-0.25
—0.45
—0.55
—0.55
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| FIGURE6.38 2D Resistive_Heating_2 model created rectangles

Click OK, and then click the Zoom Extents button. See Figure 6.40.

wore ™ In building this model, the same geometry has been built that will be used in
the next model. To save the modeler some time, select File > Export > Geometry Objects
to File. Enter RH2_Geometry in the Save As edit window. Click the Save button.

~Object type
e Solids
O Curves
O Points

Object selection: Set formula:

—

| R1+R7+R8-R2-R3-R4-R5-RE

E Keep interior boundaries
= D Repair

Repair tolerance: 1.0E-4

| FIGURE6.39 2D Resistive_Heating_2 model Create Composite Object edit window
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| FIGURE6.40 2D Resistive_Heating_2 model heater bar assembly

This model introduces the coupling of two basic Application Modes: Joule
Heating in the Conductive Media DC Application Mode and the Heat Transfer by
Conduction Application Mode. The Physics subdomain and boundary settings will
need to be specified in each mode separately. Figure 6.41 shows an overview of the
boundary conditions for the combination of both modes.

First, however, the subdomain settings values need to be specified.

Thermal Insulation and
Electrical Insulation

Voltage Ground
—) %

Air Temperature

| FIGURE 6.41 2D Resistive_Heating_2 model boundary conditions overview (not to scale)
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Table 6.8  Subdomain Settings Edit Window

Subdomain Number Name Expression  Description

1,8 k (isotropic) k_Cu Thermal conductivity
p rho_Cu Density
Cr Cp_Cu Heat capacity

Physics Subdomain Settings: Heat Transfer by Conduction (ht)

Having established the geometry for the 2D Resistive_Heating_2 model of a heater
bar assembly, the next step is to define the fundamental Physics conditions. Using the
menu bar, select Multiphysics > Heat Transfer by Conduction (ht). Using the menu
bar, select Physics > Subdomain Settings. In the Subdomain edit windows, enter the
information shown in Table 6.8. Click the Apply button. See Figure 6.42.

In the Subdomain edit windows, enter the information shown in Table 6.9. Click
the Apply button. See Figure 6.43.

AN
Equation
= = 4_ L
Et;pEpBT,fat -V (kVT) =0 + hmnstTut 1P f e SR ™, T= temperature
Suhdnmains Groups | [ Physirs Init Flement Color |
Subdomain selection Thermal properties and heat sources/sinks
I | || . e : 3
Library material: ¥ [f Load...
2 (default) ?q g
3 (elefauln) Quantity Value/Expression Unit Descriplion
4 {default) 5 —_—
5 (defauln ke 1 Time-scaling coefficient
6 (default) . : e ] WimK
k ] ivi
7 idefault) e {isotropic, k_Cu Thermal conductivity
O k {anisotroplicy 100U 0 400 W/ (m-K) I hermal conductivity
P rho_Cu kg/m? Density
cp Cp_Cu Jitkg ¥ Heat capacity at constant pressure
= 3
Q 0Q_dc Wim Heat source
S 3
Nirans 0 W/im™ K} Convective heat transfer coefficient
( = Tout ] K External temperature
Croup: | =
C witm?* k%)
t =
() select by groun rans 0 User-defined constant
Tambtrans 1] K Ambient temperature

E Active in this domain

4 Help -‘ € Apply Y ¢ Cancel\_ f‘ ‘QK_‘)

| FIGURE 6.42 2D Resistive_Heating_2 model Subdomain Settings (1, 8) edit window
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Table 6.9  Subdomain Settings Edit Window
Subdomain Number Name Expression Description
2-7 k (isotropic) k_NiCr Thermal conductivity
p rho_NiCr Density
Cr Cp_NiCr Heat capacity

wore ™ For transient calculations, all of the physical property values are required for
the conduction calculation. In this case, the properties of both copper (Cu) and

Nichrome (NiCr) are required.

Select the Init tab. Select subdomains 1-8. Enter T ref in the Initial value edit
window. See Figure 6.44. Click OK.

Physics Boundary Settings: Heat Transfer by Conduction (ht)

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select or enter the given boundary condition and value as shown in Table 6.10. See

Figures 6.45 and 6.46.

Equation

T1 + C T

ars Teat™

8,pC AT~V (k¥ = Q + h

{ Subdomains | Groups |

Subdomain selection

trans' " ambitrans

i T‘LT' TEmperature
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Thermal properties and heat sources /sinks -

Library material: |

"6'! ( Load... )

uantity

B

8 k (isutropic)

O k {anisotropic)

S
Q
rans
I f Vext
Group: | default ﬂ
©
1 Select by group o
Tambtrans

a Active in this domain

Value/Fypression

1

k_NiCr

rho_NiCr
Cp_MNiCr
Q_de

[}

0

]

1]

Unit Description
1 Time-sraling cosfficient

WHmK)  hermal conductivity

WM e mal conductivity

ka/m*  Density
kg K)

Heat capacity at constant pressure
1
Wim Heat source

3
W/im™-K)  Convective heat transfer coefficient

K External temperature

3
W/m™ K} yser-defined constant

K Ambient temperature

( Help \I f Apply ) (C.lrlul\ E ﬂ'K_‘a

| FIGURE6.43 2D Resistive_Heating_2 model Subdomain Settings (2—7) edit window
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Equation
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| FIGURE6.44 2D Resistive_Heating_2 model Subdomain Settings, Init edit window

Click OK. Figure 6.47 shows the final combined Heat Transfer by Conduction
(ht) boundary settings.

Physics Subdomain Settings: Conductive Media DC (dc)

Using the menu bar, select Multiphysics > Conductive Media DC (dc). Using the menu
bar, select Physics > Subdomain Settings. Select Subdomains 1-8 in the Subdomain

Table 6.10 Boundary Settings—Heat Transfer by Conduction (ht) Edit Window
Boundary Value/ Figure

Boundary Condition Expression Click Apply Number

1,40 Temperature T_air Yes 6.45

2,3, 5-7, Thermal insulation — Yes 6.46

9-11, 13-15,

17-19, 21-23,

25, 26, 28, 29,

31, 33, 35, 37, 39
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i Equation
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35 5
)] 0 Wi m Inward heat flux
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0 M=) Heat transfer coefficient
39 2 Tinf 0 L External temperature
¥
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Ty Gonst 0 WHm®K*) prg blem~-dependent constant
Group: v
oy 0 £ Ambient temperature
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T |—| K
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( Help ) ( Apply ) (Cancel) M

| FIGURE6.45 2D Resistive_Heating_2 model Boundary Settings (1, 40) edit window

Equation
n: (kVT) =0
_EW Groups | I[—Gﬂeﬁsmw Calor/Style |
' Boundary selection—————— ~Boundary sources and constraints
Boundary condition: Thermal insulation
Quantity Value/Expression Unit Description
Ag 0 w/m? Inward heat flux
h 0 Wy (m? K Heat transfer coefficient
: Ti nf a K External temperature
40 X
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[ Gonst 0 wym® i) Problem-dependent constant
Croup: -
D Selict b i 1] K Ambient temperature
il K
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| FIGURE 6.46 2D Resistive_Heating_2 model Boundary Settings (2, 3...) edit window
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| FIGURE6.47 2D Resistive_Heating_2 model Combined Heat Transfer by Conduction (ht) boundary settings

selection window (all of the subdomains). Enter 0.01 in the Thickness (d) edit window.
Select “Linear temperature relation” from the Conductivity relation pull-down list.
Click the Apply button.

In the Subdomain edit windows, enter the information shown in Table 6.11. Click
the Apply button. See Figure 6.48.

In the Subdomain edit windows, enter the information shown in Table 6.12. Click
the Apply button. See Figure 6.49.

o= At this point in the model, the generation of heat is coupled to the resistivity in
each different material (Cu, NiCr) through the temperature change.

Table 6.11 Subdomain Settings—Conductive Media DC (dc) Edit Window

Subdomain Number Name  Expression Description

1,8 Po r_Cu Resistivity at reference temperature
a alpha_Cu Temperature coefficient
Ty T_ref Reference temperature
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| FIGURE 6.48 2D Resistive_Heating_2 model Subdomain Settings (1, 8) edit window
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| FIGURE6.49 2D Resistive_Heating_2 model Subdomain Settings (2—7) edit window
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Table 6.12 Subdomain Settings—Conductive Media DC (dc) Edit Window

Subdomain Number Name Expression Description

2-7 Po r_NiCr Resistivity at reference temperature
a alpha_NiCr Temperature coefficient
Ty T_ref Reference temperature

Select the Init tab. Select subdomains 1-8 in the Subdomain selection window (all
of the subdomains). Enter V_0*(1 — x[1/m]) in the V(t,) edit window. See Figure 6.50.
Click OK.

wore ¥ The initial conditions assume a linear voltage drop across the body of the
model. This is reflected in the initialization equation (V(t)) = V_0*(1 — x[1/m])).

Physics Boundary Settings: Conductive Media DC (dc)

Using the menu bar, select Physics > Boundary Settings. For the indicated boundaries,
select or enter the given boundary condition and value as shown in Table 6.13. See
Figures 6.51, 6.52, and 6.53.

800

Equation

-V d(oWV - J9) = dQ;, o= 1/(py(1 + al(T - Tp))
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