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Introduction

This chapter provides an introduction to the Heat Transfer Module.
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CHAPTER 1I:

Introduction

The Heat Transfer Module is an optional package that extends the COMSOL
Multiphysics® modeling environment with customized user interfaces and
functionality optimized for the analysis of heat transfer. We have developed it for a wide
audience including researchers, developers, teachers, and students. To assist users at all
levels of expertise, this module comes with a library of prewritten ready-to-run
application modes and example models that appear in the companion Heat Transfer
Module Model Library.

Heat transfer is involved in almost every kind of physical process, and in fact it can be
the limiting factor for many processes. Thus its study is of vital importance, and the
requirement for powerful heat transfer analysis tools is virtually universal. Further, heat
transfer often appears together with, or as a result of, other physical phenomena,

making this module useful for engineers in all disciplines.

Indeed, the modeling of heat transfer effects has become ever more important in the
design of products in many areas including the electronics, automotive, and medical
industries. The combination of experimental work in the laboratory along with
theoretical analyses through computer models has proven to be effective in
accelerating the understanding of problems as well as helping decrease development

costs for new processces.

We developed this dedicated Heat Transfer Module to greatly expand upon the base
capabilities available in COMSOL Multiphysics, in particular by adding support for
radiative heat transfer. The module supports all fundamental mechanisms including
conductive, convective, and radiative heat transfer (both surface-to-surface and
surface-to-ambient radiation). Using the application modes in this module along with
the inherent multiphysics capabilities of COMSOL Multiphysics, you can model a
temperature field in parallel with other physics—a powerful combination that makes

your models even more accurate and representative of the real world.

The documentation set for the Heat Transfer Module consists of two books. The one
in your hands, the Heat Transfer Module User’s Guide, introduces the basic
modeling process. The tutorial sections present the different application modes
available in the module. It also discusses the modeling strategy for various cases. This
section covers different combinations of conductive, convective, and radiative heat
transfer. It also reviews special modeling techniques for highly conductive layers, thin

conductive shells, and out-of-plane heat transfer. Throughout the manual the models
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increase in complexity by combining several heat transfer mechanisms and also by

coupling these to application modes describing the flow of fluids.

The second book in the set, the Heat Transfer Module Model Library, is divided into

three broadly defined application areas where heat transfer plays an important role:

* Electronics and power systems
* Processing and manufacturing

* Medical technology

Most of the models involve multiple heat transfer mechanisms and are often coupled
to other physical phenomena, for example, fluid dynamics or electromagnetics. The
authors developed several state-of-the art examples by reproducing models that have

appeared in international scientific journals.

The library also contains a set of tutorial models that should prove very helpful for new
users who want to step through simple examples that illustrate how to simulate
different heat-transfer mechanisms. Each model comes with some theoretical
background as well as step-by-step instructions that illustrate how to set it up. Further,
we supply these examples as COMSOL Multiphysics Model MPH-files so you can
open them in COMSOL Multiphysics for immediate access. This way you can follow
along with the printed discussion as well as use them as a jumping-off point for your

own modeling needs.

We hope the Heat Transfer Module becomes a valuable tool in your modeling work,
and we are convinced that the effort you put into understanding COMSOL
Multiphysics will be repaid several times over. If you have any feedback on the models
in this set, please let us know. Likewise, if you have any ideas for additional models that
we could add to the library, we welcome your suggestions. In any case, feel free to
contact us at info@comsol.com.

New Features in Heat Transfer Module 3.5

* Support for heat transfer in unbounded domains using infinite elements.
* Improved stabilization for nonisothermal flow and convective heat transfer
* Mass source term for the Brinkman equation
* New models:
- Model of a light bulb using surface-to-surface radiation and free convection

- Model of a displacement ventilation system in a room using turbulent flow
coupled to heat transfer

INTRODUCTION
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CHAPTER 1I:

Typographical Conventions

All COMSOL manuals use a set of consistent typographical conventions that should
make it easy for you to follow the discussion, realize what you can expect to see on the
screen, and know which data you must enter into various data-entry fields. In

particular, you should be aware of these conventions:

* A boldface font of the shown size and style indicates that the given word(s) appear
exactly that way on the COMSOL graphical user interface (for toolbar buttons in
the corresponding tooltip). For instance, we often refer to the Model Navigator,
which is the window that appears when you start a new modeling session in
COMSOL; the corresponding window on the screen has the title Model Navigator.
As another example, the instructions might say to click the Multiphysics button, and
the boldface font indicates that you can expect to see a button with that exact label
on the COMSOL user interface.

* The names of other items on the graphical user interface that do not have direct
labels contain a leading uppercase letter. For instance, we often refer to the Draw
toolbar; this vertical bar containing many icons appears on the left side of the user
interface during geometry modeling. However, nowhere on the screen will you see
the term “Draw” referring to this toolbar (if it were on the screen, we would print

it in this manual as the Draw menu).

e The symbol > indicates a menu item or an item in a folder in the Model Navigator.
For example, Physics>Equation System>Subdomain Settings is equivalent to: On the
Physics menu, point to Equation System and then click Subdomain Settings.

COMSOL Multiphysics>Heat Transfer>Conduction means: Open the COMSOL

Multiphysics folder, open the Heat Transfer folder, and select Conduction.

* A Code (monospace) font indicates keyboard entries in the user interface. You might
see an instruction such as “Type 1.25 in the Current density edit field.” The

monospace font also indicates COMSOL Script codes.

* An stalic font indicates the introduction of important terminology. Expect to find
an explanation in the same paragraph or in the Glossary. The names of books in the

COMSOL documentation set also appear using an italic font.

INTRODUCTION



Theory of Heat Transfer

In this chapter you find a background to the theory of heat transfer.



Theory Background

This chapter reviews the theory behind the equations with which you model heat
transfer problems. It describes in detail the theory behind radiative heat transfer
between surfaces, that is, surface-to-surface radiation, because this functionality is
unique to this module. For more detailed discussions of the fundamentals of heat
transfer, see Ref. 1 and Ref. 2.

What is Heat Transfer?

Heat transfer is defined as the movement of energy due to a difference in temperature.
It is characterized by the following three mechanisms, all of which the Heat Transfer
Module supports:

* Conduction—Heat conduction takes place through different mechanisms in
different media. Theoretically it takes place in a gas through collisions of the
molecules; in a fluid through oscillations of each molecule in a “cage” formed by its
nearest neighbors; in metals mainly by electrons carrying heat and in other solids by
molecular motion which in crystals take the form of lattice vibrations known as
phonons. Typical for heat conduction is that the heat flux is proportional to the
temperature gradient.

* Convection—Heat convection takes place through the net displacement of a fluid,
which transports the heat content in a fluid through the fluid’s own velocity. The
term convection is also used for the heat dissipation from a solid surface to a fluid,
where the heat transfer coefficient and the temperature difference across a fictitious
film describe the flux. The Heat Transfer Module includes both descriptions.

* Radiation—Heat transfer by radiation takes place through the transport of
photons, which solid surfaces can absorb or reflect. The Heat Transfer Module
includes surface-to-surface radiation, which accounts for shadowing and diffuse
reflections between radiating surfaces. It also includes surface-to-ambient radiation
where the ambient surroundings are treated as a black body with known

temperature.

The Heat Equation

The fundamental law governing all heat transfer is the first law of thermodynamics,

commonly referred to as the principle of conservation of energy. However, internal

6 | CHAPTER 2: THEORY OF HEAT TRANSFER



energy, U, is a rather inconvenient quantity to measure and use in simulations.
Therefore, the basic law is usually rewritten in terms of temperature, T. For a fluid, the

resulting beat equation is:

T u. - (V. g_Top| (9, . X
pCp(at+(u V)T)_—(V q)+1:.S—pan(at+(u V)p)+Q (2-1)

where

e pis the density (kg/ms)

* C, is the specific heat capacity at constant pressure (J/(kg-K))
e T is absolute temperature (K)

e uis the velocity vector (m/s)

¢ q is the heat flux by conduction (W/ m? )

e pis pressure (Pa)

* 1is the viscous stress tensor (Pa)

¢ S is the strain rate tensor (1/s):

S = %(Vu +(Vu)T)

¢ @ contains heat sources other than viscous heating (W/ m3)

In deriving Equation 2-1, a number of thermodynamic relations have been used. The
equation also assumes that mass is always conserved, which means that density and

velocity must be related through:

p

— +Ve(pv) = 0

P+ Vep)

The General Heat Transfer application mode uses Fourier’s law of conduction which
states that the conductive heat flux, q, is proportional to the temperature gradient:

oT
q; = _kaxi (2-2)
where £ is the thermal conductivity (W/(m-K)). In a solid, the thermal conductivity
can be different in different directions. Then & becomes a tensor

THEORY BACKGROUND
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and the conductive heat flux is given by

oT
=T
- J
J
The second term on the right of Equation 2-1represents viscous heating of a fluid. An

analogous term arises from the internal viscous damping of a solid. The operation “:

is a contraction and can in this case be written on the following form:

ab = %"3a,,b,p, (2-3)

The third term represents pressure work and is responsible for the heating of a fluid
under adiabatic compression and for some thermo-acoustic effects. It is generally small
for low Mach number flows. A similar term can be included to account for

thermo-elastic effects in solids.

Inserting Equation 2-2 into Equation 2-1, reordering the terms and ignoring viscous
heating and pressure work puts the heat equation on a perhaps more familiar form:
oT

pCp5;+V-(—kVT) =Q@-pCyu-VT (2-4)
The General Heat Transfer application mode solves this equation for the temperature,
T. When convective heat transfer is active, you can provide the velocity u as a
mathematical expression of the independent variables or calculate it within COMSOL
Multiphysics by a coupling to a momentum-transfer application mode such as
Incompressible Navier-Stokes or Weakly Compressible Flow application mode. If the
velocity is set to zero, you finally get the equation governing pure conductive heat
transfer in a solid:

A

p pat+V‘(—kVT) =Q

CHAPTER 2: THEORY OF HEAT TRANSFER



Boundary Conditions

The heat equation accepts two basic types of boundary conditions: specified
temperature and specified beat flux. The former is of Dirichlet type and prescribes the

temperature at a boundary:
T=T, on 0Q
while the latter specifies the inward heat flux
-n-q = q, on 0Q

where:

¢ q is the total heat flux vector (W/ m? ),

q =-kVT+pCul

* n is the normal vector of the boundary,

* qpis inward heat flux (W/ m? ), normal to the boundary.

Note that when convective heat transfer is active, the heat flux boundary condition is
a mixed, or Robin type, boundary condition rather than a pure Neumann boundary

condition.

The special case g = 0 is called thermal insulation. Another special case is

g0 =—-pCpuT, or equivalently —n - (-£VT) = 0, which is known as convective flux.
This is usually the appropriate condition on an outflow boundary in a model with
convection. If the velocities are zero, thermal insulation and convective flux are

equivalent conditions.

The inward heat flux g is normally a sum of contributions from different heat transfer

processes. It is often convenient to split the heat flux boundary condition as
-n-q =q0+qr+qs+h(Tinf—T) on 0Q (2-5)

where g, represents incoming radiation and g, is a contribution from a thin but highly
conducting shell in contact with the boundary. The last term is a product of a heat
transfer coefficient, A, and the difference between the surface temperature 7" and a
reference temperature T5,¢. It can be used to model a thin shell with low thermal
conductivity or, more commonly, the convective cooling of a surface exposed to a
flowing fluid with bulk temperature T, ¢

THEORY BACKGROUND | 9
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The next two sections take a closer look at the contributions from radiation and from

convective heat transfer across a boundary layer.

Radiative Heat Transfer

This discussion has thus far considered heat transfer by means of conduction and
convection. The third mechanism for heat transfer is radiation. Thermal radiation
denotes the stream of electromagnetic waves emitted from a body at a certain
temperature. This section studies the theory behind the radiative heat transfer process

that occurs on the surface of a body.

DERIVING THE RADIATIVE HEAT FLUX

= pG+ eoT*

N K\]//

~ ’— i 8(5T4

X X
gvo, T g p,o T

Figure 2-1: Arviving irvadiation (left), leaving radiosity (right).

Consider a point x located on an opaque surface that has an emissivity €, reflectivity
p, absorptivity o, and temperature 7. Assume the body is opaque, which means that

no radiation is transmitted through the body. This is true for most solid bodies.

The total arriving radiative flux at x is named the irradiation, G. The total outgoing
radiative flux x is named the radiosity, J. The radiosity is the sum of the reflected
radiation and the emitted radiation:

J = pG+£<5T4 (2-6)

The net inward radiative heat flux, g, is then given the difference between the
irradiation and the radiosity:

=G-J (2-7)

Using Equation 2-6 and Equation 2-7 you can eliminate / and obtain a general
expression for the net inward heat flux into the opaque body based on G and T.

= (1-p)G-¢ecT* (2-8)

CHAPTER 2: THEORY OF HEAT TRANSFER



Most opaque bodies also behave as ideal gray bodies, meaning that the absorptivity and

emissivity are equal, and the reflectivity is therefore given from the following relation:
a=¢e=1-p (2-9)

Thus, for ideal gray bodies, g is given by:

q =e(G-oT" (2-10)

This is the equation used in COMSOL Multiphysics in the General Heat Transfer

application as radiation boundary condition.

RADIATION TYPES

The Heat Transfer Module distinguishes between two types of radiative heat transfer:
surface-to-ambient radiation, and surface-to-surface radiation. Equation 2-10 holds
for both radiation types, but the irradiation term, G, is different for them. The next
sections derive the irradiation term and the resulting radiative heat flux for both

radiation types.

SURFACE-TO-AMBIENT RADIATION

Surface-to-ambient radiation assumes the following;:

* The ambient surroundings in view of the surface have a constant temperature,

T

amb-
* The ambient surroundings behave as a black body. This means that the emissivity

and absorptivity are equal to 1, and zero reflectivity.

These assumptions allow you to explicitly express the irradiation as

G =0 (2-11)

amb

Inserting Equation 2-11 into Equation 2-10 results in the net inward heat flux for

surface-to-ambient radiation
q = eo(Tapy-T (2-12)

For boundaries where you have specified surface-to-ambient radiation, COMSOL
Multiphysics adds this term to the right side of Equation 2-5.

THEORY BACKGROUND
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SURFACE-TO-SURFACE RADIATION
Surface-to-surface radiation is more complex. It includes radiation from both the
ambient surroundings and from other surfaces. A generalized equation for the

irradiative flux is:
G =G, +F, 0Tt (2-13)

where Gy, is the mutual irradiation arriving from other surfaces in the modeled
geometry and Fyp) is the ambient view factor. The latter describes the portion of the
view from each point that is covered by ambient conditions. G, on the other hand is
determined from the geometry and the local temperatures of the surrounding
boundaries. The following sections derive the equations for Gy, and Fyp, for a general
3D case:

Consider a point x on a surface as in Figure 2-2. Point x can see points on other
surfaces as well as the ambient surrounding. Assume that the points on the other
surfaces have a local radiosity, J', while the ambient surrounding has a constant

temperature, Ty p.

CHAPTER 2: THEORY OF HEAT TRANSFER



Figure 2-2: Example geometry for surface-to-surface radiation.

The mutual irradiation at point x is given by the following surface integral:

_ [nmer)

G = | o Jds (2-14)
e T

The heat flux that arrives from x' depends on the local radiosity J' projected onto x .

The projection is computed using the normal vectors 7 and 7' along with the vector

r, which points from x to x'.

The ambient view factor, Fy 1y, is determined from the integral of the surrounding

surfaces S', here denoted as F', determined from the integral below:

Py = 1-F' = 1- [ D0 Tgg (2-15)
.

THEORY BACKGROUND
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The two last equations plug into Equation 2-13 to yield the final equation for

irradiative flux.

The equations used so far apply to the general 3D case. 2D geometries results in
simpler integrals. For 2D the resulting equations for the mutual irradiation and

ambient view factor are:

G = | werazsl (2-16)
S, 2|’"L|
=1- J‘( n rL)(n rl)dsl (2_17)
2fr|”

where the integral over S|' denotes the line integral along the boundaries of the 2D

geometry.

In axisymmetric geometries, the irradiation and ambient view factor cannot be
computed directly from a closed-form expression. Instead, a virtual 3D geometry must
be constructed, and the view factors evaluated according to Equation 2-16.

SOLVING FOR THE RADIOSITY
The previous section derived equations for the irradiation G at an arbitrary surface
point x . Now recall the expression for the radiosity leaving from x

J = pG+wT4 (2-18)

Inserting the expression for G in Equation 2-18 gives the following equation for the
radiosity:

J = p{G,, +F, 0Tt} +ecT* (2-19)
Assuming an ideal gray body, the last equation becomes:
J=(1-e){G, +F, 0Tt} +ecT* (2-20)

This is the equation used in the General Heat Transfer application mode to solve for
the radiosity, oJ. It applies to boundaries that participate in surface-to-surface radiation.
Equation 2-20 results in a linear equation system in ¢/ that is solved in parallel with the

equation for the temperature, 7.

CHAPTER 2: THEORY OF HEAT TRANSFER



Convective Cooling/Heating and Heat Transfer Coefficients

One of the most common boundary conditions when modeling heat transfer is
convective cooling or heating whereby a fluid cools a surface by natural or forced

convection. In principle, it is possible to model this process in two ways:

e Use a heat transfer coefficient on the convection-cooled surfaces

* Extend the model to describe the flow and heat transfer in the cooling fluid

The first method is very powerful and efficient. In addition, the General Heat Transfer
application mode provides built-in functions for using heat transfer coefficients. For
most engineering purposes, the use of these coefficients is an accurate and numerically
efficient modeling approach. You then model convection cooling by specifying the
heat flux on the boundaries that interface with the cooling fluid as being proportional
to the temperature difference across a fictitious thermal boundary layer. You describe

the flux in terms of a heat transfer coefficient, &, according to the equation
-n-(-kVT) = h(Ti¢-T).

The second approach, which implies including the cooling fluid’s flow and heat

transfer in the model, can be useful in certain cases. You might want to try this method
if, for example, the geometry causes the heat transfer coefficient to vary substantially
with position, or if the temperature in the fluid is of particular interest. In such cases,

the boundary condition at the interface is continuity and requires no attention.

However, the model’s complexity increases significantly due to the necessity of solving
the flow field as well as the temperature field. In addition, memory requirements and
calculation time generally grow significantly. This section focuses on the method of

using heat transfer coefficients to describe convective cooling.

The main difficulty in using heat transfer coefficients is in calculating or specifying the
appropriate value of the & coefficient. That coefficient depends on the cooling fluid,
the fluid’s material properties, and the surface temperature—and, for

forced-convection cooling, also on the fluid’s flow rate. In addition, the geometrical

configuration affects the coefficient.

HEAT TRANSFER COEFFICIENT THEORY
It is possible to divide convection cooling into four main categories depending on the
type of convection conditions (natural or forced) and on the type of geometry (internal

or external convection flow). In addition, these four cases can all experience either

THEORY BACKGROUND
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laminar or turbulent flow conditions, resulting in a total of eight types of convection,

as in Figure 2-3.

Natural Forced

External j ‘ L .,

]
Internal W

i

Figure 2-3: The eight possible categories of convection cooling.

The difference between natural and forced convection is that in the latter case an
external force such as a fan creates the flow. In natural convection, buoyancy forces
induced by temperature differences and the thermal expansion of the fluid drive the
flow.

For each category, various relationships for the heat transfer coefficient have been
proposed in the literature. For most cases, the equation describing the & coefficient
varies significantly with the geometrical shape. The expression differs, for example, for

forced laminar internal convection between a tube and a set of parallel plates.

Heat transfer handbooks generally contain a large set of empirical and theoretical
correlations for k coefficients. The Heat Transfer Module’s Heat Transfer Coefficients
library includes a subset of them. The Heat Transfer Coefficients library uses
handbook expressions based on the following set of dimensionless numbers:

¢ The Nusselt number, Nuz(Re, Pr, Ra)=hL/k

e The Reynolds number, Rey, =p UL /1

¢ The Prandtl number, Pr=nC, /k

* The Rayleigh number, Ra = Gr Pr = p?gBC,ATL3/(nk)

where

e h is the heat transfer coefficient (W/ (m2 -K)).
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* L is the characteristic length (m).

e AT'is the temperature difference between surface and cooling fluid bulk (K).
* g is the gravitational constant (m/ s ).

* k is the thermal conductivity of the fluid (W/(m-K)).

e pis the fluid density (kg/ms).

* U is the bulk velocity (m/s).

* 1 is the viscosity (Pa-s).

¢ C, equals the heat capacity of the fluid (J/(kg-K)).

* B is the thermal expansivity (1,/K)

Further, Gr refers to the Grashof number, which is defined as the ratio between the

buoyancy force and the viscous force.

NATURE OF THE FLOW—THE GRASHOF NUMBER
In any fluid-flow modeling, before setting up the model it is necessary to know the

nature of the flow, an aspect that influences the choice of mathematical model.

In cases of externally driven flow, such as forced convection, the flow’s nature is
characterized by the Reynolds number, Re, which describes the ratio of the inertial to
viscous forces. It is based on the velocity, viscosity, density, and length scale.

However, the velocity is largely unknown for internally driven flows such as natural
convection. In such cases the Grashof number, Gr, characterizes the flow. It describes
the ratio of the internal driving force (buoyancy force) to a viscous force acting on the
fluid. Similarly to the Reynolds number it requires the definition of a length scale, the
fluid’s physical properties, and the temperature scale (temperature difference). The

Grashof number is defined as:
3
gB(T,-Ty)L
(o
p

where g is the constant of gravitational acceleration, B is the fluid’s expansion

Gr; =

coefficient, T; denotes the temperature of the hot surface, Ty equals the temperature
of the surrounding air, L is the length scale, 1 represents the fluid’s dynamic viscosity,
and p is the density.

For ideal gases, the expansion coefficient is given by

B=1/T.
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The transition from laminar to turbulent flow occurs at a Gr value of 109; the flow is

turbulent for larger values.

NUSSELT NUMBER CORRELATIONS
In the Heat Transfer Coefficients library included with the Heat Transfer Module, the
h coefficient is based on Nusselt number correlations from handbooks and is expressed

as a function of the material properties, temperature, flow rate, and geometry.

For natural convection, the relationship for the Nusselt number typically has the form

Nu = C'(GrPr)".

The parameter C' depends on the geometry. The exponent 7 is typically equal to 0.25
for laminar flow and 0.33 for turbulent flow. Nusselt relationships for forced
convection vary significantly and have no general formula.

There are two types of Nusselt numbers: average, Nuy, ; and local, Nuy. The average
is an integral form. It is based on the total length of the cooled surface and yields an
average heat transfer coefficient, A,y,. Local Nusselt numbers result in a local heat
transfer coefficient depending on position. In this case, the variable L in the
expressions is replaced by y, the distance from the leading edge (or distance from the
first contact point along the flow direction). In the Heat Transfer Coefficients library
both types are present.
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Application Mode Overview

This short chapter provides an overview of the application modes and predefined
multiphysics couplings in the Heat Transfer Module.



Application Modes and Predefined
Multiphysics Couplings

The Heat Transfer Module consists of a number of application modes that describe the
temperature field of a non-isothermal system. These application modes treat problems

that involve heat transfer by conduction, convection, and radiation.

In addition to the application modes that describe the temperature field, the Heat
Transfer Module also includes an application mode for fluid dynamics that is capable
of modeling the velocity field of a non-isothermal fluid. With this application mode
you can describe the convective field of a heat transfer problem.

APPLICATION MODE -
:

2 3

Z i

w |: 3

3 2

z & & &8 & F

General Heat Transfer, Cartesian htgh v oA NN
General Heat Transfer, axisymmetry htgh R v oA
Bioheat Equation, Cartesian htbh NN NN
Bioheat Equation, axisymmetry htbh \ NN
Thin Conductive Shell htsh VoA
Weakly Compressible Navier-Stokes, Cartesian chns VoA AN
Weakly Compressible Navier-Stokes, axisymmetry  chns S Y
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The Heat Transfer Module also includes the following predefined multiphysics

couplings:

PREDEFINED MULTIPHYSICS COUPLING

APPLICATION MODES

Electro-Thermal Interaction—Joule Heating

Fluid-Thermal Interaction—Non-Isothermal Flow

Fluid-Thermal Interaction—
Turbulent Non-Isothermal Flow, k-

Fluid-Thermal Interaction—
Turbulent Non-Isothermal Flow, k-0

General Heat Transfer,
Conductive Media DC

General Heat Transfer,
Weakly Compressible
Navier-Stokes

General Heat Transfer,
k-€ Turbulence Model

General Heat Transfer,
k- Turbulence Model

<~ | STATIONARY

<~ | TIME-DEPENDENT

All predefined multiphysics couplings are available for 2D, 2D axisymmetric, and 3D
geometries. For more information about the Fluid-Thermal Interaction predefined
multiphysics couplings, see “Non-Isothermal Flow” on page 228. The Joule Heating
predefined Multiphysics coupling is documented under “Electro-Thermal
Interaction—Joule Heating” on page 380 of the COMSOL Multiphysics Modeling

Guide.

The next chapters describe the equations and boundary conditions for the application

modes in the Heat Transfer Module. Each chapter also presents tutorial examples that

illustrate how to work with the equations to build and solve models with a specific

application mode.

APPLICATION MODES AND PREDEFINED MULTIPHYSICS COUPLINGS |
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General Heat Transfer

In this chapter you find a description of the General Heat Transfer application
mode, which is the most fundamental application mode in the Heat Transfer
Module. It covers all three types of heat transfer: conduction, convection, and

radiation.

23



The General Heat Transfer
Application Mode

General Heat Transfer is the main application mode in the Heat Transfer Module. It
handles problems involving the three fundamental heat-transfer mechanisms:

conduction, convection, and radiation. These mechanisms can be active in adjacent
domains and exchange heat at a common boundary, or they can all interact in the same
domain. The General Heat Transfer application mode also supports special modeling

techniques for treating heat transfer in thin highly conductive layers and for keeping

account of out-of-plane heat transfer in 2D and 1D models.

The following table shows in which spatial dimensions the various heat transfer

mechanisms and modeling features can be put to work:

3D

HEAT TRANSFER PROCESS ID AXIID 2D AXI2D
Conduction (enabled by default) \ \ \ \
Convection \/ \/ \/ \/
Radiation (surface-to-ambient) N v o N
Radiation (surface-to-surface) \ \ \
Out-of-plane heat transfer \ \

Highly conductive layer \ \

< =2 2 2

\/

The first half of this chapter starts by treating convection and conduction together with
material properties and other subdomain settings (see “Convection and Conduction”
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on page 29). Then follows four sections dealing with boundary conditions in general
(“Boundary Conditions” on page 54), radiation (“Radiative Heat Transfer” on page
67), highly conductive layers (“Highly Conductive Layers” on page 77), and
out-of-plane heat transfer (“Out-of-Plane Heat Transfer” on page 81).

The second half of the chapter contains tutorials on how to use the General Heat
Transfer application mode. It starts with the section “Building and Solving General
Heat Transfer Models” on page 86. The accompanying Heat Transfer Module Model

Library also includes many examples using this application mode.

Variables and Space Dimensions

To start modeling with the General Heat Transfer application mode, go to the Model
Navigator, open the Heat Transfer Module folder, and then select General Heat Transfer.

The General Heat Transfer application mode is available in 1D, 2D, and 3D, as well as
for axisymmetric models using cylindrical coordinates in 1D and 2D. The dependent
variables are the temperature, T, and the radiosity, /. The radiosity variable is necessary

only in models involving radiative heat transfer.

When this application mode starts, only conductive heat transfer is active. To include
convection, you must switch it on explicitly for the subdomains where it applies.
Because radiation is a boundary feature, you enable it when specifying boundary
conditions.

THE GENERAL HEAT TRANSFER APPLICATION MODE |
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Application Mode Properties

Application Mode Properties are global settings that control the behavior of the
General Heat Transfer application mode. Open the Application Mode Properties dialog
box (Figure 4-1) by going to the Physics menu and selecting Properties.

Application Mode Properties [==]
Properties
Default element type:
Analysis type: _Statlnnary ~ |
Surface-to-surface radiation method: | Hemicube -
Radiation integration order: 4
Radiation resolution: 256 -
Azimuthal sectors: 128 -
Cache view factors: | Auto x|
Turbulence model: |None -
Swirl velocity: _Off -
Weak constraints: Off -
Constraint bype: _Idaal -

I [s]3 ] { Cancel I I Help I

Figure 4-1: The Application Mode Properties dinlog box.

Not all properties are active in all space dimensions and for all analysis types. The

following settings are available:
¢ Default element type: A list of elements, where the selected element is the default on
all new subdomains. Available elements include
- Lagrange - TyJ,
- Lagrange - T3,
- Lagrange - Ty),
- Lagrange - Linear
- Lagrange - Quadratic
- Lagrange - Cubic
- Lagrange - Quartic
- Lagrange - Quintic

The default element is Lagrange - TyJ ;. The three first elements all use order 1 for the
radiosity variable; the remaining elements use the same order for both the
temperature and radiosity variable.

* Analysis type: Choose between Stationary and Transient formulations.
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Out-of-plane heat transfer: Use this property to enable or disable out-of-plane heat
transfer; by default it is disabled. This property is available in 1D Cartesian and 2D
Cartesian coordinate systems. See “Out-of-Plane Heat Transfer” on page 81 for

more details on out-of-plane heat transfer.

Surface-to-surface radiation method: Available methods are Direct area integration
and Hemicube. This setting controls the way view factors (Equation 2-14 and
Equation 2-15) are evaluated. For more information see “View Factor Evaluation”

on page 68.

Radiation integration order: This property is available only for the Direct area
integration radiation method, for which it controls the order of the quadrature rule

that COMSOL Multiphysics applies when evaluating the surface integral.

Radiation resolution: For the Hemicube radiation method, you can set the linear

resolution of the z-buffer (see page 69).

Azimuthal sectors: When evaluating surface-to-surface radiation in an axisymmetric
geometry, the General Heat Transfer application mode must first construct a virtual
3D geometry by rotating the 2D mesh about the model axis. The value of Azimuthal
sectors controls the resolution of this sweep by specifying the number of sectors to

a full revolution.

Cache view factors: Evaluating view factors for surface-to-surface radiation is usually
very time consuming. Therefore, saving view factors between irradiation evaluation
calls is normally beneficial. The Auto option generally leaves the cache on. If you

experience inexplicably long assembly times, you can force a saving of view factors
by setting the property to Yes. By setting it to No, you can save memory at the cost

of increased assembly overhead for the nonlinear and time-dependent solvers.

Turbulence model: Use this property to add terms for modeling of turbulent heat
transfer. See the section “Turbulence Modeling” on page 51 for a brief description

of the associated settings.

Swirl velocity: This property is available in 1D Axisymmetric and 2D Axisymmetric
coordinate system. It makes it possible to account for an azimuthal velocity which,

if non-constant, gives a contribution to viscous heating.

Weak constraints: A property that controls whether or not weak constraints are
active. Weak constraints introduce Lagrange multipliers, which provide extremely
accurate flux quantities. In contrast, the standard way of evaluating fluxes involves

taking derivatives on boundaries, which is mesh-dependent and less accurate. When
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weak constraints are enabled, all constraints are weak by default, but it is possible to

change this setting for individual domains.

¢ Constraint type: Constraints can be ideal or non-ideal (see “Ideal vs. Non-Ideal
Constraints” on page 359 in the COMSOL Multiphysics Modeling Guide).

Scalar Variables

The General Heat Transfer application mode requires two scalar variables: the
Stefan-Boltzmann constant, ¢, and the universal gas constant, R,. The former applies
to radiative heat transfer, where it relates the radiative flux to surface temperature. The

latter is central to the ideal gas fluid model.

To open the Application Scalar Variables dialog box (Figure 4-2), go to the Physics

menu and choose Scalar Variables.

Application Scalar Variables &2 ]
Mame Expression Unit Description
sigma_htgh [5.67=8 |wj(m?-k%  |stefan-Boltzmann constant
Rg_htgh |s.31451 [3/tmal-K) |Universal gas constant |

Synchronize equivalent variables

[ oK ][ Cancel ][ Apply H Help ]

Figure 4-2: The Application Scalar Vaviables dialog box.

The default values of the constants are:

PROPERTY  VARIABLE DESCRIPTION DEFAULT VALUE  SI UNIT
o sigma_htgh  Stefan-Boltzmann constant ~ 5.67 108 W/(m2~K4)
R, Rg_htgh Universal gas constant 831451 J/(mol-K)

Change the default values only if you model with the Base unit system model setting
None using non-SI units. If you use any of the other base unit systems, COMSOL
Multiphysics converts the values in SI units for these constants to the corresponding

values in the selected base unit system.
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Convection and Conduction

The General Heat Transfer application mode models heat transfer by convection,
conduction, and radiation. This section describes the equation governing convection
and conduction, its parameters, and how to access them in the COMSOL Multiphysics

user interface.

PDE Formulation

When all features are active, the General Heat Transfer application mode solves the

following equation on subdomains:

T v -0- . g_Top| (op, ... )
pCpat+V (-kVT) = @ -pC,u - VT +1:S pan(8t+u Vp) (4-1)

For some background, see “The Heat Equation” on page 6. In the above equation:
* pis the density (kg/ms)

¢ C,, is the specific heat capacity at constant pressure (J/(kg-K))
e Tis absolute temperature (K)

* k is the thermal conductivity (W/(m-K))

* uis the velocity vector (m/s)

e pis pressure (Pa)

* S s the strain rate tensor (1/s):
S = %(Vu+(Vu)T)
* tis the viscous stress tensor (Pa):
2
T = n(ZS—g(V . u)I)

with viscosity 1 (Pa-s) and I denotes the identity tensor

e T:S= Z‘ti S;; 1s the contraction of the two tensors Tand 8
* @ contains heat sources other than viscous heating (W / ms)

For a steady-state problem, the temperature does not change over time and the first
term on the left-hand side of Equation 4-1 disappears. The second term on the
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right-hand side represents convective heat transfer and is not active by default, neither
are the third and fourth terms, which represent viscous heating and pressure work,
respectively. These last two terms can only be switched on when convective heat

transfer is active.

The pressure-work term, furthermore, is only available for transient analysis of a
compressible gas. Note also that compared to Equation 2-1, a term representing
transport of acoustic waves has been dropped. This assumption is valid for small Mach

numbers.

Subdomain Settings

To enter material properties for conductive heat transfer, go to the Physics menu, select
Subdomain Settings to open the like-named dialog box, and then go to the General page
(Figure 4-3).

Subdomain Settings - General Heat Transfer (htgh) =]
Equation
pCpaTIat + V(kVT)=Q + q;T
T = temperature
Subdomains}| Groups| General | Convection | nfinite Elements | nit | Element | | |
Subdomain selection Thermal properties and heat sources/sinks
L C Library material: - Load...
Quantity Value/Expression Unit Description
k 400 W[(m-K) Thermal conductivity
P 8700 kg)m? Density
< 385 Jfka+K)  Heat capacity at conskant prassure
o 9, o wj(m? k) Production/absorption coefficient
Group: Q (1] wjm? Heat source
[ select by group Opadty: | opagqus -
Active in this domain
[ QK ] [ Cancel ] [ Apply ] [ Help

Figure 4-3: The General page of the Subdomain Settings dialog box.
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To enable convective heat transfer and define the convection properties of the

problem, go to the Convection page and select the Enable convective heat transfer check

box at the top of the page (Figure 4-4).

Equation
PC,AT/3t + T-(kTT) = Q +q.T - pCur 7T

T = temperature, Enthalpy H= CpTI\d + DaID

Subdomain Settings - General Heat Transfer (high)

g

¢ Subdomains || Groups| General | Convection | | 1nFinite Elements | init | Element [ stabiization [ <o/
Subdomain selection Enable convective heat transfer
Convective heat transfer properties
Matter state: | Gas/liquid -
Quantity Value,/Expression Unit Description
u 0 0 mfs  WVelocity Field
¥ 1 1 Ratio of specific heats
P, 101325 Pa  Absolute pressure
Group: Viscous heating
[ Select by group n 1 Pa:s  Dynamic viscosity
Active in this domain Pressure work | Full Formulation
[ oK ] [ Cancel ] [ Apply ] [ Help

Figure 4-4: The Convection page of the Subdomain Settings dinlog box.

The subdomain quantities available on the General and Convection pages are:

QUANTITY VARIABLE

DESCRIPTION

p rho
C, C

k k

k

ki kx1ix 7
Q Q

ds qgs

Y gamma
u, v, w u, v, W
Pa P

n eta

Density

Heat capacity at constant pressure

Thermal conductivity

Thermal conductivity tensor

Thermal conductivity tensor, x;x; component
Heat source

Production/absorption coefficient

Ratio of specific heats

x1-, X9-, xg-velocity

Absolute pressure

Dynamic viscosity

In addition, there are controls for Opacity, Matter state, Pressure work, and Viscous

heating.
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Density The density can be a function of the temperature, and also of the pressure in
a coupled flow simulation. When Matter state is sct to Ideal gas, the density is defined

through the ideal gas law and the edit field is unavailable.

Heat capacity C,, describes the amount of heat energy required to produce a unit
temperature change in a unit mass at constant pressure. The heat capacity is normally
a function of temperature. For an ideal gas, you can choose to specify either C,, or the

ratio of specific heats, vy, but not both.

Thermal conductivity You can enter k either as a scalar, which is appropriate for fluids
and isotropic solids, or as a tensor describing an anisotropic material. If you have
activated a turbulence model, % is replaced by (% + k) where k7 is the turbulent heat

conductivity.

Heat source @ describes heat generation within the domain. Express heating and

cooling with positive and negative values, respectively.

Production/absorption coefficient In many senses, Equation 4-1 is much like an
advection-diffusion-reaction equation. If such equations have strong source terms,
they can become numerically unstable. GLS stabilization can however stabilize with
respect to source terms of the type g T. Theoretically, g4 = ¢4(x, ¢), but some extra
stability can be gained as long as g is non-singular.

Ratio of specific heats 7 is the ratio of heat capacity at constant pressure, C,,, to heat
capacity at constant volume, C,. When using the ideal gas law to describe a fluid,
specifying y is enough to evaluate C,,. For common diatomic gases such as air, y=1.4
is the standard value. Apart from its significance in the ideal gas case, the value of y is
important for GLS stabilization (see “Numerical Stability—Stabilization Techniques”
on page 193). When you select GLS stabilization, the vy field becomes enabled also for
Matter state scttings other than Ideal gas.

Velocity These components describe the velocity field in the subdomain. For 1D enter
u; for 2D enter u, v; and for 3D enter u, v, w. The velocities are central to heat transfer
by convection, but they can also generate viscous heating if the velocity field is

nonconstant.

Absolute pressure The absolute pressure, p,, is used to calculate enthalpy, which in
turn is used to calculate the convective heat flux post processing variable. It is also used

in the Ideal gas law and in calculating the Pressure work. Observe that the edit field can
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contain a dual pressure variable that via an ODE keeps track of the pressure level in the

domain.

Dynamic viscosity The dynamic viscosity 1 is used together with the velocity
expressions to evaluate the viscous heating when you have selected the corresponding
check box.

Opacity This setting is relevant only for problems involving radiative heat transfer,
described later in this manual.

Matter state The matter state setting affects the way the application mode treats

density in the equations. The following options are available:

* Gas/Liquid—the density is expected to be a general function of pressure and
Temperature (default).

* Ideal gas—the density is defined through the ideal gas law. Selecting this option
activates the Ideal Gas page on which you can specify related settings.

e User defined—the same as Gas/Liquid.

* Solid—the density is a function of temperature but not of pressure. The enthalpy is
approximated by C,T/y because the term pg/p is very small. Hence, you only need
to specify the Absolute pressure, p,, when Pressure work is activated. Viscous heating

is disabled because it does not apply to solids.

Pressure work This check box activates the pressure work term in Equation 4-1. For
transient simulation, it exists in two versions: a Full formulation and a Low-Mach number
formulation. The latter excludes the term u - Vp which is small for most flows with low
Mach number. The pressure work is calculated using the Absolute pressure variable.

Viscous heating Select the Viscous heating check box to include the corresponding heat

source term in Equation 4-1.

Enthalpy As can be seen in Figure 4-4, the enthalpy, H, is approximated as H = C,T/
y—p/p which is an exact relation for an incompressible substance with respect to the

reference state T'= 0, p = 0. This approximation does not affect the calculations but is
merely used to calculate the convective heat flux post processing variable, puH( where
Hy=H + (1/2)u-u is the total enthalpy.
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IDEAL GAS SETTINGS

If you select Ideal gas from the Matter state list, the corresponding page is activated.

Subdomain Settings - General Heat Transfer (htgh) [&=]
Equation
PC,AT[at + 7(-kVT) = Q +q,T - pC T
p= DEI(R;T)‘ y= Cp)’(cF - RE)‘ T = temperature, Enthalpy H= CPTIV + paIp
Subdamains | Groups ‘ General I Convection | Idzal Gas | Infinite Elements | Init | Element | Stabilization I ‘
Subdomain selection Ideal gas settings
1 -
Quantity Unit Description
@ R 287 H(lg-K) Specific gas constant
®&M, 0 kafmel Mumber-average molar mass
Group:
[ Select by group
Active in this domain
[ oK ] I Cancel l [ Apply ] [ Help

Figurve 4-5: The Ideal Gas page of the Subdomain Settings dialog box.

On the Ideal Gas page you enter data required for calculating p and either C, (heat
capacity at constant pressure) or 7y (ration of specific heats). You decide which one of
Cp and y that is specified and which one that is calculated from the ideal gas law using
the list at the top of the Ideal Gas page.

The ideal gas law utilizes the Absolute pressure defined on the Convection page.

Finally, you can choose to specify either the specific gas constant, R, or the
number-average molar mass, M,,. If you choose the latter, the Heat Transfer Module
uses the molar gas constant R, = 8.314 J /(mol-K) by default.

INFINITE ELEMENTS

Many environments that are modeled with finite elements are in reality unbounded or
open, meaning that the heat exchange stretches toward infinity. The easiest approach
to modeling an unbounded domain is to extend the simulation domain “far enough”
that the influence of the terminating boundary conditions at the far end becomes
negligible. This approach can create unnecessary mesh elements and make the
geometry difficult to mesh due to large differences between the largest and smallest

object.

Another approach is to use infinite elements. There are many implementations of
infinite elements available, and the elements used in the Heat Transfer Module are
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often referred to as mapped infinite elements (see Ref. 1). This implementation maps
the model coordinates from the local, finite-sized domain to a stretched domain. The
inner boundary of this stretched domain coincides with the local domain, but at the

exterior boundary the coordinates are scaled toward infinity:

&t

t =ty
Oty +8t—t

The inner coordinate, £(, and the width of the infinite element region, 8¢, are input
parameters for each region. The software uses default values for these properties for
geometries that are Cartesian, cylindrical, or spherical. However, these default
parameters might not work well for complex geometries, so it might be necessary to
define other parameters. The following figures show typical examples of infinite

element regions that work nicely for each of the infinite element types. These types are:
* Stretching in Cartesian coordinate directions, labeled Cartesian.

* Stretching in cylindrical directions, labeled Cylindrical.

e Stretching in spherical direction, labeled Spherical.

* User-defined coordinate transform for general infinite elements.

Figure 4-6: A square suvrounded by typical infinite-element regions of Cartesian type.
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Figure 4-7: A cylinder surrounded by typical cylindrvical infinite-element vegions.

Figure 4-8: A sphere survounded by a typical sphevical infinite-element vegion.

If you use other shapes for the infinite element regions not similar to the shapes shown
in the previous figures, it might be necessary to define the infinite-element parameters
manually. The software stores the default parameters in variables with the naming
convention param_guess_suffix, where paramis the name of the parameter, and
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suffix is the application mode suffix. You can check their values by choosing
Equation System>Subdomain Settings from the Physics menu. Click the Variables tab and

look for variables with _guess_ in the name.

Enabling infinite elements in a domain simultaneously disables some features that are

not compatible with the coordinate mapping. These features are:

e Streamline diffusion, Crosswind diffusion, and Isotropic diffusion found on the
Stabilization page (see Figure 4-10).

* Pressure work and Viscous heating found on the Convection page (see Figure 4-4).

Using Infinite Elements

Select the subdomains where you want to place infinite elements, and then select the
appropriate type of infinite element from the Type of infinite element list, for example,
Cartesian (sce Figure 4-9). Define which space coordinates to stretch by selecting the
corresponding check boxes. Also, specify the center of your simulation system in the
Center point cdit ficlds; this is typically the location or center point of your heat source
in the physical domain. The estimated inner coordinates, e.g. SOx_guess_htgh in
Figure 4-9, is calculated with respect to the defined Center point.

g

Subdomain Settings - General Heat Transfer (high)
Equation
PC,3Tj8t + V-(kWT) = Q + q,T - pCuwT

T = temperature, Enthalpy H= CpTI\d + DaID

Subdomains | Groups General | Convection | | Infinite Elements | Init | Element | icelor]

Subdomain selection

Type of infinite element: ':(a,-tag =

.ValuefExpressiDn Unit Description
Stretched in x dirsction Sdx_guess_htgh m Width in x direction
Hinner S0x_guess_htgh m Inner x coordinate

[[] Stretchediny direction |54 ess_htgh m Width in y direction

Yinner m  Inner y coordinate

= Xy ¥ o o m Center point
roup:
[ Select by group

Active in this domain

[ oK ][ Cancel ][ Apply ][ Help

Figure 4-9: The subdomain settings for infinite elements.

Known Issues When Modeling Using Infinite Elements
When modeling with infinite elements you should be aware of the following:

* The expressions resulting from the stretching get quite complicated for spherical
and cylindrical infinite elements in 3D. This increases the time for the assembly stage
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in the solution process. After the assembly, the computation time and memory
consumption are comparable to a problem without infinite elements. The number
of'iterations for iterative solvers might increase if the infinite element regions have a

coarse mesh.

* Infinite element regions deviating significantly from the typical configurations
shown in the beginning of this section can cause the automatic calculation of the
infinite element parameter to give erroneous result. Enter the parameter values
manually if you find that this is the case.

* The infinite element region is designed to model uniform regions extended toward
infinity. Avoid using objects with different material parameters or boundary

conditions that influence the solution inside an infinite element region.

* 1D and 2D cases, and also 3D cases with multiple symmetry planes that effectively

make them behave as 1D or 2D, cannot have only Dirichlet conditions at infinity.

STABILIZATION SETTINGS
The Stabilization page of the Subdomain Settings dialog box is activated when

convection is enabled (see Figure 4-4 on page 31).

Subdomain Settings - General Heat Transfer (htgh) [z=

Equation
pcpanat + {-kvT)=Q+ q,T- DCPU'VT

T = temperature, Enthalpy H = CDT.'V +plp

Subdomains’| Groups‘ | General I Convection I | Infinite Elemznts | Init | Elementl Stabilization
Subdomain selection Heat TransFer
1 -
Streamline diffusion Settings...
[] Crosswind diffusion
|| Isotropic diffusion 6“1 0.5 Tuning parameter
= Discrete stabilization expressions optimized fFor:
Group: (7 Elements of bype .Lagranga - Quadratic - ]
[7] Select by group (7 Geometric multigrid with | Lagrange - Quadratic elements on the finest mesh hierarchy
Active in this domain

[ OK ]l Cancel ][ Apply l[ Help ]

Figure 4-10: The Stabilization page of the Subdomain Settings dialog box.
There are three types of stabilization available:

e Streamline diffusion
¢ Crosswind diffusion

 TIsotropic diffusion
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Stabilization is needed because pure Galerkin discretization is unstable for
convection-dominated or source-term dominated transport equations. The
stabilization methods and their effects on the numerical solution are described in
Chapter 17, “Stabilization Techniques,” in the COMSOL Multiphysics Modeling
Guide.

For optimal functionality, the exact weak formulations and constants of GLS, SUPG,
and crosswind diffusion should depend on the order of the basis functions (elements).
You can control this dependence through two option buttons, each with its
corresponding list, at the bottom of the Stabilization page shown in Figure 4-10. In
most cases, the model uses only one element type. If this is the case, select this type

from the Elements of type list. This is the default setting for all dimensions but 3D.

However, when using geometric multigrid (either as a solver or as a preconditioner),
the equations can be discretized with different elements on the different multigrid
hierarchies. Then, select the element type that is used on the finest mesh hierarchy
from the Geometric multigrid with list. This is the default setting for 3D, because the
default solver for General Heat in 3D is BiCGStab with geometric multigrid as
preconditioner. The resulting weak expressions then take forms adapted to multigrid
hierarchies created in a way equivalent to the hierarchy generation method Lower
element order first (any) (see “Constructing a Multigrid Hierarchy” on page 558 in the
COMSOL Multiphysics Reference Guide).

The values of the GLS and SUPG constants follow Ref. 3 and Ref. 4 and cannot be
changed without performance losses. In contrast, the constant C* for Crosswind
Diftusion (see Equation 4-2) is a tuning constant. Ref. 5 gives the recommendations
0.7 for quadratic elements and 0.35 for linear elements. In general, the higher the
value of this constant, the more diffusion it introduces. COMSOL uses the values for
C€ listed in Table 4-1.

TABLE 4-1: VALUES OF Ce FOR CROSSWIND DIFFUSION IN COMSOL MULTIPHYSICS

ELEMENT ORDER  C°

| 0.7
04
0.2
0.1
0.05

(V. B N S N
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Streamline Diffusion
Streamline diffusion is active by default. Figure 4-11 shows the Streamline Diffusion

Settings dialog box. There are three types of streamline diffusion available:

* QGalerkin least-squares (GLS)—GLS is the default choice and is by all references
superior to any of the other methods available. GLS for the heat transfer equation
can be made a part of the GLS method for the fully compressible Navier-Stokes (see
“Stabilization Settings for Weakly Compressible Navier-Stokes” on page 225).

¢ Streamline upwind Petrov-Galerkin (SUPG)—a subset of GLS that stabilizes only
with respect to convection, not reaction as well. SUPG is computationally less
expensive than GLS but its stabilization properties are not as good (Ref. 2).

* Anisotropic diffusion—this is the only streamline diffusion method that needs a user
defined constant. The Tuning parameter edit field becomes active when you select
Anisotropic diffusion from the list.

Streamline Diffusion Settings [==]

Streamline Diffusion Settings

TYPS | Galar s S (G 7 |
Quantity Value/Expression Description
By 0.25 Tuning parametear

Figure 4-11: The Streamline Diffusion Settings dialoy box.

The constants of GLS and SUPG are controlled as described in the section
“Stabilization Settings” on page 38. For anisotropic diffusion, there is no theory on

what the value of this constant is, and the optimal value depends on the model.

Crosswind Diffusion
Crosswind diffusion provides extra diffusion in the region of sharp gradients. There are

two types of crosswind diffusion available:

e Scalar stabilization—the method adds the following contribution to the weak
formulation (Ref. 5):

N,
-3 | %max(o, Cce- %’EQ %'%V:i’(l - “ﬁ;‘) VTdQ (4-2)

e=1

where R is the PDE residual, T is the test function for 7', and
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pCy(u-VT) .
B - -—p|—VT’|T-VT it VI'#0 (4-3)

0 itVI'=0

The added diffusion is orthogonal to the streamline diffusion, so you can use
streamline diffusion and crosswind diffusion simultaneously. Scalar stabilization
does not explicitly take any multiphysics coupling into account and is therefore the
appropriate choice if the temperature equation is the only equation solved for or, if
the temperature is a passive scalar (that is, if other equations are completely
independent of the temperature) or, if other equations depend only weakly on the
temperature.

* System stabilization—this setting is available when the model contains at least one
Navier-Stokes application mode. It is effective only when the following conditions
are met:

- The Navier-Stokes application mode has Weakly compressible flow set to On.

- The Navier-Stokes application mode uses Crosswind diffusion and has its
stabilization adapted to non-isothermal flow (see “Stabilization Settings for
Weakly Compressible Navier-Stokes” on page 225).

This option regards the heat transfer equation as a part of the compressible

Navier-Stokes equations and add diffusion accordingly. Hence, system stabilization

is the appropriate choice for non-isothermal compressible flows.

Figure 4-12 shows the Crosswind Diffusion Settings dialog box.

Crosswind Diffusion Settings g2 ]

Crosswind Diffusion Settings

Type:
Quantity Value/Expression Unit Description
Dlim 0.01[K]/helem_hkgh | KIM  Lawer gradient limit

Cancel

lar stabilization | -

Figure 4-12: The Crosswind Diffusion Settings dinlog box.

The list in Figure 4-12 is available only when the model contains at least one
Navier-Stokes application mode. It is used to switch between Scalar stabilization and

System stabilization. When the list is not available, scalar stabilization will be added.

When Scalar stabilization is selected from the list in Figure 4-12 or when the list is not
present, the gy, edit field is activated. The variable gj;y, is needed because both
Equation 4-2 and Equation 4-3 contain terms of the form 1/|VT], which become
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singular if VT' = 0. Hence, all occurrences of 1/|VT] are replaced by

1/max(|VTl, gy;,) Where gpiyy, is a measure of a small gradient.

Isotropic Diffusion
Isotropic diffusion is described in the section “Isotropic Diffusion” on page 500 of the
COMSOL Multiphysics Modeling Guide.

Loading Material Properties from the Library

For most application modes in COMSOL Multiphysics, you can load a material and its
accompanying properties directly from within the Subdomain Settings dialog box. First
click the Load button as indicated in Figure 4-13.

Subdomain Settings - General Heat Transfer (htgh) 22
Equation
TTT) =Q +q,T

T = temperature

Subdomains:| Groups‘ General | Convection | Infinite Elements | Init | Element | I ‘
Subdomain selection Thermal properties and heat sources [
Library material:
Quantity Value,/Expression Onit Description
k 400 W/(m-K) Thermal conductivity
P 8700 kg/m®  Density
S 385 ik k)  Heat capacity at constant pressure
q, o W/(m?K) Productionjabsarption coefficient
Group: o] (1] Wim? Heat source
[ Select by group Opacity: | opaque =
Active in this domain
[ QK ] [ Cancel ] [ Apply ] [ Help ]

Figure 4-13: The Load button associnted with libvary materials in the Subdomain Settings
dialog box.
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This action opens the Materials/Coefficients Library dialog box (see Figure 4-14). From

there you can select a material to load.

Materials/Coefficients Library (read only)

Materials

[# Model (0]

[ Material Library (2540)

(1 Basic Material Properties (31)
Air

- Acrylic plastic

- Alumina

- Aluminum 3003-H18

- Aluminum 6063-T83

mn

- American red oak
Beryllium copper UNS C17200
- Brick
~Cast iron
-~ Concrete
-~ Copper
FR4 (Circuit Board)
- Glass (guartz)
Granite

| ¥

Search
Search for: Name -

Search string:

Search ]

Material properties

Name: |Aluminum

General | Resistivity l Elastic | Electric I Fluid I Piezoelectric I Thermal I AI\‘

Quantity Valug/Exprassion Description

C 00/ (kg™K)] Heat capacity atco... | «
eta Dynamic viscosity
igamma Ratio of specific heats

3 160[W/(m*K)] Thermal conductivity

rho 2700[kg/m™3] Density

|| Hide undefined properties

Functions...

Plot

H Cancel || Apply H Help I

Figure 4-14: The Materials/Cocfficients Library dialog box.

The Materials list on the left side contains the installed library folders plus a model

folder that contains already-selected materials and coefficients. To load a material into

the Model folder, select it from the Materials list and click Apply or OK; it now appears

in the Model folder, which shows all the materials available for the model.

After clicking OK, the Materials/Coefficients Library dialog box closes and you return to

the Subdomain Settings dialog box. Now the software has loaded the selected material

properties into the corresponding edit fields of that dialog box. The edit fields that
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contain data taken from the materials library you just selected appear in bold (see
Figure 4-15).

Subdomain Settings - General Heat Transfer (htgh) =]
Equation
7 {kvT)=Q+qT
T = temperature
Subdomains | Groups General | Convection | nfinite Elements | nit | Element | | |
Subdomain selection Thermal properties and heat sources/sinks
L C Library material: :Aluminum v:
Quantity Value/Expression Unit Description
k 160[W/(m*K)] W/(m-K) Thermal conductivity
P 2700[kg/m"3] kg/m® Density
B 900[1/(kg*K)] Jfka-K)  Heat capacity at conskant pressure
S q, 0 Wj(m? k) Productionjabsorption coefficient
Group: Q o wim? Heat source
[ Select by group Opacity: | Opaque -
Active in this domain
[ oK ] l Cancel l [ Apply ] [ Help ]

Figure 4-15: The Subdomain Settings dialoy box after londing aluminum from the
material libvary. Boldface characters indicate that the libvary material is active.

The Material Libraries

As noted earlier, the Materials list in the Materials/Coefficients Library dialog box
contains multiple expandable folders. The list includes Model, Basic Material Properties,

and additional libraries depending on the modules that your license includes.

Also, if your license includes the COMSOL Material Library, this also appears as a
separate folder in the Materials list.

Note: The COMSOL Material Library is a separate add-on product that includes
over 2500 materials and about 20,000 properties, most of which are

temperature-dependent functions.

The Liquids and Gases Library and Material Property Functions

In many cases of modeling the material properties varies with the dependent variables
describing the state (temperature, pressure, concentration, potential, stress, and so
on). COMSOL Multiphysics is capable of describing material properties as functions
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of the dependent variables. The following discussion exemplifies use and access a
library with material property functions (in this case Liquids and Gases), and also how

to edit it and create your own material property functions.

The Liquids and Gases material library contains thermal and fluid dynamic properties
for a set of common fluids. All properties are given as functions of temperature and at
atmospheric pressure, except the density, which for gases is also a function of the local
pressure. The library also contains surface and interface tensions for a selected set of
liquid /gas and liquid /liquid systems. All functions are based on data collected from
scientific publications. The literature references are noted in the text file
fluids_lib.txt, located in the data folder of your local COMSOL installation.

If you click the Load button in the Subdomain Settings dialog box of any application
mode and select to expand Liquids and Gases you can choose from various fluids, both
liquids or gases (as depicted in Figure 4-16).Their properties are described at

atmospheric pressure conditions.

Using Material Property Functions

In many modeling situations, the material properties vary with the dependent variables
describing the state (temperature, pressure, concentration, potential, stress, and so
on). In COMSOL Multiphysics you can describe material properties as functions of
the dependent variables. The following discussion exemplifies how to use a library with
material property functions (in this case Liquids and Gases), and also how to edit it and

create your own material property functions.

Note: The data-fitted functions expect temperature and pressure arguments to be
expressed in the SI units kelvin (K) and pascal (Pa), respectively, and return values in
appropriate SI units. Unit expressions are automatically inserted to handle the

conversions to and from the model’s base unit system.

CONVECTION AND CONDUCTION

45



46 |

If you click the Load button in the Subdomain Settings dialog box of any application
mode and select to expand Liquids and Gases you can choose from various fluids, both
liquids and gases (see Figure 4-16).

Materials/Coefficients Library (read only) [z=]
Materials Material properties
Model (1) - Mame: Air
Material Library (2540) T
Basic Material Properties (31) General | Elastic | Electric | Fluid | piezoelectric | Thermal | Al
= L\qu\ds and Gases (39)
= Gases (12) Quantity Waluz/Expression Description
m c (Cp(TLL/KD[(ka*K]] Heat capacity at co...| «
-Mitrogen 3 eta eta(T[1/K][Pa*s] Dynamic viscosity
-Oxygen 7 gamma 1.4 Ratio of specific heats
¢ Confion il k CTTLKDW/m*K)] Thermal conductivity
-Hydragen rho rho(p[1/Pal, T[1/K]i[kaim™~3]  |Density
Helium
+Steam
Propane
-Ethanol vapar i
- Diethyl ether vapor
-Freonl2 vapor
-SiF4 -
Liquids (11)
Wy
Search
Search for: :Name -/

Search string:

Search I || Hide undefined properties Functians...

GaTa Plot

[ oK H Cancel H Apply ][ Help ]

Figure 4-16: The Materials/Coefficients Library dialog box, with Liquids and Gases
expanded.
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Ifyou load a material that uses a function such as those in the Liquids and Gases library,
the Subdomain Settings dialog box looks like Figure 4-17, with function calls in the edit
fields for the material properties.

Subdomain Settings - General Heat Transfer (htgh)

"

Equation
V{kVT)=Q+qT

T = temperature

Subdomains | Groups General | Convection | | 1nfinite Elements | anit [ Element | | |
Subdomain selection Thermal properties and heat sources/sinks
1 - Library material: | Air - Loa
Quantity Value/Expression Unit Description
3 k(T[1/K][W,/(m*K)] W/(m-K)  Thermal conductivity
P rho(p[1/Pa],T[1/KDlka/n kgjm? Density
S Cp(T[1/KD[I/(ka*K)] Jf(kg-K)  Heat capacity ak constant pressure
. q. 0 w/(m?-K) Productionjabserption cosfficient
Group! Q 0 wm? Heat source
[ Select by group Opacity: |Opague -
Active in this domain

l OK H Cancel ][ Apply ][ Help l

Figure 4-17: The Subdomain Settings dinlog box after loading a material that uses
function calls, for example, the materials from the fluid library.

In this example, the software specifies the material property for density with the
function call

rho(p[1/Pa]l,T[1/K])[kg/m"3]

which is a function call to the material loaded, in this case Air. The function uses two
inputs: pressure, p, and temperature, T. The default settings are based on the
assumption that the temperature variable in the model is T and that there is a pressure
variable named p. Being dependent variables, these are expressed in the model’s
selected base unit system. The unit expressions inside the function calls convert the
values from the model’s unit system to nondimensional numbers corresponding to SI
units, while the expression between the last brackets makes sure the returned SI value
is interpreted correctly in the model’s unit system.

In many cases you must change these function inputs. For example, if you model only
heat transfer, there is no variable for pressure. In that case you must either specify the
pressure directly in the function input or set up a constant or expression for the variable
p. This constant or expression variable must have the dimension of pressure, which you
achieve by adding a pressure unit to the expression, such as 135[kPa].
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It is easy to alter the function input values and variables: simply click inside the
parentheses delimiting the function argument and replace the default symbol with the
desired value or variable. In the following figure you can see such a modification where
a numerical value replaces the pressure variable.

Subdomain Settings - General Heat Transfer (htgh) =]
Equation
T(kTT)=Q+qT

T = temperature

: Subdomains: | Groupsl General | Convection | | Infinite Elements | Init | Element | | ‘
Subdomain selection Thermal properties and heat sources/sinks
1 & Library material: | Air v:
Quantity Value/Expression Unit Description

k k(T 1/KDIW/(m*K)] Wi(m-K) Thermal conductivity

[ rho(1.35[bar/Pa],T[1/K])l kgjm®  Density

Cp Cp(T[1/KDLI/ (ka*K)] Jifka+K) Heat capacity at constant pressure

2% q 0 WJ{m?-k) Production/absorption coefficient

Group: Q Q wij Heat source
7] select by group Opacity: :Opaque -
Active in this domain

[ K H Cancel H Apply ][ Help ]

Figure 4-18: Modifying the function inputs. Notice how the unit syntax can convert
argument values from any pressurve unit to pascal.

In this case the function output is the density for air at the specified pressure and at the
temperature given by the variable T.

Note: If you override one property defined by a library material by changing
anything outside the function arguments, all other property expressions loose their
connection to the material library. In particular, material functions appearing in other
edit fields (now in plain text instead of in bold face) stop working. The proper way to
edit one property of a loaded material is to change the material functions, as described
later in this section, rather than editing the edit field in the Subdomain Settings dialog
box.

USING MATERIAL PROPERTY FUNCTION CALLS OUTSIDE THE
SUBDOMAIN SETTINGS
You can also use a library material property function in a model in places other than

the Subdomain Settings dialog box. One example might be to combine several
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properties in an expression in the Scalar Expressions dialog box. To do so, you must first
load the library material into the model using the Materials/Coefficients Library dialog
box. This dialog box opens either, as described above, from the Subdomain Settings
dialog box (then in read only mode), or directly from the Options menu. The currently
loaded materials and their assigned names are listed in the Model folder in the Materials
tree. (Figure 4-19).

Meaterials/Coefficients Library ==
Materials Material properties

= Model (2) - Mame: |Air

¢ - Aluminum (maki) )

| Resistivity ! Elastic I Electric I Fluid I PiEZUE'ECtI’iEl Thermal ml

E:?. Material Library (2540)

+] Basic Material Properties (31) Quantity Value[Expression Description

a'—iq”ids and Gases (39) [ CpCTL KT/ (g™k)] Heat capacity at ca...| -

[ MEMS Material Properties (33) HC Malar heat capacity

[# Heat Transfer Cosfficients (8) i) Thermal diffusivicy

&1 Electric {AC/DC) Material Properties | epsilan Surface emissivity

[+ Piezoelectric Material Properties (23) h Heat transfer coeffi...

B User Defined Materials (1) k KT KDIW k)] Thermal conductivity

krensar2D Thermal canductivicy

st ltensor3D Thermal conductivity

4 | n | nemiss Mormal botal emissivity!

rha rho(p(1/Pa], T[1/K][kg/m~3]  |Density
New | Delete
Copy Paste X
| Add Library, ..
Search
Searchfor: | Name -

Search string:

Sz ] ["] Hide undefined properties |m

Plot

l oK H Cancel || Apply H Help I

Figure 4-19: Viewing the materials loaded into a model alonyg with their names in
COMSOL Multiphysics.

In the above figure, two materials are already loaded into the model. COMSOL
Multiphysics allocates local material names on the form matX, where X is a running
number assigned in the order in which materials were loaded into the model. In this
case, the user loaded Aluminum first, so it takes the name mat1.

To use a particular material-property function, you can start by copying the syntax
shown in the Value/Expression column in the Materials/Coefficients Library dialog box.
Then you must add matX_ in front of the function call. Thus, referring to Figure 4-19,
to evaluate the function for thermal conductivity of air at 350 K the syntax is

mat2_k(350) [W/m*K]
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Editing Material Properties

To change a property of a loaded material, choose Materials/Coefficients Library from
the Options menu. This opens the dialog box in edit mode. Then select the desired
material in the Materials list, click the Value/Expression ficld of interest, and change the
expression as depicted in Figure 4-20. In this example the user is adding k_turb to
the original function for thermal conductivity, where k_turb is a variable that must be
defined elsewhere in the model.

Materials/Coefficients Library =]
Materials Material properties
=IModel (2) - Name: Air
Juminum (mat1)
| Resistivity l Elastic | Electric I Fluid | P\ezuelectric‘ Thermal ’m
[+ Material Library {2540)
&1 Basic Material Properties (31) Quantity Walue [Expression Description
@L\quwds and Gases (39) c Cp(TLL KDL ka K] Heat capacity at co...| »
(I MEMS Material Properties (33) HC Molar heat capadity
[+ Heat Transfer Coefficients (8) ) Thermal diFfusivicy
&:—1 Electric [AC/DC) Material Properties | epsilon Surface emissivity
\i] Piezoelectric Material Properties (23) h EeRE e ek
el \er: Definedd Materials (1) k KOTTLKDWIm*K)T+k_turh Thermal conductivity
ktensor2D Thermal conductivity
- lktensor3D Thermal conductivity
1 | L8 al nemiss Maormal total emissivity|
tho rho(p[1/Pa], T[1/K])[kg/m~3]  |Density
‘ New | | Delate 1
‘ Add Library, .. ‘
Search
Search for: :Name -
Search string:
Search | [ Hide undefined properties Functions...
: [ Pt
[ QK } | Cancel | [ Apply ] | Help J

Figure 4-20: Editing o material property.

If you want to edit the function describing some material property, click the Functions
button. This opens the Functions dialog box, where you can view and edit any function
describing the material.

After changing a material property in this way, you need to reload all subdomain
settings that use the material; otherwise the function call will not work. To reload the
material, simply go to Physics>Subdomain Settings and sclect the modified material

from the Library material list. The new expression then shows up in the edit field for
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the corresponding material property in the Subdomain Settings dialog box (see
Figure 4-21).

Subdomain Settings - General Heat Transfer (htgh)

g

Equation
V{kVT)=Q+qT

T = temperature

Subdomains | Groups General | Convection | | 1nfinite Elements | anit [ Element | | |
Subdomain selection Thermal properties and heat sources/sinks
g “| || vbrary matena: (A ]
Quantity Value/Expression Unit Description
3 k(T[1/K1)[W/(m*K)]+k_t| W/(m-K] Thermal conductivicy
P rho(p[1/Pa],T[1/KDlka/n kgjm? Density
S Cp(T[1/KD[I/(ka*K)] Jf(kg-K)  Heat capacity ak constant pressure
. q. 0 w/(m?-K) Productionjabserption cosfficient
Group! Q 0 wm? Heat source
[ Select by group Opacity: |Opague -
Active in this domain

l oK H Cancel ][ Apply ][ Help l

Figure 4-21: The update of a material property expression in the Subdomain Settings
dialog box.

Note that you can only edit materials currently in the Model folder in this way and that
any changes are local to the current model. The original material in the library file
remains intact. Within the Materials/Coefficients Library dialog box you can, however,
change a material’s name and then Copy and Paste it into one of the other libraries.
Afterwards, clicking OK saves the new material for future use in the corresponding
library text file.

You can also set up new materials by creating a new library file, as well as change the
existing files using any text editor. A detailed description of this process appears in the
COMSOL Multiphysics User’s Guide, where you also find complete documentation
on the functionality of the Materials/Coefficients Library.

Turbulence Modeling

Figure 4-22 shows the Convection page of the Subdomain Settings dialog box when the
Turbulence model application mode property is activated. The laminar and turbulent
viscosity must both be specified because they are used not only in the viscous heating
but also in the turbulent thermal wall functions and in the models for the turbulent

Prandtl number.
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g

Subdomain Settings - General Heat Transfer (htgh)
Equation
pcpan’at + V(-{k+ kT)VT) =Q+4q7T- DCPU'VT

T = temperature, kr = CpnTJPrT_. Enthalpy H = CDTIV + pa,rp

Subdomains?| Gmups‘ ‘ Generall Convection | | Infinite Elements | Init | Element | Stabilization I

Subdomain selection Convective heat transfer properties

Matter state: | Gas/liquid

-

Quantity Value/Expression Unit Description
u 0 Q mfs  Velocity field
¥ 1 1 Ratio of speciic heats
Pa 101325 Pa  absolute pressure
Model Far Pr..: :Kays-Crawford -

[ viscous heating

Group: n 1 Pa+s  Dynamic viscosity
[ Select by group My 1 P3a-s  Turbulent viscosity
Active in this domain [ Pressure work | Full Farmulation
[ QK ] [ Cancel ] [ Apply ] [ Help ]

Figure 4-22: The Convection page of the Subdomain Settings dialog box when the
Turbulence model application mode property is activated.

There are three options for modeling the turbulent Prandtl number:

* Kays-Crawford (default)
¢ Extended Kays-Crawford
e User defined

KAYS-CRAWFORD
This is a relatively exact model for Prr, still simple. In Ref. 6, it is compared to other
models for Prp and found to be good for most kind of turbulent wall bounded flows

except for liquid metals. The model is given by

-1
! 0.3 Conr Cpnry? ~k/(0.3C,MrA/Pry0)
PrT_[zprTM+ = {0322 (1 | @

where Pro_ = 0.85 and & is the conductivity.

EXTENDED KAYS-CRAWFORD
Weigand and others (Ref. 7) suggested an extension of Equation 4-4 to liquid metals
by introducing
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100%

— (4-5)
0.888
C,nRe

Pr;_ = 0.85+
where Re_ must be provided either as a constant or as a function of the flow field.
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Boundary Conditions

This section describes the overall structure of the boundary conditions you can apply
on a General Heat Transfer model. The important contributions from radiation and

highly conductive layers are discussed separately in subsequent sections.

Overview and Equations

The General Heat Transfer application mode supports boundary conditions of two
fundamental types—the Dirichlet condition

T =T, onoQ
and the heat-flux (or Neumann) condition
n-q=qy+q,+qs+h(T;e—T) onoQ (4-6)
where

e q = —kVT is the conductive flux vector (W/ m2).

e n is the normal vector of the boundary, pointing out from the domain.

* qqis inward heat flux (W/ m? ), normal to the boundary, from external sources.
* g, is net influx from radiation (W/ m? ).

* g4 represents energy transferred from other parts of the boundary through a thin,
highly conductive shell (W/m?).

* his a heat transfer coefficient (W/ (mZ-K).

o Tinris a reference bulk temperature (K).

Note that Equation 4-6 is not the whole truth in the presence of a Dirichlet condition.
If you specify the temperature on a boundary, an additional term, u, known as a

Lagrange multiplier appears on the right-hand side. This term represents the “reaction
force” necessary to impose the constraint on the temperature but is not directly visible

in the equation.

INTERIOR BOUNDARIES AND CONTINUITY
An interior boundary is a boundary between two subdomains where heat transfer is
active, as opposed to an external geometry boundary or a boundary where the General

Heat Transfer application mode is active on one side only. You can specify the
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temperature using the same type of Dirichlet condition on both exterior and interior
boundaries. Equation 4-6, on the other hand, transforms into a heat flux discontinuity

condition on interior boundaries:
Ny Dyp ~ Down * Ddown = o+ a4+ s +h(Tipe=T) on 0Q
or equivalently
Ny (Ayp — Udgown) = 90+ 9, +q5+h(Tipe=T) on 0Q (4-7)

since the normals on the up and down side of the boundary, ny, and nggyy, differ only
by a sign. The right-hand side represents a flux discontinuity, or equivalently, a heat

source or heat sink depending on sign. The temperature is always continuous due to
the continuity of the finite element field. If the right-hand side is zero, Equation 4-7
specifies continuity also in the normal heat flux. This is the default boundary condition

on interior boundaries.

BOUNDARY CONDITIONS ON PAIRS

A boundary pair can be created where parts in an assembly are in contact with each
other, either permanently through an identity pair or as a result of structural
deformations constrained by a contact pair. Usually, a pair of boundaries connected in
this way behaves like a single interior boundary, and the same boundary conditions can
be applied. The default setting specifies continuity in both temperature and normal
heat flux across the pair, just like on any interior boundary. Alternately, a fixed
temperature can be specified, as well as a heat source or sink according to

Equation 4-7.

All pair boundary conditions borrowed from interior boundaries require the
temperature to be continuous across the pair. There are, however, other possibilities.
The General Heat Transfer application mode includes a condition which models the
behavior of a thin thermally resistive layer. Assuming that the layer is thin and
tangential heat flux in the layer negligible, the jump in temperature across the
boundary becomes proportional to the normal heat flux. You can express this as two
separate but symmetric heat flux boundary conditions:

Mgown (_kVT)down = ﬁ(Tup - Tdown) on anown
\ res (4-8)
Ny (_kVT)up = Erﬁﬁ(Tdown =T

res

up) on BQup
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where k. is the thermal conductivity (W/(m-K)) and d,¢g the thickness (m) of the
thin thermally resistive layer. The two boundaries together making up the pair are here
referred to as #p and down. In other contexts, source and destination or master and
slave are more common as labels. This particular boundary condition is, however,
symmetric with respect to the two sides.

Boundary Settings

To specify boundary conditions, go to the Physics menu, select Boundary Settings to
open the dialog box shown in Figure 4-23.

Boundary Settings - General Heat Transfer (htgh) [e=]
Equation
-n(-kVT) =gy +h(T; - T)
Boundaries Boundary Condition | Highly Conductive Layar | |
Boundary selection Boundary sources and constraints
L - Library coefficient: - Load...
2
3 Boundary condition: | Haar flux -
[+ Quantity Value/Expression Unit Description
9 0 wym?  Inward heat flux
h Q w(m?.K) Heat transfer coefficient
Tmf 273.15 K External temperature
Radiation bype: [hiona H.
Group:
[ Select by aroup
[ Interior boundaries
[ OK ] [ Cancel ] [ Apply ] [ Help ]

Figure 4-23: The Boundary Condition page in the Boundary Settings dialog box.

BOUNDARY CONDITION TYPES
Select boundary condition type from the Boundary condition list on the Boundary

Condition page. This setting controls what other parameters are available. The available
boundary condition types are:

Heat Flux

Selecting the Heat flux boundary condition gives you access to all terms in

Equation 4-6. The contributions from radiation and highly conductive layers are not
enabled by default and must be switched on to take effect. These terms are treated
separately below, see “Radiative Heat Transfer” on page 67 and “Highly Conductive
Layers” on page 77.
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The default form of the Heat flux boundary condition is
n-q =qy+h(Ty—T) ondQ

The first term, g, is a general heat flux entering the domain. It can model, for
example, a heat source on the boundary, such as an electrical heating element, or a
known inflow of energy, such as radiation with known intensity. Note that g( can be a

function of the temperature 7" and of other dependent variables.

In principle, you can enter the second term, h(Tj,¢— T') directly into g, but boundary
conditions of this form are so common that the application mode supports them
explicitly. They arise in at least three different situations:

* A solid exchanges energy with the surrounding environment through convective
heat transfer, where h is the heat transfer coefficient, and Tiypis the external bulk
temperature. The value of A depends on the geometry and the ambient flow
conditions. See “Convective Cooling/Heating and Heat Transfer Coefficients” on
page 15 for an introduction to the theory and “Using h Coefficients in the Heat
Transfer Module” on page 61 for instructions on using the Heat Transfer
Coecfficient Library included with the Heat Transfer Module.

* The boundary is covered by a thin layer of a thermally insulating material and the
temperature on the outside of this layer is known. If the thermal conductivity, &, of
the layer is considerably lower than the thermal conductivity of the bulk material, a

layer of thickness d corresponds to a heat transfer coefficient i = k/d.

* The solid boundary under consideration is in contact with another solid with known
temperature T, ¢, but the contact is not perfect and therefore acts as a resistive layer.
The corresponding heat transfer coefficient is difficult to estimate but can be
entered if it is empirically known.

Insulation/Symmetry

Insulation/Symmetry is a special case of the above Heat flux condition where all heat
transfer mechanisms across the boundary have been disabled such that —n-g = 0. This
means that there is no temperature gradient across the boundary and no mass flow in
the normal direction. In addition, the boundary does not take part in radiative heat
transfer.

In a typical model, you apply the Insulation/Symmetry boundary condition to
boundaries that do not exchange energy with the surroundings, either because they are
thermally well insulated or because they lie on a symmetry plane that has been
introduced to reduce model size.

BOUNDARY CONDITIONS
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Convective Flux

The Convective flux boundary condition is also a special case of the general Heat flux
condition and is actually identical to the Insulation,/Symmetry boundary condition. In
a model with convective heat transfer, this condition states that the only heat transfer
over a boundary is by convection. The temperature gradient in the normal direction is
zero, and there is no radiation. This is usually a good approximation of the conditions
at an outlet boundary in a heat transfer model with fluid flow.

Temperature

This boundary condition prescribes the temperature Ty at a boundary. The finite
element algorithm returns a solution in which the condition is either true at each node
point or in an integral sense, depending on the Weak constraints setting in the
Application Mode Properties dialog box. Using weak constraints allows you to
postprocess the heat flux over a boundary with a fixed temperature much more
accurately. See “Using Weak Constraints” on page 358 in the COMSOL Multiphysics
Modeling Guide.

The Temperature boundary condition is compatible with radiative heat transfer where
it can act as a radiation source but also reflect incoming radiation. Because the
temperature is given explicitly, the amount of radiation that enters or leaves the
boundary does not affect the conditions at the boundary itself. It can, however,
irradiate other boundaries. It is therefore possible to use a Temperature boundary as a

fixed-temperature radiation source (see “Radiative Heat Transfer” on page 67).

Axial Symmetry (Axisymmetric Models Only)

The Axial symmetry condition is available only for axisymmetric versions of the heat
transfer application modes. Apply this boundary condition at the symmetry axis r = 0.
Note that from the mathematical point of view, this condition is identical to the

Insulation/Symmetry condition.

Thermal Wall Functions (Turbulence Models Only)
The thermal wall functions are available only when the application mode property
Turbulence model is activated.

The heat flux across the fluid-solid interface is assumed to be proportional to the
temperature difference between the wall and the fluid on the opposite side of the

viscous boundary layer:

pC,C) k(T - T

T+

CHAPTER 4: GENERAL HEAT TRANSFER



Where the dimensionless temperature 7™ is given by (Ref. 1):

Pr &, for 87, <8}
500 S + +
T+ = 15Pr2/3 _ i—g—:—)—é for 6W1 < 6w < 5w2 (4-9)
w
Pr
?ln(8;)+B for 8} 4 <8,
where in turn
1/43,1/2
5. _ SupCil*h 5 _ 10
w n wl PI‘1/3

Cn
i / K - p! (4-10)
8¢y =10 10PrT Pr=—2

B =15Pr2/3 %T(l + 1n(1000§‘1§;))

The constants C u and K equal 0.09 and 0.42, respectively.

Heat Source/Sink

The Heat source/sink boundary condition is the interior-boundary counterpart of the
Heat flux boundary condition discussed above. On interior boundaries, you cannot
specify the actual heat flux but only the flux difference between the up and down sides
of the boundary, as shown in Equation 4-7. If this difference has positive sign, it acts

as a heat source embedded in the boundary, otherwise as a heat sink.

Radiation and a highly conductive layer can contribute to the boundary condition but
are disabled by default. Those terms are discussed in separate sections later in this

chapter. The remaining condition is
ng,- (qup ~AQgown) = 9o+ h(Tipp—T) on 0Q

where q( represents a general heat source, for example, an embedded electrical heater.
The second term, A(Tj,e— T'), models heat exchanged with a fluid flowing in a
network of thin channels embedded in the boundary. An appropriate value for A can,

for example, be found from a local analysis of a unit cell.

This boundary condition is available on interior boundaries and assembly pairs only.
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Continuity

The default setting for interior boundaries is Continuity, which is a special case of the
above Heat source/sink condition. In the absence of sources or sinks, that condition
becomes —Nyy,- (Qup — Adown) = 0. This means that the heat flux in the normal

direction is continuous across the boundary.

The temperature is naturally continuous on an internal boundary following the
continuity of the finite element field. Therefore, the Continuity boundary condition is
identical to the condition that applies between any two neighboring elements in the
mesh. In fact, as long as you have not selected Enable interior boundaries in the
Boundary Settings dialog box, the interior boundaries are not in any way different from
any other mesh element boundaries, where the Continuity condition effectively
applies.

This boundary condition is available on interior boundaries and assembly pairs only.

Thin Thermally Resistive Layer

On pairs, you can apply the Temperature, Continuity and Heat source /sink boundary
conditions in the same way as on any interior boundary. In addition, you can model
the jump in temperature caused by a thin layer of a thermally insulating material
inserted between the pair boundaries. The Thin thermally resistive layer boundary
condition implements Equation 4-8 on the parts of the boundaries where the two sides
are in contact with each other.

This boundary condition is available on assembly pairs only.

BOUNDARY PROPERTIES

Depending on the selected boundary condition type, some of the following boundary
properties are available:

QUANTITY VARIABLE DESCRIPTION

q0 q Inward heat flux

h h Convective heat transfer coefficient
Tine Tinf External (bulk) temperature

Ty TO Prescribed temperature

Rres kres Layer thermal conductivity

dres dres Layer thickness

The remaining quantities on the boundary condition page are grayed out as long as

the Radiation type is set to None. A discussion of the settings for radiative heat transfer
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appears in the section “Radiative Heat Transfer” on page 67. If you enable the highly
conductive layer feature, additional properties become available on the Highly
Conductive Layer page. These are described in detail in the section “Highly Conductive
Layers” on page 77.

Using b Coefficients in the Heat Transfer Module

The Heat Transfer Module includes a library of predefined heat transfer coefficients
for common flow situations. For a background, discussing why these are necessary and
how they are estimated, see “Convective Cooling/Heating and Heat Transfer
Cocfficients” on page 15. The Heat Transfer Coefficients library is technically a
material library similar to, for example, the Liquids and Gases library also included in
the product. See “Loading Material Properties from the Library” on page 42 for a
general introduction to using and editing material properties and defining functions.

To access the library, open the Physics>Boundary Settings dialog box and click the Load
button (see Figure 4-24). Select to expand Heat Transfer Coefficients in the Materials

tree and select the correlation best describing your convection conditions.

Boundary Settings - General Heat Transfer (htgh) ==
Equation

n{kTT) = qp + (T~ T)

Boundary Condition | Highly Conductive Layer | | |
Boundary selection Boundary sources and constraints
- Library coefficient: |Nat. Vertical wall, L=heigh{ ~ ]
2
3 Boundary condition: | Haat flu -
4 Quantity Value/Expression Unit Description
q o wjm?  Inward heat flux
h h_ave(T[1/K]Tinf wj(m?.k) Heat transfer coefficent
o 573, h_ave(T[1/K],Tinf_htgh[1/K]L_htgh[1/mDIW,/(m"2*K)]|
To 273.15 [ Temperature
Radiation type: [Nene 1
3 0 1 Surface emissivity
Group:
Tomb 0 K Ambient kemperature
[T Sefect by group T epsilon_hkgh*sigma_| \n\d]’m2 Surface radiosity expression
[7] Interior boundaries Member of group(s): 1
[ [s]4 l I Cancel ] [ Apply ] [ Help ]

Figure 4-24: The Boundary Settings dinlog box with a heat transfer coefficient loaded
from the materials/coefficients library.

Once you have chosen the appropriate & coefficient correlation (convection condition)
from the library list, the software updates the edit field for A with the appropriate
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library function call. The following step-by-step describes the necessary settings and
details on using this feature.

Follow these steps to use an A coefficient in a model:

I Open the menu item Physics>Boundary Settings.
2 Sclect the appropriate boundaries, then select the Heat flux condition.

3 Specify the External temperature (the bulk temperature of the coolant) by entering
a value in the Tjy¢ edit field.

4 Click the Load button.

5 Seclect Heat Transfer Coefficients, which is the A coefficient library. From the list of 2

coefficient correlations, select the appropriate convection condition you want to
model (Figure 4-25). Click OK.

Materials/Coefficients Library (read only) ==
Materials Material properties
(#Model (0) - Mame: Nat. Vertical wall, L=height
[# Material Library {2540) -
[+ Basic Material Properties (31) | Boundary condition | Elastic | Electric | Fluid | piezosiectric| Thermal | al|
[# Liquids and Gases (3%)
&:—] MEMS Materisl Properties (33) Quantity WValue/Expression Description

[=IHeat Transfer Cosffidents (8) C

Heat capacity at co...| »
ir, Ext. Matural Convection (3) HC

= L Molar heat capacity
. Vertical wall, L<height i) Thermal diffusivity
Mat. Horiz, plane, Upside, L=+

epsilon Surface emissivity
i MNat. Horiz. plane, Downside, | h Ihn_ave(T[1/K],Tinf_htgh[1/K], ... Heat transFer coeffi...
i @ A, Ink, Matural Convection (2) Kk Thermal conductivity
@ Air, Ext. Forced Convection (2) ktensor2D Thermal conductivity
 [IAW, Int. Forced Convection (1) ktensor3D Thermal conductivity
&1 Electric [AC/DC) Material Properties | s MNormal tatal smissivity
[+ Piezoelectric Material Properties (23] tho Density

[ User Defined Materials 1)

€[ 1 3
Search
Searchfor: | Name -

Search string:

Search I || Hide undsfined properties

l oK H Cancel H Apply H Help J

Figure 4-25: The materials/coefficients library for beat transfer coefficients.

A function call now appears in the edit field for h. Figure 4-26 shows a typical function
call.
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- Cx Library coefficient: Nat. Vertical wall, L=height « Load...

Boundary condition! | Haat Flux -

Quantity Value/Expression Unit Description

9 0] wjm?  Inward heat flux

h h_ave(T[1/K],Tinf wj(m?.&) Heat transfer coefficient

273, h_ave(T[1/K],Tinf_htgh[1,/k]L_htgh[1/mDIW/(m~2*K)]|

273.15 K Temperature

Radiation kype: Mone

-

Figure 4-26: The defanlt function call for an b coefficient loaded from the Lbrary (figure
shows part of dialog box only).

The default function call generates a solution without any attention, but to get the
proper results it is important to set up the correct inputs for the call, the most

important being the length scale, L, of the convection problem.

6 Edit the function arguments within the brackets by clicking the edit field for h and
entering your own values or variables.

The parameter L_htgh defines the Convection length scale. The dimension for this
parameter appears in the Library coefficient list next to the Load button. In some
cases there are two length scales. The default parameter, L_htgh, has the value 1 m.

If modeling forced convection, you must also replace the default parameter for the
Convection fluid velocity, U_htgh, with the actual velocity in your case. The default
has the value 1 m/s.

If modeling external forced convection, use the parameter s_htgh to define the
Convection local coordinate. Its default value is 1 min 1D, s m in 2D/

. 2 2 . . .
2D-axisymmetry, and ,/s] + 5o min 3D. As with the previous parameters, you must

replace this one with the value that applies to your problem.

The default settings assume that the temperature variable is T and that the
application mode name is htgh (all default settings for the General Heat Transfer
application mode). This requires changes only if the application mode name differs
from htgh.

7 To finish the process, click OK. This closes the Boundary Settings dialog box.

DETAILS ABOUT THE HEAT TRANSFER COEFFICIENTS LIBRARY

The Heat Transfer Coefficients library is a part of the Materials/Coefficients Library
dialog box in COMSOL Multiphysics, which you open from the Options menu (and in
read-only mode from by clicking Load in the Boundary Settings dialog box). It contains
h coefficient functions for the most common geometrical situations. At this time the

library is limited to air, the most common cooling fluid.
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The library covers all categories of convection (see Figure 2-3 on page 16). COMSOL
Multiphysics smoothly switches between library expressions when the flow turns from
laminar to turbulent. This means that COMSOL Multiphysics reduces the original

eight categories down to four:

¢ External natural convection
¢ Internal natural convection
¢ External forced convection

¢ Internal forced convection

Once you have selected the appropriate coefficient correlation from the list, the
software sets up the h coefficient edit field of the Boundary Conditions dialog box with
the necessary library function call. The function uses the following input arguments:
the surface temperature, T' (K); the bulk temperature of the coolant, ;¢ (K); the
length scale, L (m); and for forced convection also the bulk coolant velocity, U (m/s).
In some cases there are two length scales. The software uses these parameters to
calculate the A coefficient during the problem solution. The library functions also
return the appropriate Jacobian used in the solution process.

If you want to use the A coefficient functions in some other way in a model, you can
call them with a normal function call that has new function arguments. To make this
work properly, you must first load the library coefficient. For example, to call the

library function depicted in Figure 4-26, use the format
mati1_h_ave(argl,arg2,arg3)

where arg1, arg2, and arg3 are the input arguments for T, T;,¢, and L, respectively.
The first part of the function name, mat1_, refers to the loaded coefficient number.
You can find this name under the Model node of the Materials/Coefficients Library dialog
box.

If you want to specify the coefficient yourself based on an arbitrary Nusselt correlation,
you can specify the relationship as an expression in the Scalar Expressions dialog box or
as a function in the Functions dialog box, and then directly enter it in the h edit field in
the Boundary Settings dialog box. Another possibility is to create you own library
coefficient that you can use also in future modeling sessions. This option is described
in the section “Using Your Own Material Data” on page 233 in the COMSOL
Multiphysics User’s Guide.
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Heat Transfer Coefficients Library Expressions

The following list gives the Heat Transfer Coefficients library expressions presently
implemented in the Heat Transfer Module; it contains the original expressions as
described in the given references. In COMSOL Multiphysics you specify the material
properties as polynomials or other functions of temperature, fitted to the material data
according to the fluid materials library in the Heat Transfer Module. In addition, some

dimensionless numbers are also represented in the library functions as fitted functions

of the temperature, as specified in the table.

MATERIAL: AIR,

TABLE 4-2: HEAT TRANSFER COEFFICIENTS LIBRARY EXPRESSIONS

I ATMOSPHERE

h-EXPRESSION

TYPE GEOMETRY FLOW REF.
Natural vertical wall laminar AT\ 025 Ref. 2
external Paye = 0'56Flam(fT) eq. 9.92
vertical wall turbulent _ 0.33 Ref. 2
(Ray >10%  Mave = 012F AT eq. 9.92
horizontal laminar AT\ 025 Ref. 2
surface, upside Pove = 0'54Flam(fT) eq. 9.92
horizontal turbulent 0.33 Ref. 2
surface, upside (Ray > 10%) have = 0-14F AT eq. 9.92
horizontal laminar AT\ 0.25 Ref. 2
surface, have = 0'25F1am(fT) eq. 9.92
downside
Natural internal chimney flow,  laminar/ 3 _ kRa Ref. 3
parallel plates  turbulent ave = 192L eq. 7.96
chimney flow,  laminar/ 3 _ kRa Ref. 3
tube turbulent ave — 1987, eq. 7.96
Forced external plate laminar . B (Ii) 0.928Pr0'33Re0'5 Ref.5383
ave = (T, 0.02070-67 0.25 €q. >
(1 * ( .Pr 7) )
plate turbulent k 033 08 Ref. 3
(Ref, 25-10%)  Taye = (1—)(0-037“ Re ™™ —23550) eq. 5.134
plate laminar k 033 05 Ref. 3
Troe = (£)0.332Pr" P Re eq.5.79
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TABLE 4-2: HEAT TRANSFER COEFFICIENTS LIBRARY EXPRESSIONS

TYPE GEOMETRY FLOW h-EXPRESSION REF.
plate turbulent k 035 08 Ref. 3
(Re,2510%) A = (z) 0.0296Pr " Re eq. 5.131
Forced internal  isothermal laminar 3 _ 3.66k Ref. 3
tube ave — T table 6.2
isothermal turbulent k 033 0.8 Ref. 3
tube (Rep >2300)  Mave = (z) 0.023Pr""Re eq. 6.90

* Turbulent flow was never observed.

1/4 1/3
In this table, F, = = k( RaTj and Fy k(R_a) .

L3A urb L\AT

For Flam, Fiurh, Ra, and Pr, the table uses function fits based on the material
properties at 1 atmosphere. For the material Air these are

F,,, = 6.3126 - 1.4322logT

Foyp = 121.9-69.518logT + 10.255(log T)

Ra = ATL310(19-058 - 4.444910gT)

Pr = 2.8469 — 1.34941ogT + 0.1949(log T)>

where log represents logyg, and L refers to the length scale value in meters and 7' to

the temperature value in kelvin.
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Radiative Heat Transfer

The General Heat Transfer application mode can account for heat transfer by radiation,
in addition to convection and conduction. Radiation is treated as a process that
transfers energy directly between boundaries and which therefore contributes to the
boundary conditions rather than to the heat equation itself. This section describes the
additional boundary equation for the radiation balance, the available view factor
evaluation methods, and the boundary properties and settings associated with

radiation.

You can read a more detailed explanation and background to the radiation equations
under “Radiative Heat Transfer” on page 10 in the chapter on heat transfer theory.

Note: In the General Heat Transfer application mode COMSOL Multiphysics works
under the assumption that the media in subdomains does not participate in the
radiation process. Note also that you must work with absolute (thermodynamical)
temperature units. See “Using Units” on page 188 of the COMSOL Multiphysics
User’s Guide.

The Radiosity Method

The radiation interacts with convective and conductive heat transfer through the
source term q, in the Heat flux and Heat source/sink boundary conditions,
Equation 4-11 and Equation 4-12. By definition, this source must be the difference
between incident radiation and radiation leaving the surface. According to

Equation 2-10 it is given by
g, = &(G-0T" (4-11)

where

* ¢ is the surface emissivity, a dimensionless number in the range 0<e<1.
* @ is the incoming radiative heat flux, or irradiation (W/ m? )

* o is the Stefan-Boltzmann constant by default equal to 5.67-1078 W/(mZ-T4).

The irradiation, G, at a point can in general be written as a sum according to
Equation 2-13:
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4
G = Gm +FambGTamb

where

¢ Gy, is the mutual irradiation, coming from other boundaries in the model (W/mz).

* F, b is an ambient view factor whose value is equal to the fraction of the field of
view that is not covered by other boundaries. Therefore, by definition,

0<F, ., <1 must hold at all points.

e Tymp is the assumed far-away temperature in the directions included in Fp,.

The Heat Transfer Module allows two different settings: surface-to-ambient
radiation and surface-to-surface radiation:

* Surface-to-ambient radiation is appropriate for convex exterior surfaces and assumes
from the outset that G, = 0 and Fy) = 1. Inserting this into Equation 4-11, the
total radiative heat flux simplifies to

q, = eo(Th - T (4-12)

¢ Surface-to-surface radiation, on the other hand, requires accurate evaluation of the
mutual irradiation, Gp,. The incident radiation at one point on the boundary is a
function of the exiting radiation, or radiosity, J (W/ m? ), at every other point in
view. The radiosity, in turn, is a function of G, which leads to an implicit radiation
balance. According to Equation 2-20:

J = (1-e){Gy(J)+F, ,0Te }+ecT" (4-13)

The General Heat Transfer application mode treats ¢/ as an additional dependent
variable. When you enable surface-to-surface radiation on a boundary, you also
introduce shape functions for J/ and add the above equation to be solved together with
the heat equation, Equation 4-1.

View Factor Evaluation

The strategy for evaluating view factorsis central to any radiation simulation. Loosely
speaking, a view factor is a measure of how much influence the radiosity at a given part
of the boundary has on the irradiation at some other part.

The quantities G, and Fypp, in Equation 4-13 are not strictly view factors in the
traditional sense. Fyp, is the view factor of the ambient portion of the field of view,

which is considered to be a single boundary with constant radiosity
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Jamb = GT;lmb

G, on the other hand, is the integral over all visible points of a differential view factor
times the radiosity of the corresponding source point (see “Surface-to-Surface
Radiation” on page 12). In the discrete model, you can think of it as a product of a
view factor matrix and a radiosity vector. This is, however, not necessarily the way the

calculation is performed.

A separate evaluation is performed for each unique point where G, or Fy, is
requested, typically for each quadrature point during solution. Differential view factors
are normally computed only once, the first time they are needed, and then stored in
memory until next time the model definition or the mesh is changed. This behavior is
usually desirable but can be turned off using the Cache view factors setting in the

Application Mode Properties dialog box.

The Heat Transfer Module supports two different surface-to-surface radiation
methods, which you can select in the Application Mode Properties dialog box:

Direct area integration: COMSOL Multiphysics evaluates the integrals in

Equation 2-14 and Equation 2-15 directly, without considering which face elements
are obstructed by others. This means that shadowing effects (that is, surface elements
being obstructed in nonconvex cases) are not taken into account. Elements facing

away from each other are, however, excluded from the integrals.

Direct area integration is fast and accurate for simple geometries with no shadowing,
or where the shadowing can be handled by manually assigning boundaries to different
groups (see “Grouping Boundaries” on page 74). Note that if shadowing is ignored,
global energy is not conserved. You can control the accuracy by specifying an

integration order. Sharp angles and small gaps between surfaces may require a higher

integration order for accuracy but also more time to evaluate the irradiation.

Hemicube: The more sophisticated and general hemicube method uses a z-buffered
projection on the sides of a hemicube (with generalizations to 2D and 1D) to account
for shadowing effects. You can think of the method as rendering digital images of the
geometry in five different directions (in 3D; in 2D only three directions are needed),

and counting the pixels in each mesh element to evaluate its view factor.

Hemicube is the default method in the General Heat Transfer application mode. You
can influence its accuracy by setting the resolution of the virtual snapshots. The
number of z-buffer pixels on each side of the 3D hemicube equals the specified

resolution squared. Thus the time required to evaluate the irradiation increases
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quadratically with resolution. In 2D, the number of z-buffer pixels is proportional to

the resolution property, and thus the time is, as well.

Note: View factors are always calculated directly from the mesh, which is a polygonal,
flat-faceted representation of the geometry. To improve the accuracy of the radiative
heat transfer simulation, you must therefore refine the mesh rather than raise the

element order.

RADIATION IN AXISYMMETRIC GEOMETRIES

For an axisymmetric geometry, G, and F,;, must be evaluated in a corresponding
3D geometry obtained by revolving the 2D boundaries about the axis. COMSOL
Multiphysics creates this virtual 3D geometry by revolving the 2D boundary mesh into
a 3D mesh. You control the resolution in the azimuthal direction by setting the
number of azimuthal sectors, which is the same as the number of elements to a full
revolution. Try to balance this number, accessible from the Application Mode Properties

dialog box, against the mesh resolution in the rz-plane.

You can select between the hemicube and the direct area integration methods also in
axial symmetry. Their settings work the same way as in 3D. Note that while G, and
F mp are in fact evaluated in a full 3D, the number of points where they are requested
is limited to the quadrature points on the boundary of a 2D geometry. The savings
compared to a full 3D simulation are therefore substantial despite the full 3D view

factor code being used.
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Boundary Settings

To enable radiative heat transfer, go to the Physics menu and select Boundary Settings.
In the resulting dialog box go to the Boundary Condition page (Figure 4-27).

Boundary Settings - General Heat Transfer (htgh) =]
Equation
N{-kTT) =gy + h(T, - T) +2(G - oT%)

(1-2)G =13 -eoT*

Boundaries Boundary Condition | Highly Conductive Layer | Element | |

Boundary selection Boundary sources and constraints

i Library coefficient: -

2

3 Boundary condition: | Heat Fiux -

[+ Quantity .\‘alue,v'Expression Unit Description
9 0 Wjm? Inward heat Flux
h mat1_h_ave(T[1/K],] W,l(ml «K) Heat transfer coefficient
T.

inf 273.15 K External temperature

Radiation type:

3 0 1 Surface emissivity
Group:
1 0 K Ambient kemperature
[E Select by group T i Wjm?  Surface radiosity expression
nkerior boundaries ember of group(s): |1
Inkerior bound Member of (s) 1

[ QK ][ Cancel ][ Apply ][ Help ]

Figure 4-27: The Boundary Condition page in the Boundary Settings dialog box.

The following Boundary condition types (see “Boundary Condition Types” on page 56)
are compatible with radiation:

* Heat flux

* Heat source/sink

* Temperature

After selecting one of the above boundary conditions, you can enable radiation by

setting Radiation type to either Surface-to-ambient or Surface-to-surface. This enables
edit fields for the following radiation properties:

QUANTITY VARIABLE DESCRIPTION

€ epsilon Surface emissivity

Tamb Tamb Ambient temperature

Jo Jo Surface radiosity expression
Member of group(s) - -
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Surface emissivity: The surface emissivity is a property of the material surface that

depends both on the material itself and the structure of the surface. Set € to a number
between 0 and 1, where 0 represents diffuse mirror and 1 is appropriate for a perfect
black body. The proper value for a physical material lies somewhere in-between and can

be found from tables or measurements.

Ambient temperature: Sct T, to the far-away temperature in directions where no
other boundaries obstruct the view. Inside a closed cavity, the ambient view factor,
F, b, is theoretically zero and the value of Ty, therefore should not matter. It is,
however, good practice to set Tyqp to T in such cases because that minimizes errors

introduced by the finite resolution of the view factor evaluation.

Surface radiosity expression: The surface radiosity expression Jg specifies how the
radiosity of a boundary is evaluated when that boundary is visible in the calculation of

the irradiation onto another boundary in the model.

Note that Jg does not directly affect the boundary condition on the boundary where it
is specified, but rather how that boundary affects others through radiation. Therefore,
a boundary can be specified as accepting only surface-to-ambient radiation but still

give a contribution to surface-to-surface radiation on other boundaries.

Member of group(s): The Member of group(s) ficld lets you specify roughly which
boundaries are visible to each other. This can speed up the radiation calculations in

many cases. Read more under “Grouping Boundaries” on page 74.

BOUNDARY CONDITION—RADIATION TYPE COMBINATIONS

The combined selection of Boundary condition and Radiation type affects the definition
of the radiative heat flux g, in Equation 4-13 and the default values of Jg and Member
of groups. In addition, selecting Surface-to-surface radiation enables Equation 4-13 and
lets you change the shape function for the radiosity «/ on the Element page. The

following combinations are possible:

Heat Flux with Surface-to-Ambient Radiation
The radiative flux is defined according to Equation 4-12 as

4 4
q, = e6(Ty,-T)

By default, the radiosity of the boundary is set to J = 6T and no equation for the
radiosity is solved. If the Member of group(s) ficld is left empty, the boundary does not

take part in surface-to-surface radiation. It can, however, be assigned to one or more
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groups, in which case it contributes the radiosity specified in Jg to the group but does

not receive any irradiation except for the above gq,.

Heat Flux with Surface-to-Surface Radiation
The radiative flux is defined according to Equation 4-11 as

q, = e(G—c5T4)

where the evaluation of G requires the solution of Equation 4-13. The default value of
Jo is therefore J, which also appears as a dependent variable on the Element page. This
setting applies to nearly all kinds of radiation problems. Only in rare cases would you
use values for J other than J. By default all boundaries taking part in

surface-to-surface radiation are part of the same group, number 1.

Note that surface-to-surface radiation can take place only between boundaries that
border on exactly one opague subdomain. Therefore, make sure that the adjacent
subdomain has Opacity sct to Opaque in the Subdomain Settings dialog box (see
“Subdomain Settings” on page 30).

Temperature with Surface-to-Ambient Radiation

You can combine the Dirichlet boundary condition T' = Ty with radiation. In the
majority of situations this does not affect the conditions on the boundary itself,
because the temperature there has been specified once and for all. Instead, switching
on surface-to-ambient radiation for a Temperature boundary allows the boundary to
act as a radiation source for other boundaries taking part in surface-to-surface
radiation. For this to happen, you must assign the boundary to a radiation group
because the Member of group(s) ficld is empty by default.

There is, however, a case when adding radiation terms changes the meaning of the
Temperature boundary condition itself. If you set Ty = T, where T'g is the temperature
variable from another application mode, you normally get continuity both in the
combined temperature field [T, T'9] and in the normal heat flux over the boundary.
Radiation terms introduced on the boundary in that case act like a source or sink on
an interior boundary and cause a heat flux discontinuity. Compare to Equation 4-7 and

the discussion about the Heat source/sink boundary condition on page 59.

Temperature with Surface-to-Surface Radiation

A boundary with a Temperature boundary condition can also take part in
surface-to-surface radiation. Just like the case with Heat flux boundary condition and
surface-to-surface radiation, an additional equation must be solved for the radiosity, /.

As in the case above, the radiation terms do not affect the conditions at the boundary
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itself unless the Temperature condition is used to enforce continuity between two

different temperature fields.

Heat Source/Sink with Surface-to-Ambient Radiation

Using surface-to-ambient radiation together with the Heat source/sink boundary
condition on an interior boundary is similar to using the combination of
Surface-to-ambient and Heat flux on an exterior boundary, see “Heat Flux with
Surface-to-Ambient Radiation” on page 72 above.

Note that as the equation is written, the radiation is assumed to affect only one side of
the boundary. Therefore, this condition is directly applicable only to a boundary

between an opaque and a transparent domain. When there are transparent domains on
both sides of the boundary, radiation will go both ways. If the ambient temperature is
the same on both sides, you can model this bidirectional radiation just by summing the
emissivities of the two surfaces. Otherwise, you can use the source term g to manually

implement surface-to-ambient radiation in the more general case.

Heat Source/Sink with Surface-to-Surface Radiation

This combination is the interior-boundary counterpart of “Heat Flux with
Surface-to-Surface Radiation” on page 73. Note that surface-to-surface radiation can
take place only between boundaries that border on exactly one opague subdomain.
The radiation takes place in the direction away from the opaque domain, possibly into
a neighboring domain marked as transparent. The void surrounding the geometry

and any inactivated domains are considered to be transparent in this sense.

Grouping Boundaries

For radiation problems you can apply a boundary grouping to save computational
time. You specify it in the Boundary Settings dialog box by going to the Boundary
Condition page and then making an appropriate entry in the Member of group(s) edit

field.

A boundary grouping specifies which boundaries in a radiation problem have a chance
to see one another, and they must be members of the same group. For each boundary
that has its radiation type set to surface-to-ambient or surface-to-surface, use the

Member of group(s) edit field to specify to which groups the boundary belongs.
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Note: Be careful when grouping boundaries in axially symmetric geometries. The
grouping cannot be based on which boundaries have a free view toward each other in
the 2D geometry. Instead, you must consider the full 3D geometry, obtained by
revolving the model geometry about the z axis, when defining groups. For example,
parallel vertical boundaries must typically belong to the same group in 2D

axisymmetric models, but to different groups in a planar model using the same 2D

geometry.
@ (b)
| 2]
| 2 | 123
12 | 2
3 3
(©) (d)

inefficient boundary grouping

a
24

Figure 4-28: Examples of boundary grouping.

Figure 4-28 shows four examples of possible boundary groupings. On boundaries that
have no number, the user has set the surface-to-ambient radiation type. These
boundaries do not irradiate other boundaries, neither do other boundaries irradiate
them. On boundaries that have one or several group numbers, the user has set the
surface-to-surface radiation type. The numbers on each boundary specify in which

groups the boundary belongs.

On boundaries where the user has set the surface-to-surface radiation type, the default

setting for Member of group(s) is 1. To specify that a boundary is a member of more
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than one group, you can enter a space-separated list of integers in the edit field, for
example, 1 2 3.

To obtain optimal computational performance, it is good practice to specify as many
groups as possible as opposed to specifying few but large groups. For example, in
Figure 4-28, case (b) is more efficient than case (d).

On boundaries where the user has set surface-to-ambient radiation, the default for
Member of group(s) is an empty edit field, which denotes that the boundary does not
interact with other boundaries through radiation. If you specify one or more group
numbers on these boundaries, the radiation that leaves the boundary irradiates the

surrounding boundaries, but it receives no radiation from the surrounding boundaries.

Using the surface-to-ambient radiation type with boundary grouping can be efficient
if the boundary acts as a pure emitter that irradiates an object because this setup does
not require COMSOL Multiphysics to solve the equations for the radiosity on the

emitting boundary.

Guidelines for Solving Surface-to-Surfuce Radiation Problems

The following guidelines are helpful when selecting solver settings for models that
involve surface-to-surface radiation:

* Surface-to-surface radiation makes the Jacobian matrix of the discrete model partly
filled as opposed to the usual sparse matrix. The additional nonzero elements in the
matrix appear in the rows and columns corresponding to the radiosity degrees of
freedom. It is therefore common practice to keep the element order of the radiosity
variable, J, low. By default, linear Lagrange elements are used irrespective of the
shape function order specified for the temperature. When you need to increase the
resolution of your temperature field, it might be worth considering raising the order

of the temperature elements instead of refining the mesh.

e The Assembly blocksize parameter (found in the Solver Parameters dialog box on the
Advanced page) can have a major influence on memory usage during the assembly
of problems where surface-to-surface radiation is enabled. You might consider a
blocksize as small as 100. Using a smaller blocksize also leads to more frequent
updates of the progress bar.

The section “Building and Solving a Radiation Model” on page 131 gives an example
of how to build and solve a model involving both conductive and radiative heat
transfer.
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Highly Conductive Layers

The highly conductive layer feature is efficient for modeling heat transfer in thin layers
without the need to create a fine mesh for them. The material in the thin layer should
be a good thermal conductor. A good example is a copper trace on a printed circuit
board, where the traces are good thermal conductors compared to the board’s
substrate material. More generally you can apply the highly conductive layer feature in

a part of a geometry with the following properties:

* The part is a thin layer compared to the thickness of the adjacent geometry

* The part is a good thermal conductor compared to the adjacent geometry

Because the layer is very thin and has a high thermal conductivity, you can assume that
no variations in temperature and in-plane heat flux exist along the layer’s thickness.
Furthermore, you can think of the difference in heat flux in the layer’s normal direction
between its upper and lower face as a heat source or sink that is smeared out along the
layer thickness.

The Heat Transter Module supports heat transfer in highly conductive layers in 2D and
3D as well as 2D axisymmetry. A significant benefit is that you can represent a layer as
a boundary instead of a subdomain. Doing so simplifies the geometry and significantly
reduces the required number of mesh elements. Figure 4-29 shows an example where
a highly conductive layer reduces the mesh density significantly.

Copper wire modeled
with a mesh

Copper wire represented as a
highly conductive layer

Figure 4-29: Modeling a copper wirve as a subdomain (top) requives a denser mesh
compared to modeling it as o boundary with a highly conductive layer (bottom).
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PDE Formulation—Highly Conductive Layers

To describe heat transfer in highly conductive layers, the Heat Transfer Module uses a
variant of the heat equation that describes the in-plane heat flux in the layer (see also
“Thin Conductive Shell” on page 153)
dp.C, L1y, drv.T) = - (4-14)
sPg p,s&+ g (= shgvt ) = Qh0—490 = —9s- -
Here the operator V, denotes the del or nabla operator projected onto the plane of
the highly conductive layer. The properties in the equation are:

* pgis the layer density (kg/ms).

on

. ]fs is the layer thermal conductivity tensor (W/(m-K)).

s is the layer heat capacity (J/(kg-K)).

* d, is the layer thickness (m).

* q,q is the heat flux from the surroundings into the layer (VV/m2 ).

* g is the heat flux from the layer into the subdomain (W/m2).

* g, is the net outflux of heat through the top and bottom faces of the layer (W/m2 ).
The rightmost variable, g, can be recognized as one of the source terms in

Equation 4-6 page 54. With the above boundary equation inserted, the general heat
flux boundary condition becomes

oT
-n-q =qy+q,+h(Ty;—T)-dp C

;i o, s'(:;?_vt . (_dsIEthT) on 0Q
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Boundary Settings—Highly Conductive Layer

To create a highly conductive layer, go to the Physics menu and select Boundary
Settings. In the resulting dialog box go to the Highly Conductive Layer page
(Figure 4-30).

Boundary Settings - General Heat Transfer (htgh) =]
Equation
no{-kVT) =y + h(Te- T) +2(G - 0T - dpC, ATt - ¥, (-dk,¥T)
(1-2)6 =13 -eoT*
Boundaries | Groups | Boundary Condition | Highly Canductive Layer | Element |
Boundary selection Enable heat transfer in highly conductive layer
1 a Thermal properties in highly conductive layer
2
3 Library material: - Load...
4
Quantity Value/Expression Unit Description
k400 W/(m-K) Layer thermal conductivity
P, 8700 kgjm®  Layer density
G [385 Jfika k) Layer heat capacity
d o m Layer thickness
Group:
[ Select by group
[ Interior boundaries
[ QK ] [ Cancel ] [ Apply ] [ Help ]

Figure 4-30: The Highly Conductive Layer page in the Boundary Settings dialog box.

Select the Enable heat transfer in highly conductive layer check box at the top of the page
to activate heat transfer in the highly conductive layer. The quantities associated with
a highly conductive layer are:

QUANTITY VARIABLE DESCRIPTION

p rhos Layer density

C, Cps Layer heat capacity

k ks Layer thermal conductivity

kS Layer thermal conductivity tensor

kg ;i ksxixj Layer thermal conductivity tensor, x;x; component
dg ds Layer thickness

Layer density p specifies the material’s density. Note that you enter density as mass per
unit volume and not as a surface density, or mass per area.
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Layer heat capacity C), ¢ describes the amount of heat energy required to produce a

unit temperature change in a unit mass of the layer material at constant pressure.

Layer thermal conductivity % describes the relationship between the heat flux vector q

and the tangential temperature gradient V{7 as in
q = -dkVT.

When modeling anisotropic thermal conductivity properties, note that the Heat
Transfer Module uses a 3-by-3 matrix in 3D and a 2-by-2 matrix in 2D to represent

the thermal conductivity tensor. Enter the elements in the global coordinate system.

Layer thickness dj is zero by default.

Note: If the thickness is zero, the highly conductive layer does not take effect.

See the section “Building and Solving a Model with Highly Conductive Layers” on

page 142 for an example on how to build a model involving a highly conductive layer.

Reference

1. E.D. Incropera and D.P. DeWitt, Fundamentals of Heat and Mass Transfer, 4th
ed., John Wiley & Sons, 1996.
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Out-of-Plane Heat Transfer

When the object you intend to model in COMSOL Multiphysics is thin or slender
enough along one of its geometry dimensions, there is usually only a small variation in
temperature along the object’s thickness or cross section. For such objects, it is
efficient to reduce the model geometry to 2D or even 1D and use the out-of-plane
heat transfer mechanism. Figure 4-31 shows two examples of likely situations where
you can apply this type of geometry reduction.

NI IR,
/'T\‘T\‘T\“‘I'T\“‘\/ m—
[

¥ ¥ Y YT Y v ¥

ddown

Figure 4-31: Geometry veduction from 3D to 1D (top) and from 3D to 2D (bottom).

The reduced geometry does not include all the boundaries of the original 3D
geometry. For example, the reduced geometry does not represent the upside and
downside surfaces of the plate in Figure 4-31 as boundaries. Instead, heat transfer
through these boundaries appears as sources or sinks in the thickness-integrated

version of the heat equation used when out-of-plane heat transfer is active.

PDE Formulation—Out-of-Plane Heat Transfer

The following equation shows the heat equation for a 2D heat transfer problem that
includes conduction and out-of-plane heat transfer:

oT
Stsdzppr +V . (-d,kVT) = d,Q +d q,T +

~T)+hy(T

ext,

4 4
Py(Toxt u a-D+e,0(Tmpu-T)+ edG(T“amb’ a-T)

Mathematically this is the heat equation integrated along the thickness of the full 3D
geometry where d, (m) represents the thickness.
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The first two out-of-plane terms

ho(Togt o-T)+hg(Toyy a-T)

ext,u ext,

represent the convective heat flux through the upside and downside surfaces of the full
3D geometry. Here:

e hyis the heat transfer coefficient for the upside (W/(m2 -K)).

* hgis the heat transfer coefficient for the downside (W/ (mZ-K)).

* Text,y is the external temperature for the upside (K).

* Text qls the external temperature for the downside (K).

In addition, the final two out-of-plane terms
4 4
e (T4 ymp,u—T) + edc(T“amb’ a-T)

represent the heat flux due to surface-to-ambient radiation where

* g, 1s the surface emissivity for the upside (dimensionless).

* gqis the surface emissivity for the downside (dimensionless).
e o is the Stefan-Boltzmann constant (W/(m2~K4)).

* Tamb,u is the ambient temperature for the upside (K)

* Tymp,qis the ambient temperature for the downside (K).

In 1D, the corresponding subdomain equation is:

5, A pCpg—;F +V. (“AEVT)

ts“ e

=A(Q+qT)+ PchZ(T

ext, z

4
-T)+P.e,6(T* .- T)

Mathematically this is the heat equation integrated over the cross-sectional area of the
full 3D geometry, where

o A, is the cross-sectional area (m2 ).

* P,_is the cross-sectional perimeter (m).

e h,is the heat transfer coefficient (VV/(m2 -K)).

* Tyt is the external temperature (K).

* &, is the surface emissivity (dimensionless)
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* o is the Stefan-Boltzmann constant (W/(m2-1<4))

* Tamb, is the ambient temperature (K).

Subdomain Settings—Out-of-Plane Heat Transfer

To enable out-of-plane heat transfer, go to the Physics menu and choose Properties. In
the Application Mode Properties dialog box, locate the Out-of-plane heat transfer option
and select Enabled from the list.

To enter properties for out-of-plane heat transfer, first choose Physics>Subdomain
Settings. In the resulting dialog box go to the Out-of-Plane page (Figure 4-32).

Subdomain Settings - General Heat Transfer (high) =]
Equation
d,pC,ATIat + V(A kVT) = dQ+d,aT +h (T, T +hyT T+ 19 ety 79

T = temperature

;Subdomains” Groupsl General | Convection I |
Sbdaman selacion Out-of-Plane | [nfinite Elements | Init Element | | |
Properties For out-of-plane heat transfer
Quantity Value,/Expression Unit Description
d, 1 m Thickness
Upside Downside
hy.hy ] ] W(m?.K) Heat transfer coefficient
Tettu Texd 273.15 273.15 K External temperature
p 5,05y ] 0 1 Surface emissivity
roup:
P Tamba *Tamb,d @ 0 K Ambient temperature
[ Select by group
Active in this domain
[ oK ] [ Cancel ] [ Apply ] [ Help ]

Figure 4-32: The Out-of-Plane page in the Subdomain Settings dialog box (in 2D).

SUBDOMAIN QUANTITIES—2D

In 2D the subdomain quantities are:

QUANTITY VARIABLE DESCRIPTION

hy hu Heat transfer coefficient, upside
hd hd Heat transfer coefficient, downside
Textu Textu External temperature, upside
Texta Textd External temperature, downside
€y epsilonu Surface emissivity, upside

€4 epsilond Surface emissivity, downside
Tamb,u Tambu Ambient temperature, upside
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QUANTITY VARIABLE DESCRIPTION

Tamb,d Tambd Ambient temperature, downside
d, dz Thickness

Heat transfer coefficient, upside/downside A, is the heat transfer coefficient for the

upside surface; use kg for the downside surface.

External temperature, upside/downside Ty , is the external bulk temperature on the
upside (Tgxt g on the downside) that the heat transfer coefficient uses as a reference to

define the convective heat flux through the surface.

Surface emissivity, upside/downside The surface emissivity of the upside surface, €,

(eq for the downside surface) is a dimensionless number between 0 and 1.

Ambient temperature, upside/downside The upside surface sees the temperature of its

ambient surrounding as Ty, 1, and the downside surface sees its ambient as Ty, g-

Thickness d, is the thickness of the full 3D object that is reduced to a 2D model using
out-of-plane heat transfer.

SUBDOMAIN QUANTITIES—ID

In 1D the subdomain quantities are:

QUANTITY VARIABLE DESCRIPTION
h, hz Heat transfer coefficient
Text,» Textz External temperature

€, epsilonz Surface emissivity

Tamb,z Tambz Ambient temperature

A, Ac Cross-sectional area

P, Pc Cross-sectional perimeter

Heat transfer coefficient £, is the heat transfer coefficient for the surface. When using

ST units, enter the value in W/ (m2~K).

External temperature T'qyq , is the external bulk temperature that the heat transfer

coefficient uses as a reference to define the convective heat flux through the surface.

Surface emissivity €, is a dimensionless number between 0 and 1.
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Ambient temperature The surface sees a the surrounding ambient at a temperature of

T,

amb,z*

Cross-sectional area A is the area of the cross section of the full 3D object that

out-of-plane heat transfer reduces to a 1D model.

Cross-sectional perimeter P, is the perimeter of the cross section of the full 3D object
that out-of-plane heat transfer reduces to a 1D model.

See the section “Out-of-Plane Heat Transfer” on page 81 for an example of how to

build a model involving both conductive and out-of-plane heat transfer.

See the section “Building and Solving an Out-of-Plane Heat Transfer Model” on page
146 for an example on how to build a model involving out-of-plane heat transfer.
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Building and Solving General Heat
Transfer Models

The following sections describe how to build and solve heat transfer problems using

the General Heat Transfer application mode.

The discussion starts with an example on conductive heat transfer and further examples

add other heat transfer mechanisms. The following list points out in which section you

can read about how to build models with different heat transfer mechanisms:

Conduction—see “Building and Solving a Conduction Model” on page 87.

Conduction and convection—see “Building and Solving a Natural Convection
Model—Laminar Flow” on page 109.

Conduction and radiation—see “Building and Solving a Radiation Model” on page
131.

Conduction and out-of-plane heat transfer—see “Out-of-Plane Heat Transfer” on
page 81.

Conduction with heat transfer in highly conductive layers—see “Building and
Solving a Model with Highly Conductive Layers” on page 142.
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Building and Solving a Conduction
Model

The following example illustrates how to build and solve a conductive heat transfer
problem using the General Heat Transfer application mode. The model, taken from a
NAFEMS benchmark collection (Ref. 1), shows an axisymmetric steady-state thermal
analysis. As opposed to the NAFEMS benchmark model, we use the temperature unit
kelvin instead of degrees Celsius for this model.

Model Definition—Conduction in a Cylinder

The modeling domain describes the cross section of a 3D solid as shown in
Figure 4-33.

273.15K

z=1.4m

Insulation

— z=0.Im
—»|

5. _o™®
5x10°Wm ") 273.15K

—
-

z = 0.04m

Insulation

z=0m
r=0.02m 273.15K r=0.Im

Figure 4-33: Model geometry and boundary conditions.
You set three types of boundary conditions:

* DPrescribed heat flux
* Insulation/Symmetry

* Prescribed temperature

The governing equation for this problem is the steady-state heat equation for

conduction with the volumetric heat source set to zero:
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The thermal conductivity & is 52 W /(m-K).

Results

The plot in Figure 4-34 shows temperature as a function of position:

Surface: Temperature [K] Max: 478.203

0.14
460
0.12 440
01 1420
1400

0.08
r 1380
0.06 1360
340

0.04
320

0.02
300
0 280

-0.02 0 0.02 004 006 0.08 0.1 012 0.14 Min: 273.15

Figure 4-34: Temperature distribution.

The benchmark result for the target location (r = 0.04 m and z = 0.04 m) is a
temperature of 59.82 °C, or (59.82 + 273.15) K = 332.97 K. The COMSOL
Multiphysics model, using a default mesh with about 540 elements, gives a
temperature of 332.947 K at the same location.

Reference

1. A.D. Cameron, J.A. Casey, and G.B. Simpson, NAFEMS Benchmark Tests for
Thermal Analysis (Summary), NAFEMS Ltd., 1986.
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Model Library path: Heat_Transfer_Module/Tutorial_Models/
cylinder_conduction

Modeling Using the Graphical User Interface

I Open the Model Navigator and click the New tab.
2 From the Space dimension list select Axial symmetry (2D).

3 From the list of application modes select Heat Transfer Module>
General Heat Transfer>Steady-state analysis. Click OK.

GEOMETRY MODELING

I Open the Rectangle dialog box by pressing the Shift key and clicking the Rectangle/
Square button on the Draw toolbar.

2 Specify the following rectangle; when done, click OK.

PROPERTY VALUE
Width 0.08
Height 0.14
Base Corner
r 0.02
z 0

Next split the left vertical boundary into three boundaries by adding two points.

3 Dress the Shift key and click the Point button on the Draw toolbar. In the resulting
dialog box go to the r edit field and enter 0.02 0.02, then go to the z edit field and
enter 0.04 0.1. Click OK.

4 Click the Zoom Extents button on the Main toolbar.

PHYSICS SETTINGS

Boundary Conditions
I From the Physics menu select Boundary Settings.
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2 In the resulting dialog box apply these boundary conditions; when done, click OK.

SETTINGS BOUNDARIES 1, 4 BOUNDARIES 2, 5, 6 BOUNDARY 3
Boundary condition Insulation/Symmetry ~ Temperature Heat flux
To 273.15

do 5e5

Subdomain Settings
I From the Physics menu select Subdomain Settings.

2 Select Subdomain 1, then enter the following properties; when done, click OK.

PROPERTY VALUE
k (isotropic) 52

p 0

G 0

COMPUTING THE SOLUTION

To compute the solution click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot (Figure 4-34) shows the cylinder’s temperature. The NAFEMS
benchmark value at the coordinates 7 = 0.04, z = 0.04 is 332.97 K. To compare the
computed solution to the NAFEMS solution, follow these steps:

I From the Postprocessing menu, select Data Display>Subdomain.

2 From the Predefined quantities list select Temperature.

3 In both the r and z edit fields type 0.04.

4 Click OK.

The temperature at r = 0.04, z = 0.04 appears in the message log at the bottom of the
user interface.
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Building and Solving a Convection
and Conduction Model

The following example builds and solves a conduction and convection heat transfer

problem using the General Heat Transfer application mode.

The example concerns a stainless-steel MEMS heat exchanger, which you can find in
lab-on-a-chip devices in biotechnology and in microreactors such as for micro fuel
cells. This model examines the heat exchanger in 3D, and it involves heat transfer
through both convection and conduction.

Model Definition—Heat Exchanger

Figure 4-35 shows the geometry of the heat exchanger. It is necessary to model only
one unit cell because they are all almost identical except for edge effects in the outer

cells.

cold stream

hot stream

Figure 4-35: Depiction of the modeled part of the heat exchanger (left).

The governing equation for this model is the heat equation for conductive and

convective heat transfer
V- (-kVT) = Q - pCpu VT (4-15)

where C,, denotes the specific heat capacity (J/(kg-K)), T'is the temperature (K), & is
the thermal conductivity (W/(m-K)), p is the density (kg/ ms), u is the velocity vector
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(m/s), and @ is a sink or source term (which you set to zero because there is no

production or consumption of heat in the device).

In the solid part of the heat exchanger the velocity vector, w = (u, v, w), is set to zero
in all directions. In the channels the velocity field is defined by an analytical expression
that approximates fully-developed laminar flow for a circular cross section. For both
the hot and cold streams, you set the velocity components in the x and z directions to
zero.

For the hot stream, the expression

v = vmax(l _<£)2> (4-16)

gives the y-component of the velocity where

Umax 18 the maximum velocity (m/s), which arises in the middle of the channel
* ris the distance from the center of the channel (m)
* R is the channel radius (m)

You describe velocity in the cold stream in the same manner but in the opposite

direction

o=l (3))

In an extended approach, instead of using the analytical expression for the velocity
field, the fluid in the channels can be simulated using the Weakly Compressible
Navier-Stokes application mode, which allows the fluid density to vary with
temperature. Here the density is defined as

T-T
p=p 1= = 4-17)
A1-2)
where p,, the mean density (kg/ m3), T is the temperature (K), and
T = (Teo1d + Thot)/2 is the mean fluid temperature.

The boundary conditions are insulating for all outer surfaces except for the inlet and
outlet boundaries in the fluid channels. At the inlets, you specify constant temperatures
for the cold and hot streams, Tq1q and T, respectively. At the outlets, convection

dominates the transport of heat so you apply the convective flux boundary condition:

~kVT -n =0
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Results and Discussion

Figure 4-36 shows the temperature isosurfaces and the heat flux arrows for the
conductive heat flux in the device. The temperature isosurfaces clearly show the
convective term’s influence in the channels. The arrow field indicates that the heat
flows from the geometry’s hot region to its cold region. Figure 4-37 displays the
corresponding results for the extended model. As the plot shows, the temperature
distribution is very similar to that in the initial case, which can therefore be concluded
to be a good approximation of the extended case.
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Figure 4-36: Isotherms and conductive heat flux arvow field in the cell unit’s geometry.
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Figure 4-37: Extended model vesults; isotherms and conductive beat flux avrow field in the
cell unit’s geometry.
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To visualize the velocity field in the channels, Figure 4-38 and Figure 4-39 (extended
case) plot the velocity on the tubes’ boundaries. The same figures also visualize some
streamlines for the conductive heat flux. Comparing the initial and extended models
reveals that the channel velocities are slightly different. The analytical velocity profile
is constant in the axial direction, as specified, with a centerline velocity magnitude of
5 mm/s (the velocity at the channel centerpoint). In the extended model the
centerline velocity varies due to the temperature dependence. In the hot channel the
centerline velocity decreases slightly from the inlet. This is due to a net increase of the
fluid density as the temperature decreases. The opposite situation occurs in the cold
channel. Figure 4-40 shows the velocity magnitude at the channel centerlines in the
extended model.

Isosurface: Temperature [K] Boundary: abs(v_htgh) [m/s] Max: 329 Max: 5.00e-3
Streamline: Conductive heat flux 329 o2
1327
1325 4.5
1323
4
321
319 F13.5
317 b 43
315
2.5
313
1 [P
1309 15
1307
1
i 1305
L4303 0.5
—301

Min: 301 Min: 1.00e-10

Figure 4-38: Boundary plot of the velocity field in the channels combined with temperature
isosurfices and heat conduction streamiines in the solid.
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Isosurface: Temperature [K] Boundary: Velocity field [m/s] Max: 329 Max: 5.30e-3

Streamline: Conductive heat flux 1329 K10'3
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519 M35
317
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315
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311 2
i aid 1.5
—1307
1
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Figure 4-39: Extended model vesults; boundary plot of the velocity field in the channels
combined with temperature isosurfices and heat conduction streamlines in the solid.
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Figure 4-40: Velocity magnitude profiles along the centerline in the cold (blue line) and
hot (ved line) fluid channel.
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The name and location of the model using the analytical fluid velocity are:

Model Library path: Heat_Transfer_Module/Tutorial_Models/
heat_exchanger_iso

The name and location of the extended model, which uses a Weakly Compressible

Navier-Stokes application mode to describe the fluid flow, are:

Model Library path: Heat_Transfer_Module/Tutorial_Models/
heat_exchanger_ni

Modeling Using the Graphical User Interface

Model the heat exchanger according to the following instructions. Assume that the
heat exchanger material is steel and that the channel fluid is water.

MODEL NAVIGATOR
I Open the Model Navigator and go to the New page.
2 From the Space dimension list select 3D.

3 From the list of application modes select

Heat Transfer Module>General Heat Transfer>Steady-state analysis.

4 Click OK.

OPTIONS AND SETTINGS

I From the Options menu select Constants.

2 Define these constants (the descriptions are optional); when done, click OK.

NAME EXPRESSION DESCRIPTION

v_max 5[mm/s] Maximum velocity

R 5e-5[m] Channel radius

T_hot 330[K] Hot stream temperature
T_cold 300[K] Cold stream temperature
rho_w 1e3[kg/m"3] Mean density of water
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NAME EXPRESSION DESCRIPTION

k_w 0.6[W/(m*K) ] Thermal conductivity of water
Cp_w 4200[J/ (kg*K) ] Heat capacity of water

GEOMETRY MODELING

I From the Draw menu select Work-Plane Settings.

2 Click the Quick tab, and in the Plane area click the z-x button.

3 Click OK.

4 Working on the Geom2 page, press the Shift key and click the Rectangle/Square

button on the Draw toolbar.

5 In the resulting dialog box, enter these properties; when done, click OK.

PROPERTY  VALUE
Width 3e-4
Height 1e-4

6 Click the Zoom Extents button on the Main toolbar.
7 Dress the Shift key and click the Ellipse/Circle (Centered) button in the Draw toolbar.

8 In the dialog box that appears, enter the following properties for the circle; when

done, click OK.

OBJECT DIMENSIONS EXPRESSION
Radius 5e-5

Base Center

X 1e-4

y 0

9 In the same manner, create a second circle with the following properties:

OBJECT DIMENSIONS EXPRESSION
Radius 5e-5

Base Center

X 2e-4

y 1e-4

10 Press Ctrl+A to select all three objects, and then click the Union button on the Draw
toolbar to create one composite object, CO1.

I Press the Shift key and click the Rectangle/Square button on the Draw toolbar.
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12 Enter these properties; when done, click OK.

PROPERTY VALUE
Width 2*5e-5
Height 5e-5

X 5e-5

y -5e-5

13 In the same manner, create a second rectangle with these properties:

PROPERTY VALUE
Width 2*5e-5
Height 5e-5
X 1.5e-4
y 1e-4

14 Using the mouse, select both geometry objects CO1 and R2, then click the
Difference button on the Draw toolbar. This creates the composite object CO2.

I5 Select the geometry objects CO2 and R1, then click the Difference button on the
Draw toolbar.

16 Press Ctrl+A to select the resulting objects.
17 From the Draw menu select Extrude.

18 In the Distance edit field type 4e-4, then click OK.

PHYSICS SETTINGS

Subdomain Settings
To be able to express the velocity profile in the channels, you need an expression
variable for the distance from the center of the channels.

I From the Options menu select Expressions>Subdomain Expressions.

2 Select Subdomains 2 and 3. In the Name edit field type r, then select each
subdomain in turn and in the Expression edit field enter the appropriate value from
the following table; when done, click OK.

SUBDOMAIN 2 SUBDOMAIN 3
sqrt(x~2+(z-1e-4)"2) sqrt((x-1e-4)"2+(z-2e-4)"2)

3 From the Physics menu select Subdomain Settings.
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4 Select Subdomain 1.

5 Go to the General page and click the Load button. From the Materials list select Basic
Material Properties>Steel AlISI 4340.

6 Click OK to close the Materials/Coefficients Library dialog box.

7 Select Subdomains 2 and 3. On the General page, enter these material properties:

PROPERTY VALUE
k k_w

p rho_w
CP Cp_w
Q 0

8 Go to the Convection page. Select the Enable convective heat transfer check box.

9 Select Subdomain 2 In the v edit field type v_max*(1-(r/R)"2).

10 Select Subdomain 3. In the v edit field type -v_max*(1-(r/R)~2), then click OK.
Boundary Conditions

I From the Physics menu select Boundary Settings.

2 Enter these boundary conditions; when done, click OK.

SETTINGS BOUNDARY 5 BOUNDARY 15 BOUNDARIES 1, 14 ALL OTHERS
Boundary Temperature Temperature Convective Insulation/

condition flux Symmetry

To T_hot T_cold

MESH GENERATION

To resolve the velocity and pressure fields in the boundary-layer regions, use a finer
mesh at the fluid-solid interface boundaries.

I From the Mesh menu, choose Free Mesh Parameters.

On the Global page, click the Custom mesh size button.

Type 1.6 in the Element growth rate edit field.

Click the Boundary tab.

Select Boundaries 6, 8, 12, and 13.

Type 1e-5 in the Maximum element size edit field.

N o0 i1 A WN

Click the Remesh button and then click OK.
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COMPUTING THE SOLUTION
Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot shows temperature slices. Create Figure 4-36 in the “Results and
Discussion” section by following these steps:

I From the Postprocessing menu sclect Plot Parameters.

2 Go to the General page, clear the Slice plot and select the Isosurface and Arrow plots.
3 On the Isosurface page find the Predefined quantities list and select Temperature.
4

In the Isosurface levels arca click the Vector with isolevels button, then in the

corresponding edit field enter 301:2:329.

5 On the Arrow page, click the Subdomain Data tab. Find the Predefined quantities list

and select Conductive heat flux.
6 Go to the Arrow type list and select 3D arrow.
7 Click OK.

The following steps explain how to reproduce Figure 4-38 in the results section:

I From the Postprocessing menu select Plot Parameters.

2 On the General page clear the Arrow check box, then select the Boundary and
Streamline check boxes.

3 Go to the Boundary page, find the Expression edit field, then enter abs (v_htgh).
The reason to use the absolute values is to get a smoother plot that avoids some
extremely small negative values that might occur due to the discretization.

4 Click the Range button.

5 In the dialog box that appears, clear the Auto check box and enter the following
values; when done, click OK.

RANGE LIMIT  VALUE
Min 1e-10
Max 5e-3

6 On the Streamline page, find the Predefined quantities list and select Conductive heat

flux.
7 Seclect Tube from the Line type list.
8 Click OK.
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Modeling Using the Graphical User Interface—Extended Model

Now model the heat exchanger using a Weakly Compressible Navier-Stokes
application mode to describe the fluid flow and a General Heat Transfer application
mode for the heat equation. Use the predefined combination Non-Isothermal Flow,

which contains both application modes with the relevant couplings already entered.

MODEL NAVIGATOR
I Open the Model Navigator and go to the New page.

2 From the Space dimension list, select 3D.

3 From the Application Modes list, select Heat Transfer Module>Fluid-Thermal

Interaction>Non-Isothermal Flow>Steady-state analysis.

4 Click OK.

OPTIONS AND SETTINGS

I From the Options menu, sclect Constants.

2 Define these constants (the descriptions are optional); when done, click OK.

NAME EXPRESSION DESCRIPTION

v_max 5[mm/s] Maximum velocity

R 5e-5[m] Channel radius

T_hot 330[K] Hot stream temperature

T_cold 300[K] Cold stream temperature
T_mean (T_hot+T_cold)/2 Mean temperature

eta_w 6.32e-4[Pa*s] Dynamic viscosity

rho_mean_w 1e3[kg/m~3] Mean density of water

k_w 0.63[W/(m*K) ] Thermal conductivity of water
Cp_w 4200[J/ (kg*K) 1] Heat capacity of water

GEOMETRY MODELING

I From the Draw menu, select Work-Plane Settings.
2 Click the Quick tab, and in the Plane area click the z-x button.
3 Click OK.

4 Working on the Geom2 page, press the Shift key and click the Rectangle/Square
button on the Draw toolbar.
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5 In the resulting dialog box, enter these properties; when done, click OK.

PROPERTY  VALUE
Width 3e-4
Height le-4

6 Click the Zoom Extents button on the Main toolbar.

7 Dress the Shift key and click the Ellipse/Circle (Centered) button on the Draw toolbar.

8 In the dialog box that appears, enter the following properties for the circle; when
done, click OK.

OBJECT DIMENSIONS EXPRESSION
Radius 5e-5

Base Center

X 1e-4

y 0

9 In the same manner, create a second circle with the following properties:

OBJECT DIMENSIONS EXPRESSION
Radius 5e-5

Base Center

X 2e-4

y 1e-4

10 Press Ctrl+A to select all three objects, and then click the Union button on the Draw

toolbar to create one composite object, CO1.
Il Press the Shift key and click the Rectangle/Square button on the Draw toolbar.

12 Enter these properties; when done, click OK.

PROPERTY VALUE
Width 2*5e-5
Height 5e-5

X 5e-5

y -5e-5
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13 In the same manner, create a second rectangle with these properties:

PROPERTY VALUE
Width 2*5e-5
Height 5e-5
X 1.5e-4
y 1e-4

14 Using the mouse, select both geometry objects CO1 and R2, then click the
Difference button on the Draw toolbar. This creates the composite object CO2.

I5 Select the geometry objects CO2 and R1, then click the Difference button on the
Draw toolbar.

16 Press Ctrl+A to select the resulting objects.
17 From the Draw menu, select Extrude.

18 In the Distance edit field type 4e-4, then click OK.

PHYSICS SETTINGS

Boundary Expressions
I From the Options menu, select Expressions>Boundary Expressions.

2 Select Boundary 5 and enter the following names and expressions:

NAME EXPRESSION
v_inflow v_max*(1-(r/R)"2)
r sqrt(x"2+(z-1e-4)"2)

3 Select Boundary 15 and enter the following expressions in the Expression column

for the boundary expressions you created in Step 2; when done, click OK.

NAME EXPRESSION
v_inflow -v_max*(1-(r/R)"2)
r sqrt((x-1e-4)"2+(z-2e-4)"2)

Subdomain Expressions
I From the Options menu, sclect Expressions>Subdomain Expressions.

2 Select Subdomains 2 and 3. Define the following expression; when done click OK.

NAME EXPRESSION

rho_w rho_mean_w* (1-(T-T_mean)/T_mean)
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Subdomain Settings—Fluid Flow
I Select Multiphysics>Weakly Compressible Navier-Stokes (chns).

2 From the Physics menu, select Subdomain Settings.

3 Select Subdomain 1 and set it to Solid domain in the Group list.

4 Seclect Subdomains 2 and 3. On the Physics page, set the Dynamic viscosity to eta_w.
5 Click OK.

Boundary Conditions—Fluid Flow

I From the Physics menu, select Boundary Settings.

2 Select Boundaries 4 and 17 and set the Boundary type to Symmetry boundary.

3 Select Boundaries 6, 8, 12, and 13 and set the Boundary type to Wall with a No slip

Boundary condition.

4 Sclect Boundaries 5 and 15 and set the Boundary type to Inlet and the Boundary

condition to Velocity.
5 Set the vq velocity component to v_inflow.

6 Sclect Boundaries 11 and 14 and set the Boundary type to Outlet and the Boundary
condition to Pressure.

7 Set the pressure pg to 0, then click OK.
Subdomain Settings—Heat Transfer
I Select Multiphysics>General Heat Transfer (htgh).
From the Physics menu, select Subdomain Settings.
Select Subdomain 1 and set it to Selid domain in the Group list.

2
3
4 On the General page, click the Load button to load a Library material.
5 Under Basic Material Properties choosc Steel AlSI 4340.

6

Select Subdomains 2 and 3. Set the Thermal conductivity to k_w, the Density to
rho_w, and the Heat capacity at constant pressure to Cp_Ww.

7 Click OK.

Boundary Conditions—Heat Transfer

I From the Physics menu, select Boundary Settings.

2 Select Boundaries 11 and 14. Set the Boundary condition to Convective flux.

3 Select Boundary 15. Set the Boundary condition to Temperature and sct Tg to
T_cold.

4 Sclect Boundary 5. Set the Boundary condition to Temperature and set Ty to T_hot.
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5

Click OK.

MESH GENERATION

To resolve the velocity and pressure fields in the boundary-layer regions, use a finer

mesh at the fluid-solid interface boundaries.

N 60 1 A WN

From the Mesh menu, choose Free Mesh Parameters.
On the Global page, click the Custom mesh size button.
Type 1.6 in the Element growth rate cdit field.

Click the Boundary tab.

Select Boundaries 6, 8, 12, and 13.

Type 1.7e-5 in the Maximum element size edit field.

Click the Remesh button and then click OK.

COMPUTING THE SOLUTION
Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot shows temperature slices. Create Figure 4-37 by following these steps:

|
2
3

6

From the Postprocessing menu, select Plot Parameters.
On the General page, clear the Slice plot and select the Isosurface and Arrow plots.

On the Isosurface page, find the Predefined quantities list and select General Heat
Transfer (htgh)>Temperature.

In the Isosurface levels arca, click the Vector with isolevels button and in the
corresponding edit field enter 301:2:329.

Click the Arrow tab. On the Subdomain Data page, find the Predefined quantities list
and select General Heat Transfer (htgh)>Conductive heat flux.

Go to the Arrow type list and select 3D arrow. Click OK.

The following steps explain how to reproduce Figure 4-39:

|
2

3

From the Postprocessing menu, select Plot Parameters.

On the General page clear the Arrow check box, then select the Boundary and

Streamline check boxes.

Go to the Boundary page, find the Predefined quantities list, and sclect Weakly
Compressible Navier-Stokes (chns)>Velocity field.
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4 Go to the Streamline page, find the Predefined quantities list and select General Heat
Transfer (htgh)>Conductive heat flux.

5 Select Tube from the Line type list, then click OK.

Finally, follow these instructions to reproduce the plots in Figure 4-40:

I From the Postprocessing menu, choose Cross-Section Plot Parameters.

On the General page, select the Keep current plot check box.

2
3 Click the Line/Extrusion tab.
4

From the Predefined quantities list in the y-axis data arca, select Weakly Compressible
Navier-Stokes (chns)>Velocity field.

5 From the Unit list, select mml/s.

6 In the x-axis data area, click the lower option button and then click the Expression

button.

7 In the X-Axis Data dialog box, type y in the Expression edit field. Select um from the
Unit list, then click OK.

8 In the Cross-section line data arca, enter the following settings:

PROPERTY VALUE
x0 0
x| 0
y0 0
yl 4e-4
z0 1e-4
zl 1e-4

9 Click the Line Settings button. From the Line color list, select Color, then click OK.

10 Click Apply to generate the first line.

Il Change the following settings in the Cross-section line data arca:

PROPERTY VALUE
x0 1e-4
x| 1e-4
z0 2e-4
zl 2e-4

12 Click the Line Settings button. From the Line color list, select Cycle, then click OK.
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13 Click OK to plot the second line and close the dialog box.

14 Click the Edit Plot toolbar button in the figure window and edit the title and axis
labels as desired. You may also select the Show grid check box in the Grid tab.
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Building and Solving a Natural
Convection Model—Laminar Flow

The following example solves a free-convection problem in which a thermos holding
hot coffee dissipates thermal energy. The main interest is to calculate the thermos’

cooling power; that is, how much heat it loses per unit time.

%%

This example treats the natural convection cooling using two approaches:

* Using heat transfer coefficients to describe the thermal dissipation

* Modeling the convective flow of air outside the thermos to describe the thermal

dissipation

The first approach describes the outside heat flux using a heat transfer coefficient

function from the Heat Transfer Coefficients library that the Heat Transfer Module
includes. This approach results in a rather simple model that predicts the stationary
cooling well and produces accurate results in terms of temperature distribution and

cooling power.

The second approach solves for both the total energy balance and the flow equations
of the outside cooling air. This model produces detailed results concerning the flow
field around the thermos as well as the temperature distribution and cooling power.
However, it is more complex and requires significantly more computational resources
than the first model.
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Model Definition—Natural Convection Cooling in a Thermos

GEOMETRY CREATION: IMPORT FROM A CAD PACKAGE

The thermos was designed with a 2D CAD package. You can import that geometry as
a DXF file (Vacuum_Thermos.dxf).
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Figure 4-41: A 3D cut-away drawing (left figure) of the thermos with: coffee; n
stainless-steel shell (light gray) that can be filled with an insulating material such as foam;
an insulating ving around the thermos neck (black); and a screw stopper (davk gray). The
2D-axisymmetric vepresentation appears on the right.

CONTROL VOLUME

The model uses a control volume around the thermos to represent the domain of the
surrounding air. Choosing an appropriate control volume for natural convection
models is difficult. Your choice strongly influences the model, the mesh, the
convergence, and especially the flow behavior. The real-world air domain surrounding
the thermos is the entire room or atmosphere in which the thermos is sitting. To make
an appropriate truncation, it is important to consider the expected flow behavior and
thermal conditions. In this case you expect the hot thermos to induce an upward flow.
This means that the flow enters the modeled control volume radially, flowing toward
the thermos, and then it exits axially upward. At the entry, the temperature is that of
the surrounding air, and the heat flux is convection dominated because the flow exits
the control volume upward. For the flow, you know the static pressure is constant
around the thermos. However, the flow direction is largely unknown locally around
the thermos.
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An option is to make the rectangle infinitely large or as large as the external room—
but this would result in a very large model, one requiring a supercomputer to solve. At
the other extreme, if you make the control volume too small, the solution is affected
by the imposed artificial boundary conditions, and there might also be a truncation of
flow eddies, making convergence difficult. One way to approach this task is to start
with a small control volume, set up and solve the model, then expand the control
volume, solve the model again, and see if the results change. This example uses a

sufficient control volume by truncating the air domain at r=0.1 m and z= 0.5 m.

MATERIAL PROPERTIES

Next consider the materials that make up the thermos model. The screw stopper and
insulation ring are made of nylon. The thermos bottle consists of stainless steel, and
the filling material between the inner and outer walls is a plastic foam. The surrounding

fluid is atmospheric air.

The Heat Transfer Module supplies a library of data for material properties that
includes all materials used in this model except the foam, which you specify manually.
Table 4-3 provides a list of a standard foam’s thermal properties:

TABLE 4-3: FOAM MATERIAL PROPERTIES

PROPERTY VALUE
Conductivity 0.01 W/(m-K)
Density 60 kg/m3
Specific heat capacity 200 J/(kg'K)

HEAT TRANSFER PHYSICS

This example neglects the convection flows in the hot liquid (coffee). The thermal
conductivity in the liquid is large enough to make the temperature gradients rather
small. The first two models study the thermos as being thermally stationary, although
areal thermos continuously loses heat and cools down. However, because the heat-loss
process in the hot liquid is slow compared to the convection flow, a quasi-stationary
model assuming that the coffee has a constant temperature of 95 °C (203 °F) is
applicable. Such a model reveals the temperature gradients and cooling power. The
model results show where the main losses appear, and thus where improvements are

possible—which is what a thermos designer is really interested in.
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Note: This model works with the default SI base unit system. However, by using
COMSOL Multiphysics” bracket syntax for units, you can enter temperatures in the
unit of your choice, whether that is kelvin, degrees Fahrenheit, or degrees Celsius.

You can also display the results using any of these temperature units.

The general (conduction and convection) heat balance equation is:
oT
pCpy +V - (-kVT) = @ - pCp(u -VT)

where p is the density, C, denotes the specific heat capacity, £ equals the thermal
conductivity, @ is the heat source term, and u represents the fluid velocity.

Approach 1—Loading a Heat Transfer Coefficient Function

The first model uses a simplified approach and solves the thermal-conduction equation
making use of a heat transfer coefficient, A, to describe the natural convection cooling
on the outside surface of the thermos. This approach is very powerful in many
situations, especially if the main interest is not so much the flow’s behavior but rather
its cooling power. By using the appropriate A correlations, you can generally arrive at
accurate results at a very low computational cost. In addition, many correlations are
valid for the entire flow regime, from laminar to turbulent flow. This makes it possible
to approach the problem directly without predicting whether the flow is laminar or

turbulent.

In the first model, the convective term in the equation is zero. There are no heat
sources in the thermos, making @ zero. In addition, the equation is solved for as being
stationary, making the time derivative zero. Thus the equation simplifies to

V- (-kVT) = 0

The second model, which includes the flow, takes the convection in the surrounding

air into account.

BOUNDARY CONDITIONS

You assign the vertical boundaries along the axis of symmetry with the symmetry
condition (zero gradients); the wetted surface of the stainless-steel shell is held at a
constant temperature of 95 °C (203 °F); assume that the bottom is perfectly insulated

(zero flux). The thermos surfaces are exposed to air and are convection cooled.
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The only remaining energy-balance boundary condition is for the thermos surface. In
the first approach a convective heat-transfer coefficient together with the ambient
temperature, 20 °C (68 °F), describes the heat flux.

Convective Heat Transfer Coefficient

The outer surface dissipates heat via natural convection. This loss is characterized by
the convective beat transfer coefficient, h, which in practice you often determine with
empirical handbook correlations. Because these correlations depend on the surface
temperature, Ty pface, €Ngineers must estimate 7'y face and then iterate between A and
Tsurface to obtain a converged value for A. Most of these correlations require tedious
computations and property interpolations that make this iterative process quite
unpleasant and labor intensive.

Following is a typical handbook correlation for A for the case of natural convection in

air on a vertical heated wall; it is rather complex and requires some skill to set up
properly:
k-Nuj
T L

5 387-10°.Ra,'®
Nu, = [825-107°+

|:1 . (492 ) 10—3) 9/16}8/27
Pr
ZCN| T T
RaL = Qg(P__.%B surface” ~ ambient L3
n Tsurface + Tambient

COMSOL Multiphysics handles these types of nonlinearities internally and adds much
convenience to such computations, so there is no need to iterate. In the final model of
this thermos example you set up this type of complex correlation manually. However,
this first example uses built-in functionality to do the job.

The Heat Transfer Module comes with a library of heat transfer coefficient functions

that you can access easily. The model example takes advantage of this functionality.

Approach 2—>Modeling the External Flow

The second approach to simulate the cooled thermos is to produce a model that
computes the convective velocity field around the thermos in detail. Before proceeding
with a simulation of this kind, it is a good idea to try to estimate the Grashof number
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(see “Nature of the Flow—the Grashof Number” on page 17) because that number

influences the choice between assuming laminar flow and applying a turbulence model.

The material properties for air at ambient conditions (293 K, 1 atm) appear in the

following table:

TABLE 4-4: AIR MATERIAL PROPERTIES

PROPERTY VALUE
Dynamic viscosity 1.77:10° Pa-s
Density 1.178 kg/m3

The model’s length scale is the length of the heated fluid’s flow path, in this example
0.5 m. Notice that this value increases if the modeled flow domain is extended in the

direction of the flow.

If you insert these values into the equation for the Grashof number together with the
coffee’s temperature (95 °C) for T and 20 °C as Ty, the result is 3.1-109, which
indicates that the flow is turbulent if the surface temperature is 95 °C.

However, with a more realistic surface temperature, of say 318 K (45 °C), the local
Grashof number becomes 1-10? at the top of the modeled domain. This points to a
flow that just reaches transition conditions at the top of the modeled domain (where

L =0.5 m). It is thus possible to describe the model with laminar flow equations.

LAMINAR BUOYANCY-DRIVEN FLOW

To model nonisothermal laminar buoyancy-driven flow, the following example uses
COMSOL Multiphysics” Weakly Compressible Navier-Stokes application mode. This
application mode implements a generalized Navier-Stokes formulation that takes

varying density into account. The equations are:

oJu

P +pu-Vu = V- [-pl+n (Vu+ (V)= (@n/3-x)(V-w)I]+F

P, y. _
§+V (pu) =0

where u is the velocity (m/s), p is the pressure (Pa), k denotes the dilational viscosity
(Pa-s), I gives the identity matrix, and F' equals the internal force.

The buoyancy forces are included by specifying F in this way:
F = (p-prep8

with g(; 2) = (0, -9.81) m/s.
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You can assume that the dilational viscosity equals zero for atmospheric air. The density
is given by the ideal gas law

where M is the average molecular weight of air, and R is the gas constant. In the model
example you use one of the available material libraries to describe the

temperature-dependent properties of air.

BOUNDARY CONDITIONS

When solving flow problems numerically, your engineering intuition is crucial in
setting good boundary conditions. In this problem, the warm thermos drives vertical
air currents along its walls, and they eventually join in a thermal plume above the top
of the thermos. Air is pulled from the surroundings toward the thermos where it
eventually feeds into the vertical flow. Thus you can expect air to enter the flow domain
from the side and exit through the top. You would expect this flow to be quite weak
and therefore do not anticipate any significant changes in dynamic pressure.

Flow Boundary Conditions

* On the top boundary, use a pressure condition. The static pressure is 1 atmosphere
(1.013-105 Pa). It is important to specify the pressure in terms of the absolute
pressure because it influences the evaluation of the density function.

* On the right boundary, the viscous stress is zero.

* On the upper-left boundary, the flow domain coincides with the axis of symmetry

where you apply the insulation/symmetry condition.
* All other boundaries (the thermos surface and the bottom horizontal line) are walls

where you use the No slip condition.

Thermal Boundary Conditions
* The right boundary of the flow domain is replenished with ambient air, so constrain
its temperature to the ambient temperature, in this case 20 °C.

* The top boundary is the exit of the flow domain where convection dominates;
accordingly, use a boundary condition for a convective heat flux.

* Again, the top left is best described by insulation/symmetry.
* Assume that the bottom is perfectly insulated.

* All other boundaries (the thermos surface) have continuity in temperature and flux,
which COMSOL Multiphysics assigns automatically.
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Results and Discussion

Figure 4-42 shows the temperature distribution in both the thermos and the
surrounding air. The results are taken from the model that includes the fluid-flow
simulation. However, the temperature results in the solid parts are close to identical

for the two models of this example.
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Figure 4-42: Temperature vesults for the model including the fluid flow.

Your main interest with the model is to calculate the integral cooling power, which
indicates how long the coffee stays hot. The first model, using the A-coefficient to
describe the cooling, resulted in a total cooling power of 11.1 W. The second model,

including the fluid flow resulted in 11.08 W. The models agree very well.

A second question concerns how the cooling power is distributed on the thermos
surface. The heat transfer coefficient represents this property. Figure 4-43 shows a
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comparison of the predicted distribution of A along the height of the thermos between

the two models.

abs(ntflux_htgh)/(T-T_amb) [W/(m>-K)]
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Figure 4-43: Comparison between the predicted heat transfer coefficient for the two
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models. The dashed line represents the model including the fluid flow.

The fluid flow model does a much better job at describing local cooling power.
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Figure 4-44 depicts the flow of air around the thermos calculated from the flow model.
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Figure 4-44: The fluid velocity and streamlines for air avound the thermos.

One interesting result is the vortex formed above the lid. It reduces the cooling in this

region.

CONCLUSIONS

The predicted heat transfer coefficient, A, from the fluid-flow model agrees well in an
integral sense with that given by the library heat transfer function. However, the library
functions do not describe the local effects as well as the flow model does. In fact, the
flow model is much more accurate. This means that you can use this type of model to
create and calibrate library functions for heat transfer coefficients for complex
geometries. Once calibrated, the functions allow you to use the first approach when

solving large-scale and perhaps time-dependent models.

The suggested technique is a useful way to model complex geometries with convection
cooling for which no accurate heat transfer coefficient descriptions are available. You
then solve the “full model” with both heat and fluid flow and postprocess for the local
heat transfer coefficient as described earlier. From these plots you can set up your own
heat transfer coefficient functions that simplify the model without loss of accuracy in

the thermal cooling.
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Model Library path: Heat_Transfer_Module/Tutorial_Models/
thermos_laminar_hcoeff

Modeling Using the Graphical User Interface

MODEL NAVIGATOR
I Launch COMSOL Multiphysics. In the Model Navigator go to the Space dimension
list and select Axial symmetry (2D).

2 From the list of application modes select Heat Transfer Module>General Heat

Transfer>Steady-state analysis.

3 Click OK.

GEOMETRY
I Select File>Import>CAD Data From File.

2 Browse to the folder models/Heat_Transfer_Module/Tutorial Models in the
COMSOL installation directory on your system.

3 Select the file Vacuum_Thermos. dxf.
4 Click Import.

5 Using the mouse, select the lower left corner point of the imported drawing and
drag it to the coordinates 7 = 0, z = 0. The geometry must align with the symmetry
axis.

6 Sclect Draw>Specify Objects>Rectangle. Enter a Width of 0.1 and a Height of 0.5,
then click OK.
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7 Click the Zoom Extents button on the Main toolbar. The following plot then

appears:
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CONSTANTS
I From the Options menu select Constants, then define the following constants (the

descriptions are optional):

NAME EXPRESSION DESCRIPTION
k_foam 0.01[W/ (m*K) ] Foam thermal conductivity
p_atm 1e5[Pa] Air pressure

Length 0.38[m] Height of thermos wall

T_amb 20[degC] Temperature of surrounding air
2 Click OK.

SUBDOMAIN SETTINGS

I Select Physics>Subdomain Settings.

2 From the Subdomain selection list select Subdomains 3 and 6 by pressing the Ctrl key
while clicking the entries. These subdomains represent the outer air and hot coffee,

respectively.
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3 Clear the Active in this domain check box.

At this point the heat balance is not modeled in these regions, and no thermal
equations are set up for these subdomains.

4 From the Subdomain selection list, select Subdomain 1 (the stainless-steel shell).
5 Open the Materials/Coefficients Library by clicking the Load button.

6 Load the material properties by selecting Basic Material Properties>Steel AISI 4340.
Click OK.

7 From the Subdomain selection list select Subdomain 2 (the insulating cavity).

8 Enter the material properties for the plastic foam (as given in Table 4-3 on
page 111): type k_foam in the Thermal conductivity edit field, type 60 in the Density
edit field, and type 200 in the Heat capacity edit field.

9 From the Subdomain selection list select Subdomain 4 (the air above the coffee).

10 Click the Load button. Select the material Basic Material Properties>Air, which is one

of the first materials in the library. Click OK.

I In the expression in Density edit field, replace p with p_atm so the function call reads
rho(p_atm[1/Pa],T[1/K])[kg/m~3]. In this way, the density is calculated under

atmospheric conditions.

12 From the Subdomain selection list select Subdomain 5 (the screw stopper) and
Subdomain 7 (the plastic ring).

13 Click the Load button. Select the material MEMS Material Properties>Polymers>Nylon,
then click OK to close the Materials/Coefficients Library dialog box.

14 Click OK to close the Subdomain Settings dialog box.

BOUNDARY CONDITIONS

I Seclect Physics>Boundary Settings.

2 From the Boundary selection list, select the boundaries that enclose the coffee except
for the ones that coincide with the axis of symmetry. Press and hold the Ctrl key
when making this multiple selection. Verify that you have selected Boundaries 8,23,
32, and 37.

3 Change the selection in the Boundary condition list to Temperature.

4 In the Ty edit field for Temperature enter 95[degC].

5 Sclect the bottom of the thermos (Boundary 2). Notice that Insulation/Symmetry is

the default setting, which you can keep. Analogously, the boundaries on the axis of
symmetry are already set up correctly as Insulation/Symmetry.
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6
7

Click OK.

Select File>Save As and save the model with the name Thermos_start.

LOADING A HEAT TRANSFER COEFFICIENT FUNCTION

1
2

Select Physics>Boundary Settings.

From the Boundary selection list, select the outer surfaces of the thermos
(Boundaries 13, 25, 26, 28, and 38).

Select Heat flux from the Boundary condition list.

Click the Load button to access the Materials/Coefficients Library.

Select Heat Transfer Coefficients>Nat. Vertical wall, L=height, then click OK. This loads
the heat transfer coefficient function to the boundary-condition settings.

The function you loaded is valid for cases of natural convection to air for vertical
surfaces. It requires you to input the surface and ambient air temperatures (in
kelvin) plus the wall height in meters. The temperatures are set to the variable 7" and
the value in the T;,¢ edit field (which has the variable name Tinf_htgh), respectively;
you can keep these values but you need to modify the wall height entry:

In the h edit field replace L_htgh (the third argument for h_ave) with your constant
for the height, Length.

The function in the h edit field should read
h_ave(T[1/K],Tinf_htgh[1/K],Length[1/m])[W/(m”*2*K)] in a bold font.

In the Tip¢ edit field type T_amb.
Click OK.

MESHING AND SOLVING
Click the Solve button on the Main toolbar.

POSTPROCESSING

The default plot shows the temperature. To change the unit in the plot to degrees

Celsius, do as follows:

|
2

Click the Plot Parameters button on the Main toolbar.

In the dialog box that opens, click the Surface tab. In the Unit list select °C, then click
OK.
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This results in the following plot:
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Your main interest with the model is to calculate the cooling power, which indicates

how long the coffee stays hot. It is easy to compute the heat loss to the air using the

Postprocessing>Boundary Integration dialog box according to the following steps.

I Select Postprocessing>Boundary Integration.

2 Change the selection in the Predefined quantities list to Normal total heat flux. Note
that the outer surfaces of the thermos (Boundaries 13, 25, 26, 28, and 38) are still
selected from the previous operation.

3 Select the Compute surface integral (for axisymmetric modes) check box, then click

OK to integrate.

COMSOL Multiphysics posts the results of the integration in the message log at the

bottom of the user interface. The heat-loss rate of the thermosis 11.1 W.

A second question concerns how the cooling power is distributed on the thermos

surface. The heat transfer coefficient represents this property.

I To visualize the value of the heat transfer coefficient on the thermos surface, select

Postprocessing>Domain Plot Parameters.
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2 On the Line/Extrusion page go to the Predefined quantities list and select Heat transfer
coefficient.

3 From the Boundary selection list select Boundaries 13, 25, 26, 28, and 38 (the outer
surface of the thermos).

4 From the x-axis data list select z, then click Apply.

These steps produce the following plot of the heat transfer coefficient of the thermos
surface:

47 Heat transfer coefficient [W/(mz-K)]

by
o

he
n

b
KN

421

Heat transfer coefficient [W/(mz- K)]
N
w

»
o

L L L L

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
z

3.9

As you can see, the value of & is in the range of 4 to 4.5 W/(mz-K).
Do not close the plot window; later you plot more information in the same figure.
Finally, plot the temperature of the thermos surface.

I In the Domain Plot Parameters dialog box click the Line/Extrusion tab. In the
Predefined quantities list sclect Temperature and in the Unit list select °C.
2 On the General page, select New figure from the Plot in list, then click OK.

The temperature of the thermos surface is in the range of 36 °C to 45 °C along its
height.

3 Choose File>Save As and save the model with the name Thermos_load_h.
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Approach 2—>Modeling the External Flow

Model Library path: Heat_Transfer_Module/Tutorial_Models/
thermos_laminar_flow

MODEL NAVIGATOR
The following instructions are based on continuing with the previous model.
1 Select Multiphysics>Model Navigator.

2 From the list of application modes select Heat Transfer Module>Weakly Compressible

Navier-Stokes>Steady-state analysis.
3 Click the Add button, then click OK.
The flow application mode is valid only in the air, Subdomain 6. Deactivate the flow
equations in the other subdomains.
I Select Physics>Subdomain Settings.
Select Subdomains 1-5, and 7 (all subdomains except the air, Subdomain 6).
Clear the Active in this domain check box, then click Apply.

2
3
4 In the Subdomain selection list, select Subdomain 6.
5 Select Air from the Library material list.

6

Edit the p edit field for the pressure so that it reads rho( (p+p_atm)[1/Pa],T[1/
K1) [kg/m~3].
7 In the Fz edit field type 9.81[m/s"2]* (rho_air_ref-rho_chns).

Doing the above steps models the buoyancy force. The variable rho_chns refers to
the material-property edit field for density in this application mode (named chns,
thus the designation rho_chns). It uses the material-library function for the density
and so it is temperature dependent.

This is done so that the variable p corresponds to the pressure variations.

8 Click OK.

EXPRESSIONS

Next create the variable rho_air_ref, the density of air at the ambient pressure and
temperature.

I Select Options>Expressions>Scalar Expressions.

BU