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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

CONVECTION AND CONDUCTION

43



44 |

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.
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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+
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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
313 23
311 2
i aid 1.5
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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.

CHAPTER 4: GENERAL HEAT TRANSFER



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).

0.35
0.3 : RDJ
0.25

0.2

0.15

=

%

02 <015 -01 -0.05 0.05 0.1 0.15 0.2 0.25 0.3

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:
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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.
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3

Set up a new variable with Name rho_air_ref defined by the Expression
mat2_rho(p_atm[1/Pa],T_amb[1/K])[kg/m~3]. Optionally, enter Density of
air at ambient pressure and temperature in the Description column.

Click OK.

This expression calls the density function of Material 2 in the model, which here is air.

It evaluates the density at the temperature T, and the pressure p . If you want to

check the assigned number of a loaded material, choose Options>Materials/Coefficients

Library and look in the Model folder. The material Air is second in the list and thus is
Material 2.

PHYSICS SETTINGS

Subdomain Settings—General Heat transfer

Now reactivate the heat transfer equations in the surrounding air domain, couple them

to the fluid-flow velocities, and define the material properties.

|
2
3
4
5
6
7
8

9

Select Multiphysics>General Heat Transfer.

Select Physics>Subdomain Settings.

In the Subdomain selection list, select Subdomain 6 (the surrounding air).

Select the Active in this domain check box.

Select Air from the Library material list.

Edit the p edit field so that it reads rho((p+p_atm)[1/Pa],T[1/K])[kg/m~3].
On the Convection page select the Enable convective heat transfer check box.

Enter u and v in the Velocity field cdit fields. These are the flow variables. Now you
have coupled the two application modes and created a multiphysics model.

Click OK.

Boundary Conditions—General Heat Transfer

|
2
3

Select Physics>Boundary Settings.
Select Boundary 12 and set the Boundary condition to Axial symmetry.

Select Boundary 14 and set the Boundary condition to Convective flux. This means
that the outflux of heat is dominated by convection and that the temperature
gradients are zero.

Select Boundary 29. Verify that the boundary condition defaults to Insulation/
Symmetry.

Select Boundary 30 and change the Boundary condition to Temperature.

CHAPTER 4: GENERAL HEAT TRANSFER



6 In the Temperature edit field type T_amb, then click OK.

Boundary Conditions—Weakly Compressible Navier-Stokes
I Select Multiphysics>Weakly Compressible Navier-Stokes.

2 Sclect Physics>Boundary Settings. Set boundary conditions according to the table

SETTING BOUNDARY 12 BOUNDARY 14 BOUNDARY 30 BOUNDARIES 13,
25, 26, 28, 29, 38

Boundary = Symmetry Outlet Open boundary ~ Wall

type boundary

Boundary Axial symmetry Normal stress Normal stress No slip

condition

fo 0 0

3 Click OK.

MESHING AND SOLVING
Natural-convection problems can be difficult to solve because the flow is internally
driven with a certain boundary layer. A successful solution requires a sufficient

resolution of the boundary layer that forms on all no-slip surfaces.

You can build successful meshes in two ways. First, with enough experience you can
set up the mesh yourself in the Mesh Parameters dialog box. If the problem does not
converge, the mesh probably needs more attention. The second approach is to use
COMSOL Multiphysics” adaptive solver, which is handy. However, it requires a

converged solution to refine the mesh and typically needs some tuning.
In this case, a mesh with quad-elements proves very efficient.

I Select Mesh>Free Mesh Parameters.
Click the Subdomain tab.

Select Subdomain 6.

2
3
4 In the Maximum element size cdit ficld, type 0.005.
5 From the Methed list, sclect Quad.

6

Click the Remesh button and then click OK.

The solver settings are inherited from the General Heat Transfer application mode.
The system including the Weakly Compressible Navier-Stokes is more complicated,

however, and requires some tuning of the solver settings.

I Select Solve>Solver Parameters.
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Click the Stationary tab.
Select the Highly nonlinear problem check box.
Click the Advanced tab.

Vi A W N

From the Type of scaling list, select None because no scaling provides better

convergence for models that include fluid flow.
6 Click OK.

7 Click the Solve button on the Main toolbar.

POSTPROCESSING

In the drawing area a plot similar to the one in the following figure appears.
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Evaluate the integral heat flux for this final model.

I Once again select Postprocessing>Boundary Integration.
2 Sclect the outer surfaces of the thermos (Boundaries 13, 25, 26, 28, and 38).
3 In the Expression cdit field type abs (ntflux_htgh), then click OK.

The value in the message log is approximately 11.08 W.
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The following steps show how to plot the distribution of the A coefficient along the

thermos surface:

Select Postprocessing>Domain Plot Parameters.

2 Ifyou still have the results for A from the previous model open in a plot figure, go
to the General page, select Figure | from the Plot in list, and select the Keep current
plot check box.

3 Click the Line/Extrusion tab and verify that Boundaries 13, 25, 26, 28, and 38 are
still selected.

4 Click the Line Settings button, select the Dashed line style, and then click OK.

5 In the Expression cdit field, type abs (ntflux_htgh)/(T-T_amb), which
corresponds to a calculated heat transfer coefficient.

6 Sclect z in the x-axis data list, then click OK.

You get the following plot (with the result from the current model only):
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Now move on to study the velocity field and the flow lines.

I Click the Plot Parameters button on the Main toolbar.

2 On the Surface page, select Weakly Compressible Navier-Stokes (chns)>Velocity field

from the Predefined quantities list.
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3 Go to the Streamline page and select the Streamline plot check box to enable the plot.

4 In the Predefined quantities list select Weakly Compressible Navier-Stokes
(chns)>Velocity field.

5 In the Streamline plot type list sclect Magnitude controlled.

6 Click OK to get the following plot:

Surface: Velocity field [m/s] Streamline: Velocity field Max: 0.416
0.5 0.4
0.45
0.35
0.4
F10.3
0.35
0.3 0.25
0.25 L 0.2
0.2
0.15
0.15
01 0.1
0.05 ’/ 0.05
0
1]

-0.25 -0.2 -0.15 -0.1 -0.05 0 005 01 0415 02 025 03 035 Min: O
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Building and Solving a Radiation
Model

The following example shows how to build and solve a radiative heat transfer problem
using the General Heat Transfer application mode. In particular, this 2D model
illustrates the use of the surface-to-surface radiation feature. This example’s simple
geometry allows a comparison of results from COMSOL Multiphysics with a

theoretical solution.

Model Definition—Radiation in o Cavity

The geometry consists of three rectangles with lengths 3 m, 4 m, and 5 m, and all have
awidth of 1 m. The rectangles are situated such that they form a triangular cavity (see
Figure 4-45).

- —— qs

Figure 4-45: Three subdomains form a triangular cavity to study heat radiation.

The rectangles are made of copper, which is a good thermal conductor, and they
transfer heat internally by conduction. Further, the three inner boundaries that form
the cavity can exchange heat only by means of surface-to-surface radiation. The surface
emissivities are €; = 0.4 on the bottom boundary, €5 = 0.6 on the vertical boundary,

and €3 = 0.8 on the inclined boundary.
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The system holds the temperature on the (outer) lower boundary at 7'y = 300 K.
Further, the system experiences an inward heat flux of gg = 2000 W/ m? on the outer
boundary of the vertical rectangle and gg=1000 W/ m? on the outer boundary of the

tilted one. All remaining outer boundaries are insulated.

This model examines the steady state of the cavity’s interior boundaries. Specifically,
you know the value of the heat flux on the inclined and vertical boundaries, and you
want to find the temperature along these boundaries. Conversely, you know the
temperature of the bottom boundary and want to determine the heat flux that leaves
through it.

Results

Figure 4-46 shows the temperature field resulting from a simulation. If you run the
model as described later in this section you can see from the color display that the
temperatures are fairly constant within the three rectangles. The theoretical results
predict that a heat flux @1 =-11,000 leaves the cavity through the bottom boundary,
that the vertical boundary has a temperature of Tg = 641 K, and that the inclined
boundary has a temperature of T3 =600 K. The results obtained are very close to these
theoretical values. The section “Comparing Results with Theory” on page 139
provides more details on the verification of these results.

Surface: Temperature [K] Max: 650.279
4 650

1550

500

450

1300
1 0 1 2 3 1 5 Min: 300

Figure 4-46: Temperature as o function of position.
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Figure 4-47 details the temperature distribution along the inclined boundary of the
cavity. Note that while the temperature is not constant, it varies by only a few percent.
The lowest temperature appears on the bottom left, and the highest temperature is on
the right, which seems reasonable because that portion of the boundary is located
adjacent to the vertical boundary, which has the highest inward heat flux.

Temperature [K]
608 T T T

606 |

604 |

Temperature [K]

398

596

594

0 0.5 1 18 2 2.5 3 3.5 4 4.5 3,
Arc-length

Figure 4-47: Temperature distribution alony the inclined boundary of the cavity.
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Figure 4-48 plots the radiosity along the inclined boundary (in other words, the total
heat flux that leaves the boundary into the cavity). The radiosity is the sum of the heat
flux the boundary emits plus the heat flux it reflects.

Surface radiosity expression [W,fm2]

7800

7600

2

Surface radiosity expression [W/m*~]

3
8

7200

7000

6800

a
3

6400

0 0.5 1 1.5 2 2.3 3 3.5 4 4.5 5
Arc-length

Figure 4-48: Radiosity along the inclined boundary of the cavity.

Like temperature, the radiosity is fairly constant along the boundary. The small
variations have roughly the same distribution as the temperature in Figure 4-47.

Reference

1. A. Bejan, Heat Transfer, Wiley, 1993.

Model Library path: Heat_Transfer_Module/Tutorial_Models/
cavity radiation
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Modeling Using the Graphical User Interface

MODEL NAVIGATOR
I Open the Model Navigator and click the New tab.

2 Select 2D from the Space dimension list.
3 In the list of application modes select Heat Transfer Module>General Heat Transfer.

4 Click OK.

OPTIONS AND SETTINGS

I From the Options menu, select Axes/Grid Settings.

2 On the Axis page in the resulting dialog box enter these limits; when done, click OK.

PROPERTY VALUE

X min -2
X max 8
y min -2
y max 6

GEOMETRY MODELING

The geometry consists of three rectangles positioned such that they create a triangular
cavity. To ensure that their corners do not touch, offset the rectangles by a very small
amount to prevent them from exchanging heat by conduction.

I Press the Shift key and click the Rectangle/Square button on the Draw toolbar.

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

PROPERTY VALUE

Width 4
Height 1
X 0
y -1.001

3 In the same manner, create a second rectangle using these properties:

PROPERTY  VALUE
Width 1
Height 3
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X 4.001

y 0

4 For the third rectangle you must also specify a rotation angle. Define the rectangle
with these properties; when done, click OK.

PROPERTY VALUE
Width 5
Height 1
X -0.001
y 0.001
o 180/pi*atan(3/4)
4
3
2
1
R3
0 R2
4 R1
-1 0 1 2 3 4 5

The completed geometry for the radiation model.
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PHYSICS SETTINGS

Subdomain Settings

Conduction is the only heat transfer mechanism in all three subdomains. COMSOL

Multiphysics sets its default thermal material properties for copper, which is a good

thermal conductor. Even so, you must set a few parameters.

I Go to the Physics menu and select Subdomain Settings.

2 In the dialog box select Subdomains 1-3, then verify that the Enable convective heat

transfer check box on the Convection tab is cleared.

3 Click the Init tab and set the initial Temperature to 300.

4 Click OK.

Boundary Conditions

From the Physics menu, open the Boundary Settings dialog box and enter boundary

conditions from the following two tables; when done, click OK.

SETTINGS BOUNDARY 2 BOUNDARY |12 BOUNDARY 5§ IBC‘)'U7NI83AII;IEISI
Type Heat flux Heat flux Temperature Insulation/
Symmetry
To 300
d0 1000 2000
Radiation type None None None
SETTINGS BOUNDARY 3 BOUNDARY 6 BOUNDARY 9
Type Heat flux Heat flux Heat flux
QP 0 0 0
Radiation type Surface-to-surface  Surface-to-surface  Surface-to-surface
€ 0.8 0.4 0.6
Tamb 300 300 300
Surface radiosity expression J J J

Member of group(s)

1

1

1

MESH GENERATION

I From the Mesh menu select Free Mesh Parameters.

2 On the Boundary tab, select Boundaries 3, 6, and 9, and then enter a Maximum

element size of 5e-2.
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3 On the Point tab, sclect Points 2, 4, 6, 8,9, and 10, and then enter a Maximum
element size of 1e-2.

4 Click Remesh, then click OK.

COMPUTING THE SOLUTION

I From the Solve menu select Solver Parameters.

2 Click the Stationary tab and enter a value of 50 in the Maximum number of iterations
edit field.

3 Click OK.

4 Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION
The default plot is the temperature field (Figure 4-46). The following steps reproduce

Figure 4-47, which shows the temperature on the inclined boundary:

I From the Postprocessing menu select Domain Plot Parameters.

2 On the General page, click the Line/Extrusion plot button in the Plot type arca.

3 Click the Line/Extrusion tab.

4 In the Boundary selection list select Boundary 3.

5 From the list of Predefined quantities sclect Temperature, then click Apply.

To reproduce Figure 4-48, which shows the radiosity on the inclined boundary, follow
these steps:

I From the Postprocessing menu return to the Domain Plot Parameters dialog box.

2 From the list of Predefined quantities sclect Surface radiosity expression. Click OK.
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Comparing Results with Theory

As mentioned at the start of this section, you can compare the results from this model
to theoretical values, which are based on the sketch in Figure 4-49 and whose theory

appears in the section “Enclosures with More Than Two Surfaces” in Ref. 1.

Figure 4-49: Problem sketch for theoretical analysis of radiation in a triangular cavity.

The theoretical model considers only the three boundaries that form the cavity. On
these boundaries, the model either holds the temperature at a constant value or
specifies a heat flux. Note that this approach differs somewhat from the model, which
sets temperatures and heat fluxes on the rectangles’ onzer boundaries.

The COMSOL Multiphysics model shows that the temperatures and heat fluxes are
nearly equal on the inner and outer boundaries of the rectangles. Therefore, the

COMSOL Multiphysics and the theoretical model show good agreement.

Using the notation from Figure 4-49 with the same assumptions as for the model, you
obtain the following lengths and emissivities:

L1=4m,£1=0.4
L2=3m, £2=0.6
L3=5m,£3=0.8

The boundary conditions define either the temperature or the heat flux on each
boundary. Now apply the same boundary conditions as in the problem where you set
values for T, @9, and Q3. You must, however, make a small adjustment for Ty because
the theoretical configuration sets it on the outer boundary and not on the cavity side.
T is therefore slightly higher than 300 K in the theoretical analysis:
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T, = 307 K
W
@2 = gLy = 2000 — 3 m = 6000 W

Qs = gL = 1000 V_IZX5 m = 5000 W.

You describe the heat flux from a boundary with the following two equations:

€ 4
Q; = Lig——(oT;" - J)),
12

Q; = LY Fi(J;=Jp).
k

For a triangular cavity, the following equation gives the view factor between surface i

and surface j:

~ Li+L;,-L,
u- o 2L,
l
Substituting this expression for the view factor into the second equation for the heat
fluxes results in a linear systems of six equations. The six unknowns for this particular
problem are J1, Jg, J3, @1, T, and T3, and you would like to compare the three last
to those from the solution. Solving the linear system yields the following values: @1 =
-11,000 W/m, Ty = 641 K, and T3 = 600 K.

To compare these results with the model, you must find the total heat flux through the
cavity’s bottom (horizontal) boundary and also calculate the average temperatures on

the other two boundaries. Compute these values by integrating along the boundaries.
First find the total heat flux through the horizontal boundary in the model.

I From the Postprocessing menu select Boundary Integration.

2 From the Boundary selection list select Boundary 6, then go to the Predefined

quantities list and select Normal conductive heat flux. Click Apply.

The total heat flux now appears in the lower left corner of the main graphical user
interface. The result should be approximately —10,980 W,/m.

Next find the mean temperatures on the vertical and inclined boundaries of the cavity.
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I While still in the Boundary Integration dialog box, go to the Boundary selection list
and select 9 (the vertical boundary). In the Expression edit field enter T/3[m];
division by three meters corresponds to the boundary length.

2 Click Apply. The resulting temperature, read from the bottom of the user interface,
is approximately 645 K.

3 Similarly, to obtain the mean temperature for the inclined boundary, go to the
Boundary selection list and choose number 3. In the Expression cdit field you this
time enter T/5[m].

4 Click Apply. The resulting temperature is approximately 601 K.

The following table compares the results from COMSOL Multiphysics with the
theoretical values:

QUANTITY COMSOL MULTIPHYSICS THEORY

@ -10,980 W/m -11,000 W/m
Ty 645 K 641 K
T4 601 K 600 K

The differences are quite small. Also note that the theoretical model includes some
simplifications. For example, it assumes that heat fluxes and temperatures are constant
along each boundary. It also assumes a constant view factor for each pair of boundaries,
whereas COMSOL Multiphysics computes a local view factor at each point of the
cavity.
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Building and Solving a Model with
Highly Conductive Layers

This section demonstrates how to use the highly conductive layer feature of the
General Heat Transfer application mode.

Model Definition—Copper Layer on Silica Glass

This example constructs a 2D time-dependent model of a silica glass block that is
coated with a thin copper layer. Figure 4-50 shows the model geometry and boundary
conditions.

copper layer

l I0_4m /
f

600K

300K silica glass 0.0Im

0.02m

Figure 4-50: Model geometry for a silica block with a copper layer.

The model sets the initial temperature to 300 K. The following table shows the
thermal properties for silica glass and copper:

QUANTITY SILICA GLASS COPPER DESCRIPTION

P 2203 kg/m’ 8700 kg/m’ Density

C, 703 J/(kg-K) 385 J/(kg'K) Specific heat

k 1.38 W/(m-K) 400 W/(m-K) Thermal conductivity

The thermal conductivity of copper is much higher than that for silica glass. That fact,
and also considering that the copper layer is thin, makes it possible to model it as a
highly conductive layer. Using this feature you do not need to resolve the thin layer
with an extremely fine mesh, which would require a significantly larger computation

time.
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Results

Figure 4-51 shows the temperature field after 1 s, 3 s, 10 s, and 60 s. The results show
that the temperature rise is faster in the copper layer than in the silica glass. After 60 s
the temperature field has almost reached steady state, and the temperature field varies

linearly between the two vertical boundaries.

Time=1 Surface: Temperature [K] ME&GDD Time=3 Surface: Temperature [K] Mgﬁ)sm
0.012 0.012
0.01 el 0.01 550
0.008 500 0.008 500
0.006 0.006
450 450
0.004 0.004
0.002 400 0.002 400
0 350 0 350
-0.002 -0.002
300 300
0 0004 0.008 0012 0.016 0.02 Min: 300 0 0004 0.008 0012 0.016 0.02 Min: 300
Time=10 Surface: Temperature [K] ”EE‘)&) 600 Time=60 Surface: Temperature [K] ”EE‘)&) 600
0.012 0.012
0.01 el 0.01 550
0.008 500 0.008 500
0.006 0.006
450 450
0.004 0.004
0.002 400 0.002 400
0 350 0 350
-0.002 -0.002
300 300
0 0004 0.008 0012 0.016 0.02 Min: 300 0 0004 0.008 0012 0.016 0.02 Min: 300

Figure 4-51: Temperature field after 1, 3, 10, and 60 seconds.

Model Library path: Heat_Transfer_Module/Tutorial_Models/copper_layer

You can compare the results in this model with a model where the copper layer has
been meshed instead of using the highly conductive layer feature. This model produces

the same results, but requires a denser mesh and longer computation time.

The reference model can be found at the following location:
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Model Library path: Heat_Transfer_Module/Tutorial_Models/
copper_layer_meshed

Modeling Using the Graphical User Interface

MODEL NAVIGATOR
I Open the Model Navigator and click the New tab.

2 From the Space dimension list select 2D.

3 In the list of application modes select Heat Transfer Module>

General Heat Transfer>Transient analysis.

4 Click OK.

GEOMETRY MODELING
I Shift-click the Rectangle/Square button on the Draw toolbar.

2 In the dialog box that appears, enter these rectangle properties; when finished, click
OK.

OBJECT DIMENSIONS  EXPRESSION
Width 0.02
Height 0.01

3 Click the Zoom Extents button on the Main toolbar.

PHYSICS SETTINGS

Boundary Conditions

I From the Physics menu select Boundary Settings.

2 From the Boundary selection list select 1. From the Boundary condition list select
Temperature, then in the Ty edit field type 300.

Repeat this procedure for Boundary 4, but in the Ty edit field type 600.
From the Boundary selection list sclect 3, then click the Highly Conductive Layer tab.
Select the Enable heat transfer in highly conductive layer check box.

Click the Load button, go to the Materials list and select Basic Material
Properties>Copper. Click OK.
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7 In the dq edit field type 1e-4, then click OK.

Subdomain Settings
I From the Physics menu select Subdomain Settings.

2 In the Subdomain selection list choose number 1.

3 Click the Load button. In the Materials list select Basic Material Properties>Silica glass.

Click OK.
4 Click the Init tab. In the T(tg) edit field type 300, then click OK.

COMPUTING THE SOLUTION

I From the Solve menu select Solver Parameters.
2 Examine the Solver list and verify that Time dependent is selected.
3 In the Times edit field type 0:1:60, then click OK.

4 Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot shows the temperature field after 60 s. The following steps describe
how to view the temperature field at other times.

I From the Postprocessing menu sclect Plot Parameters.

2 Click the General tab.

3 From the Solution at time list select the desired solution time. Click Apply.
You can also generate an animation of the process in this way:

I In the Plot Parameters dialog box click the Animate tab.
2 In the Solutions to use list make sure all the times are selected.

3 Click the Start Animation button.
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Building and Solving an Out-of-Plane
Heat Transfer Model

This section demonstrates how to use the out-of-plane heat transfer feature of the

General Heat Transfer application mode.

This example models heat transfer in a thin rectangular metal plate. Because the plate’s
thickness is only 1,/100 of its length and width, you simulate the process using a 2D
approximation (that is, assume the temperature is constant along the thickness). The
plate has a fixed temperature at one end and is isolated at the other end. A surrounding
liquid cools the plate by convection. In addition, the model considers

surface-to-ambient radiation.

Model Definition—Thin Plate

The plate measures 1-by-1 m, with a thickness of 0.01 m. Figure 4-52 describes the
simplification from 3D to 2D.

Figure 4-52: Model geometry reduction from 3D to 2D.
The stationary heat transfer equation for this 2D problem is

V- (-dkVT) = d(Q +q.,T) +h (T —“T)+hy(Toyi q-1)+

ext,u ext,

4
guG(T4amb, =T+ gdG(T4amb, d~ T4)

In this case the problem is symmetric, making the upside constants equal to the
downside ones. For constants set &, the heat transfer film coefficient, to 10 W/ (mZ-K),
and set the emissivity, €, to 0.5. The ambient and external temperatures, Th1, and
Toxt, are both 300 K. This model also uses the default material properties for the

application mode, and they correspond to copper. The variable d, denotes the plate’s
thickness.
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Finally, set the left boundary to a fixed temperature of 800 K, while the other

boundaries are thermally insulated.

Results

Figure 4-53 shows the steady-state temperature distribution.

Surface: Temperature [K] Max: 800

800

1
0.9 750
0.8 700
0.7 650

0.6
r 1600
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03 1500
0.2 450

0.1
400

0

01 0 01 02 03 04 05 06 07 08 09 1 11 Min: 359.771

Figure 4-53: Stationary temperature distribution in the plate.
You can also plot the out-of plane fluxes for the convection and radiation.

It is interesting to compare the results from this 2D approximation with the equivalent
full 3D model. Figure 4-54 shows the temperature along the bottom edge of the 2D
model and the corresponding 3D result. The results are in such good agreement that
except for the colors on the computer screen you cannot even distinguish between the

two curves.
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Figure 4-54: Comparison of the temperature (from left to vight in the plate) from both the
2D out-of-plane model (blue/triangles) and the full 3D model (ved/squares). The curves
coincide to a very bigh degree, making it difficult to tell them apart.

This agreement with the 3D result means that the approximation you made about zero
temperature gradients along the plate thickness is accurate. Thus, for slender
geometries, the out-of plane application mode significantly reduces the numerical load
with negligible effects on accuracy.

Model Library path: Heat_Transfer_Module/Tutorial_Models/
thin_plate_2d

Model Library path: Heat_Transfer_Module/Tutorial_Models/
thin_plate_3d

148 | CHAPTER 4: GENERAL HEAT TRANSFER



Modeling Using the Graphical User Interface

MODEL NAVIGATOR

I Open the Model Navigator and click the New tab. Verify in the Space dimension list
that you have selected 2D.

2 From the list of application modes select

Heat Transfer Module>General Heat Transfer>OQut-of-plane heat transfer.

3 Click OK.

GEOMETRY MODELING
I Press the Shift key and click the Rectangle/Square button in the Draw toolbar.

2 In the dialog box that appears, accept the default rectangle properties by clicking OK.

OBJECT DIMENSIONS EXPRESSION
Width 1

Height 1

Base Corner

X 0

y 0

3 Click Zoom Extents on the Main toolbar.

PHYSICS SETTINGS
Subdomain Settings—General Heat Transfer
I From the Physics menu select Subdomain Settings.

2 From the Subdomain selection list choose 1. On the General page, accept the default

material properties (that is, make no changes).

3 On the Out-of-Plane page, enter the following settings; when done, click OK.

PROPERTIES VALUES
hy, hy 10,10
Textw Text.d 300, 300
€, &g 0.5, 0.5
Tambuw Tambd 300, 300
d 0.01

y4
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Boundary Conditions—General Heat Transfer

Go to the Physics menu and select Boundary Settings.

2 From the Boundary selection list choose 1. Enter the following settings; when done,
click OK.

Boundary condition Temperature

To 800

Radiation type None

MESH GENERATION
Click the Initialize Mesh button on the Main toolbar.

COMPUTING THE SOLUTION
Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot shows the temperature distribution along the plate (Figure 4-53).

To generate the plot in Figure 4-54 follow these steps:

|
2
3

9

From the Postprocessing menu sclect Domain Plot Parameters.
Click the Line/Extrusion tab. From the Boundary selection list select number 2.

Click the Line Settings button at the bottom of the dialog box. From the Line marker
list, select Triangle. Click OK to close the Line Settings dialog box.

Click OK to close the Domain Plot Parameters dialog box and generate the first trace.

Save this model by clicking the Save button on the Main toolbar and giving it a name
of your choice.

Open the equivalent 3D model by going to the File menu and selecting New. The
Model Navigator opens up. Click the Model Library tab and from the list select Heat
Transfer Module>Tutorial Models>thin plate 3D. Click OK.

From the Postprocessing menu select Domain Plot Parameters.

On the General page, go to the Plot in list at the bottom of the dialog box and select
Figure 1. In addition, select the Keep current plot check box to plot in Figure 1

without deleting the existing trace.

Click the Line/Extrusion tab. From the Edge selection list, select 5.

10 In the x-axis data area, click first the lower option button and then the Expression

button.
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I In the X-Axis Data dialog box, type x in the Expression edit field. Click OK.
12 Click the Line Settings button. From the Line color list, select Color.
I3 From the Line marker list, sclect Square. Click OK.

14 Click OK to create the dual-trace plot.
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Thin Conductive Shell

Thin conductive shells are useful for modeling heat transfer in structure. This
chapter describes how to use the Thin Conductive Shell application mode.
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The Thin Conductive Shell
Application Mode

The Thin Conductive Shell application mode is suitable for solving

thermal-conduction problems in thin structures.

This application modes support two types of heat transfer: conduction and

out-of-plane heat transfer. Because the thermal conductivity across the shell thickness
is very large or the shell is so thin, you can assume constant temperature through the
shell thickness. The dependent variable is the temperature 7. The application mode is

defined on 3D faces. The governing equation for heat transfer in thin shells is:

8,0, C, 2T

Coaz +d,Vp- (—kgVTT) =Q+h (T

ext,u

“T)+hg(Tey = T)
4 4
+ £ucj(TALamb, u—T)+ E(1(5(T4amb, a-TH+ 9,144
This section shows how to work with this application mode by solving this equation.
The discussion describes the application mode in this order:

* Properties

* Scalar Variables

e Material

¢ Out-of-Plane Heat Transfer

* Edge Conditions
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Properties

Open the Application Mode Properties dialog box by going to the Physics menu and
selecting Properties.

Application Mode Properties IE|

Properties

Default element bype: 3_

Analysis type: Stationary - |

Weak constraints: Off -

Constraint bype: Ideal -
[ QK ] I Cancel J I Help I

Figure 5-1: The Application Mode Properties dialoy box.
In the resulting dialog box you control various global settings for the model:

* Default element type When you make a selection from this list of available elements
it becomes the default on all new boundaries but does not affect faces you already
created. Available elements are:

- Lagrange - Linear

- Lagrange - Quadratic (default)
- Lagrange - Cubic

- Lagrange - Quartic

- Lagrange - Quintic

* Weak constraints: Controls whether or not weak constraints are active. Weak
constraints introduce Lagrange multipliers, which provide extremely accurate flux
quantities; the standard way of evaluating them involves taking derivatives on
boundaries, which is a mesh-dependent and less accurate method. When 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 Multiphsyics Modeling Guide).

Scalar Variables

This application mode only has one scalar variable, the Stefan-Boltzmann constant, G,
which specifies the out-of-plane ambient radiation

£, 0(T*ampu — T4)
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where Ty y is the ambient temperature, and g, the surface emissivity on the upside
of the shell.

To open the Scalar Variables dialog box, go to the Physics menu and select Scalar

Variables.
Application Scalar Variables [Z=]
Name Expression Unit Description
sigma_htsh  [5.672-6 |wym2k®  |Stefan-Bolizmann constant |

Synchronize equivalent variables

[ QK ][ Cancel ][ Apply II Help ]

Figure 5-2: The Application Scalar Vaviables dialog box.

The following table shows the unit and default value in SI units of the

Stefan-Boltzmann constant:

PROPERTY VARIABLE DESCRIPTION DEFAULT VALUE SI UNITS

o sigma_htsh Stefan-Boltzmann constant 5.67e-8 W/(mZ-K4)

Change the default value only if the model uses no base unit system and the data that
you enter are based on a non-SI unit system.

Material

You specify the material properties and heat source on the Physics page in the Boundary

Settings dialog box (Figure 5-3).
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Equation
V- k1) =dQ +
hy(T,

Boundary Settings - Thin Conductive Shell (htsh)

an,u'n + hd(Text,d'T) + fuﬂ(Tamh.u“' qul + fdﬂ(Tamh,dq' T4,| +4a, + g, T=temperature

; Boundaries | Graupsl

Physics | Qut-of-Plane | Init | Element | |

Boundary selection

1

CONT

Group:
[ select by aroup

[¥] Active in this dom

ain

Thermal properties and heat sources/sinks
Library material: - .Lnad. i :

Quantity Value/Expression Unit Description

@ k (isotropic) 230 WImK) Thermal conductivity

I {anisotropic) W/mK) Thermal conductivity in shell coord. sys.
d, 0.01 m Shell thickness
Q 0 wim?  Heat source

[ oK H Cancel |[ Apply ]l Help

Figure 5-3: The Boundary Settings dialog box.

The following table contains the shell properties together with their default values.

QUANTITY

VARIABLE  DESCRIPTION DEFAULT VALUE SIUNIT

St Dts Time-scaling coefficient | -

k k Thermal conductivity 400 W/(m-K)

ki kij Thermal conductivity tensor 400 W/(m-K)
comp. in shell coord. sys.

dg ds Shell thickness 0.0l m

p rho Density 8700 kg/m3

C, Cp Heat capacity 385 J(kg'K)

Q Q Heat source 0 Wim?3

Time-scaling coefficient You rarely change the value of §;¢, but you can use it to

change the time scale, for example, from seconds to minutes by setting it to 1/60.
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Note: If you change the value of the time-scaling coefficient, any quantity involving
time derivatives or explicit references to time must be reinterpreted accordingly—not
only in the Thin Conductive Shell application mode, but also in any coupled physics.
You must multiply all occurrences of time derivatives with the time-scaling
coefficient, and convert all uses of time (as a variable) to the consistent base unit
system in order to get consistent units in your equations and postprocessing

expressions.

Thermal conductivity The variable £ describes the relationship between the heat flux

vector q and the temperature gradient VT as in
q = -kVT,

which is Fourier’s law of heat conduction. The conductivity can be either isotropic or
an anisotropic tensor. In the latter case, you specify the tensor components in the shell
local coordinate system, which is defined from the geometric tangent and normal
vectors. The local x direction is the surface tangent vector t; and the local z direction
is the normal vector n. Their cross product defines the third orthogonal direction such
that

ey =t
e, =e;xe; =nxt;
e, = n.

is an orthonormal basis aligned with the shell. You can then express the transformation
matrix from the shell’s local coordinate system to the global system using the local basis

vectors’ components in the global system:

€xlx eylx €zlx
A= exly eyly ezly
€xlz eylz €.z

The global thermal-conductivity tensor used in the equations consists of the local

tensor entered in the dialog box transformed with A:

¢
ky = ARA
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Since the conductivity in the direction normal to the shell is from the outset taken to
be sufficiently high to assume a constant temperature across the thickness, its actual
value does not matter. Therefore, you can safely ignore the third row and third column

of the thermal conductivity tensor in local coordinates.

Note: You cannot use anisotropic thermal conductivity together with a moving
frame, since the Moving Mesh application mode does not define the tangential
direction vectors.

Shell thickness d defines the shell thickness.
Density p specifies the material’s density.

Heat capacity C,, describes the amount of heat energy required to produce a unit
temperature change in a unit mass.

Heat source @ describes internal heat generation within the shell. It is not a material
property.
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Out-of-Plane Heat Transfer

You specify the out-of-plane heat transfer using the Out-of-Plane page in the Boundary
Settings dialog box (Figure 5-4).

Boundary Settings - Thin Conductive Shell (htsh) |E|
Equation
Tl k7T =dQ +
hu(Teu,u'T) + hd(Temd-T) + EuU(Tamb.uq - qu + idﬂ(Tamb,d4- Tﬁ + g, + gy, T=temperature
Boundaries | Groups| | Physics | Out-of-Plane | Init | Element | |
Boundary selection Properties For out-of-plane heat transfer
L - Quantity Value/Expression Unit Description
Upside Downside
j 9,9 [0 Q Wim? Inward heat Flux
hyshy 0 300 Wj{m?.k) Heat transfer coefficient
6 Totw Tend [273.15 125 K External temperature
- £,y Q ] 1 Surface emissivity
Group: i i ® Earriber O 0 K Ambient temperature
[ Select by aroup
[ ] Active in this domain
oK ] | Cancel ‘ [ Apply I I Help
Figure 5-4: The Out-of-Plane page.
The out-of plane heat transfer properties are:
QUANTITY VARIABLE DESCRIPTION DEFAULT VALUE SI UNITS
Qu qu Out-of-plane inward heat flux, 0 Wim?
upside
. 2
q4 qd Out-of-plane inward heat flux, 0 Wim
downside
hy hu Out-of-plane heat transfer 0 W/(mZ-K)
coefficient, upside
hq hd Out-of-plane heat transfer 0 W/(m2-K)
coefficient, downside
Tex -of-
Text,u extu Out-of-plane ext<.ernal 0 K
temperature, upside
Text.d Textd Out-of-plane external 0 K
temperature, downside
€, epsilonu  Out-of-plane surface 0 -
emissivity, upside
€4 epsilond  Out-of-plane surface 0 -

emissivity, downside
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QUANTITY VARIABLE DESCRIPTION DEFAULT VALUE SIUNITS

Tamb,u Tambu Out-of-plane ambient 0 K
temperature, upside

Tamb.d Tambd Out-of-plane ambient 0 K
temperature, downside

You work with these quantities to model heat flux from the surroundings into the shell
from either its upside or the downside. Because there is no temperature difference
through the shell thickness, it makes no difference from which side the flux is coming.
The total out-of-plane flux is:

Qiotal = utdq™t hu(Text, u” T)+ hd(Text, d- T)+

4
euG(T4amb, =T+ SdG(T4amb, d— T4)

Edge Conditions

You specify edge conditions in the Edge Settings dialog box (Figure 5-5).

Edge Settings - Thin Conductive Shell (htsh) (=]

Equation

q=ay+ dh(T, - T)+dyeofT, 479

Edges Edge condition

Edge selection Edge sources and constraints

Edge condition:

Quantity Value/Expression Unit Description

dy 300*ds_htsh Wim Inward heat flux

Specify q as power per length

d, ds_htsh m Effective thicdkness

h 50 w](mz .k) Heat transfer coefficient

Tinf 100 K External temperature

z o 1 Surface emissivity
Group: Tt a K Ambiznt temperature
[ Select by group Ty o K Temperature

[ OK ] [ Cancel ] l Apply l [ Help

Figure 5-5: The Edge Settings dialog box.
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The available edge conditions are:

EDGE CONDITION EXPRESSION

DESCRIPTION

Heat flux q=qo+dh(Tine—T)+ deEG(Tamb4 - T4)

Thermal insulation ¢ =0

Temperature T=T,

Heat flux through inward
specified flux, convective heat
transfer, and radiation

Thermal insulation or symmetry

Prescribed temperature

CHAPTER 5:

The quantities specifying these different edge conditions are:

QUANTITY  VARIABLE  DESCRIPTION DEFAULT SIUNIT
VALUE

Q0 q0 Inward heat flux 0 W/m

de de Effective edge thickness ds m

h h Heat transfer coefficient 0 W/(m2~K)

Tint Tinf External temperature 0 K

€ epsilon Edge emissivity 0 -

Tamb Tamb Ambient temperature 0 K

Note that the inward heat flux g is specified as power per length. The effective edge

thickness d, is the height of the part of the edge that is exposed to the ambient

surroundings. On a free edge, d, is equal to the shell thickness d, which is also the

default value.
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Building and Solving a Thin
Conductive Shell Model

The following example illustrates how to build and solve a model using the Thin
Conductive Shell application mode. This model is a 2D NAFEMS benchmark (Ref. 1),
which the author has transformed to 3D. The author also used the unit kelvin (K) for

temperature, as opposed to the NAFEMS benchmark model, which uses degrees
Celsius.

Model Definition—Shell Conduction

GEOMETRY

Figure 5-6 describes the 2D benchmark example.

y Heat transfer by convection
h = 750 W/mZK,
External temperature T, = 273.15K

Material properties:

k = 52 W/mK
1.0m

Insulated

T =373.15K X
0.6m

Figure 5-6: A 2D benchmark example for a thin conductive shell.
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The 3D model bends this plate so that it becomes a quarter of a cylinder (Figure 5-7).

0.6m

Figurve 5-7: The 3D geometry based on the 2D model.

Results

The temperature at point A in Figure 5-7 is in close agreement with that from the
NAFEMS benchmark (Ref. 1) as is evident from this table:

RESULT COMSOL MULTIPHYSICS NAFEMS
T (at A) 291.42 K (1827 °C) 291.40 K (18.25 °C)
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Figure 5-8 shows the temperature distribution.

Boundary: Temperature [K] Max: 373.15
370

360

350

340

330

320

F 1310

300

290

280

Min: 273.704

Figure 5-8: The vesulting temperature field of the 3D model.

Reference

1. J.A. Casey and G.B Simpson, “Two-dimensional steady state,” Benchmark Tests for
Thermal Analysis, NAFEMS, 1986, Test 10, p. 2.9.

Model Library path: Heat_Transfer_Module/Tutorial_Models/
shell_conduction
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Modeling Using the Graphical User Interface

MODEL NAVIGATOR

I Open the Model Navigator, click the New tab, and from the Space dimension list select
3D.

2 From the list of application modes select Heat Transfer Module>Thin Conductive
Shell>Steady-state analysis. Click OK.

GEOMETRY MODELING
I Click the Cylinder button on the Draw toolbar.

To create an open cylinder, go to the Style area and select Face.
In the Radius edit field enter 2/pi, and in the Height edit field enter 0.6. Click OK.
Click the Split Object button on the Draw toolbar.

vi A W N

Using the mouse select faces F1, F2, and F3. Press the Delete key to remove those
three faces, leaving just one.

6 Click the Zoom Extents button on the Main toolbar.

Mutphyiis g

cgppprd FTooundp v

&
o ~u
+ .
= .
o
% - ——
HHE ‘
e~ B
4]
*5
| |
ok i
sl =
el |k
@ |w
LA
el
L] et
=l g -
H

WL 3

Adding eylinder with Label EYLIT.

RS [ B [ Py (434 [

The geometry after vemoving three faces of a cylinder.

7 From the Draw menu select Work-Plane Settings.
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8 In the resulting dialog box click OK, which brings up the default work plane.

9 Click the Point button on the Draw toolbar. Then click the cursor on the lower right
end of the projected 3D face.

10 Click the Rotate button on the Draw toolbar.

Il In the Rotation angle area, enter 0.2/2*180 in the o edit field. Click OK.

AP COMLOL Mutighymacy - Canamd - [Uneitied] © o e - ]
Fie gt Optons Orew Pycs Wieih Sabe Posprocring. Multphyics Heip
DeRafindf s 24=2R 22024 Tanuad

0| ol [ 5o

Tl

NSG [t

TI@-0oRnees r,.'\E;cw_::g_:i".-. ) B

] 1) ] 03 o [T o8 o7

idding cylinder with label 'ETLI.
Adding paint with Label 'FT1¢

AT B D dg e B Pemry, (430 {482

The work plane with the vepositioned point.
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12 From the Draw menu select Embed then click OK. This step embeds the point where

you compare the calculated solution with the benchmark.

X3 COMSCL Multiphysis - GoomHet Trnafer Mol - Thin Careucies Sl (o] [t I
e [t Opoons Orew Physs Mesh Soke Porproceinng Multghync Help
DeEafiunf s s4=C\022i2sThanndn t
S B [C] oot [gama
e sl n
ot g o S 3
The Condhve Sl | 25 s
ot ey
b s
e
Dl — -
™ i
= -
+ -
[
&), B
a8
o
| |
> ]
wl |= N
o |
@
e |»
el
2]
" I ———
H Tt
Fareried] "
%A
v ey
.-a'"
Kaiing eylinier with Tl I
Aating pasar vith Label ‘FTL.
Exbedaing geoms L
s (SR BquAL CEvE Memery: (479 [ 492)

The embedded measurement point shown on the 3D geometry.
PHYSICS SETTINGS

Edge Settings
I From the Physics menu select Edge Settings.

2 Specify conditions on the edges as follows; when done, click OK.

SETTINGS EDGES 1,2, 4 EDGE 3 EDGE 5
Edge condition  Heat flux Insulation/continuity ~ Temperature
de ds_htsh

h 750[W/ (m"2*K) ]

Tin 273.15

To 373.15
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Equation

Edge selection

1
2

Edge Settings - Thin Conductive Shell (htsh)

q=ay+ dh(T,¢- T)+deo(T, 4~ T9

edges [Growe]

Edge condition

Edge condition: | §;

Edge sources and constraints

Quantity Value/Expression Unit

Description

4 q 0 Wim Inward heat flux

Specify qy as power per length

d, ds_htsh m Effective thidmess

h FE0[W/[m™2*K)] wi(m?.k) Heat transfer coefficient

Tinf 273.15 K External kemperature

€ a Surface emissivity
Group: Tt o K Ambient temperature
[ Select by aroup Ta i] K Temperature

[ oK ] [ Cancel ] I Apply l [ Help

]

Edyge Settings dialog box with settings for Edges 1, 2, and 4.

Boundary Conditions

I From the Physics menu select Boundary Settings.

2 In the resulting dialog box go to the Boundary selection list and choose 1. In the edit

field for k (isotropic) enter 52.

3 Click OK.

MESH GENERATION

Click the Initialize Mesh button on the Main toolbar to mesh the geometry with the

default settings.

COMPUTING THE SOLUTION

Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION

The default plot is the boundary plot of the temperature T (see Figure 5-8).

The following steps show how to obtain the temperature at the benchmark verification

point:

I From the Postprocessing menu choose Point Evaluation.

2 In the Point selection list select 3.

BUILDING AND SOLVING A THIN CONDUCTIVE SHELL MODEL |

169



3 Click OK.

COMSOL Multiphysics displays the value of the temperature at Point 3, about
291.4 K in the message log at the bottom of the user interface.
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The Bioheat Equation

This chapter describes the Bioheat Equation application mode for modeling heat
transfer within tissue using the bioheat equation.
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The Bioheat Equation Application
Mode

CHAPTER 6:

This section describes the Bioheat Equation application mode in the Heat Transfer

Module, which is designed to model heat transfer within tissue.

This application mode uses Pennes’ approximation to represent heat sources from
metabolism and blood perfusion. In addition, it adds a spatial heating source to the
equation. This third source is useful when modeling how an external source, such as

an electromagnetic field, heats tissue.

Variables and Space Dimensions

The Bioheat Equation application mode is available in 2D and 3D as well as for
axisymmetric models using cylindrical coordinates in 2D. The dependent variable is

the temperature, 7.

PDE Formulation

The bioheat equation is similar to the heat equation for heat conduction except that
it splits the heat-source term on the right-hand side into three terms that are of interest
in bioheat transfer problems. Further, the material properties in this equation are

better suited to the study of heat transfer in tissue. The equation thus takes this form:
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T
StspC% +V - (=kVT) = pC,yop (T}, —T) + Qe + @

ext

Where on the left-hand side:

o Jiis a time-scaling coefficient (dimensionless).
o pis the tissue density (kg/ms).
o Cis the specific beat of tissue (J/(kg-K)).

* kis the tissue’s thermal conductivity tensor (W/(m-K)).

On the right side of the equation, pyCp oy (T}, — T') is a source term for the blood

perfusion where:

* ppis the density of blood (kg/ms).

o Cy is the specific heat of blood (J/(kg-K)).
oy is the blood perfusion rate (mg/(m3~s)).
o Ty is the arterial blood temperature (K).

Finally, examine the second and third terms on the right side where:

* Qmet is the heat source from metabolism (W/ms).

* Qoyt is the spatial heat sonrce (W/ms).

For a steady-state problem, the temperature does not change over time, and the first
term in the bioheat equation disappears.
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Subdomain Settings

Figure 6-1 shows the dialog box for the Subdomain Settings of the Bioheat Equation
application mode; here you input properties for the bioheat equation.

Subdomain Settings - Bioheat Equation (htbh) =]
Equation

élspCaTlat + V{-kvT) = phcbwbﬁh =TI+ Qg + Quyye T=tEmperature

Subdomains: Gruuusl Physics ‘ Init | Element. | |
Subdomain selection Thermal properties and heat sources/sinks
- Library material: - Load...
Quantity Value/Expression Unit Description
B i 1 Time-scaling coefficient
@ k(isotropic) 0.5 W/(m-K) Thermal conductivity of tissue
k (anisotropic) 0. WI(m-K) Thermal conductivity of tissue
p 1050 kgm?  Density of tissue
[« 3700 Jka-K) Specific heat of tissus
Ay 0 kgim®  Density of bload
= 0 JJikg-K) specific heat of blood
ad wy 0 1fs Blood perfusion rate
Een T 310,15 K Arterial blood temperature
[ Select by group Qe 0 Wjm®  Metabolic heat source
Active in this domain Quit ] wjm®  Spatial heat source

[ [s]4 ][ Cancel H Apply H Help ]

Figure 6-1: The Subdomain Settings dialoy box.

The subdomain quantities are:

QUANTITY  VARIABLE DESCRIPTION

Ot Dts Time-scaling coefficient

p rho Tissue density

C C Specific heat of tissue

k k Thermal conductivity of tissue

k Tissue thermal conductivity tensor
k;; lxix Tissue thermal conductivity tensor, x;x; component
Pb rhob Density of blood

Gy Cb Specific heat of blood

oy, wb Blood perfusion rate

Ty, Tb Arterial blood temperature

Qumet Qmet Metabolic heat source

Qext Qext Spatial heat source
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Time-scaling coefficient 3 is normally 1, but you can change the time scale, for

example, from seconds to minutes by setting it to 1/60. See also the note on page 158.

Density of tissue The effective density of the tissue is for all practical purposes equal
to the density of the tissue-blood continuum, because the vascular volume is much
smaller than that of the solid tissue.

Specific heat of tissue C describes the amount of heat energy required to produce a

unit temperature change in a unit mass of tissue.

Thermal conductivity of tissue % describes the relationship between the heat flux
vector g and the temperature gradient VI' as in

q = -kVT,

which is Fourier’s law of heat conduction. Enter this quantity as the unit power per

unit length and unit temperature.
Density of blood Enter py, as the unit mass per unit volume.

Specific heat of blood Cj, describes the amount of heat energy required to produce a

unit temperature change in a unit mass of blood.

Blood perfusion rate o, describes the volume of blood per second that flows through
a unit volume of tissue.

Arterial blood temperature T}, is the temperature at which blood leaves the arterial
blood veins and enters the capillaries.

Metabolic heat source Q)¢ describes heat generation from metabolism. Enter this

quantity as the unit power per unit volume.

Spatial heat source ). describes heat generation from an external source. Enter this

quantity as the unit power per unit volume.
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Boundary Condition Types

The available boundary conditions for the Bioheat Equation application mode are:

BOUNDARY CONDITION DESCRIPTION
-n-(-kVT) = qo+h(T;pe-T) Heat flux

-n-(-kVT) =0 Insulation or symmetry
T=T, Prescribed temperature
r=0 Axial symmetry

The boundary conditions available on interior boundaries are:

INTERIOR BOUNDARY CONDITION DESCRIPTION
n-(k,VT{-kyVTy) = qo+h(T;ps-T) Heat flux discontinuity
n- (k,VT,-k,VTy) = 0 Continuity

T=T, Prescribed temperature

HEAT FLUX
-n-(-kVT) = qo+h(T; ;- T)

The heat flux condition accounts for a general heat flux, as well as that from convection
as defined by a convective heat transfer coefficient. The application mode interprets the
heat flux in the direction of the inward normal. Therefore a positive value of g
corresponds to a heat source.

* A positive value of g represents a heat source on the boundary, for example an
electrical heater or a known inflow of energy, such as radiation with specified
intensity. Conversely, a negative value will represent a heat sink.

e The term A(T;,¢— T) models convective heat transfer with the surrounding
environment, where h is the heat transfer coefficient and T ¢is the external bulk
temperature. The value of b depends on the geometry and the ambient flow
conditions. For an introduction on how to calculate and use heat transfer
coefficients, see “Convective Cooling/Heating and Heat Transfer Coefficients” on
page 15.

INSULATION OR SYMMETRY
n - (<kVT) = 0
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This condition applies to boundaries where the domain is well insulated. It can also be

used to reduce model size by taking advantage of symmetry.

AXIAL SYMMETRY
This boundary condition is available only for axisymmetric versions of heat transfer
application models. Use it on the symmetry axis 7 = 0. Note that from the

mathematical point of view, this condition is identical to thermal insulation.

PRESCRIBED TEMPERATURE
T =T,

This boundary condition prescribes the temperature 7.

HEAT FLUX DISCONTINUITY
n-(k, VT, -k4VTy) = qo+h(T;ps-T)

On interior boundaries an assembly pairs you can specify a heat flux discontinuity,
which is the same thing as a heat source or heat sink. In the equation for this boundary
condition, the terms on the left are subindexed with “u” for upside and “d” for
downside. The equation states that the difference between the heat flux on the left and
the right is equal to the heat source on the boundary.

* Specify g to represent a heat source or sink on the interior boundary. Enter a

positive quantity for a source or a negative quantity for a sink.
* The second term, A(T;,¢— 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 only available at interior boundaries and for assembly pairs

at boundaries between parts of an assembly.

CONTINUITY
n-(k,VT,~kqVTy) = 0

The default setting for interior boundaries and assembly pairs is Continuity, which is a
special case of the above Heat flux discontinuity condition. In the absence of sources
or sinks, that condition specifies that the heat flux in the normal direction is continuous
across the boundary. This boundary condition is only available at interior boundaries
and for assembly pairs at boundaries between parts of an assembly.

THE BIOHEAT EQUATION APPLICATION MODE
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Boundary Settings

You specify the boundary conditions in the Boundary Settings dialog box (Figure 6-2).

Boundary Settings - Bicheat Equation (htbh) =]
Equation

n(k¥T) = g + h{T, - T)

Boundaries | Groups Coefficients
Boundary selection Boundary sources and constraints
1 = Boundary condition: Heat e
; Quantity Value/Expression Unit Description
4 9 0 Wim? Inward heat flux
h 0 w](m?k) Heat transfer coefficient
Tinf 273.15 K External temperature
o T 310.15 K Temperature
Group:
[ Select by group
[ Interior boundaries
[ OK ] [ Cancel ] [ Apply ] [ Help

Figure 6-2: The Boundary Settings dialog box.

The quantities and variables that specify a boundary condition are:

QUANTITY VARIABLE DESCRIPTION

qo q Inward heat flux

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

Ty TO Prescribed temperature
Example Models

For examples of models using the Bioheat Equation application mode, see Microwave

Cancer Therapy on page 278 and Tumor Removal on page 291 of the Heat Transfer
Module Model Library.

Reference

1. A. Bejan, Heat Transfer, Wiley, 1993.
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Momentum Transport

T'he Heat Transfer Module extends the CED capability of COMSOL Multiphysics
by adding turbulence modeling and support for weakly compressible flows. This
enables modeling of forced or temperature gradient-driven flows in both laminar

and turbulent regimes.
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Introduction

All application modes described in this chapter are based on the Navier-Stokes

equations, which in their most general form read

%$+V-(pu) =0 (7-1)
p%‘+p(u-V)u =V [-pl+1t]+F (7-2)

oT - _ g_TIp| (2, (4.
pCp(at +(u-V)T) =—(V q)+r.S—pan(at +(u V)p) +@Q (7-3)

where

* pis the density (kg/ms)

e uis the velocity vector (m/s)

e pis pressure (Pa)

* tis the viscous stress tensor (Pa)

¢ Fis the body force vector (N/m3)

¢ C, is the specific heat capacity at constant pressure (J/(kg-K))
* T'is absolute temperature (K)

e q is the heat flux vector (W/ m? )

* @ contains the heat sources (W/ ms)

S is the strain rate tensor:

S = %(Vu +(Vu)T)

The operation “:” denotes a contraction between tensors defined by

ab = ZZanmbnm (7-4)
n m

Equation 7-1 is the continuity equation and represents the conservation of mass.
Equation 7-2 is a vector equation and represent the conservation of momentum.

Equation 7-3 describes the conservation of energy, formulated in terms of
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temperature. This is an intuitive formulation that facilities specification of boundary

conditions.

To close the equation system 7-1 through 7-3, some constitutive relations are needed.
A common relation is derived by assuming that the fluid is Newtonian. Together with

Stokes’ assumption, the viscous stress tensor becomes:
2
T = 2nS—§n(V~u)I (7-5)

The dynamic viscosity 1 (Pa-s) is allowed to depend on the thermodynamic state, but
not on the velocity field. All gases and many liquids can be considered Newtonian.
Examples of non-Newtonian fluids are honey, mud, blood, liquid metals, and most
polymer solutions. Support for modeling of non-Newtonian fluids can be found in the
COMSOL Chemical Engineering Module, while the Heat Transfer Module treats all
fluids as Newtonian according to Equation 7-5. Other commonly used constitutive

relations are Fourier’s law of conduction and the ideal gas law.

There are several books where the Navier-Stokes equations are derived and concepts
such as Newtonian fluids and the Stokes assumption are explained in detail. See, for

example, the classical text by Batchelor (Ref. 1) and the more recent work by Panton
(Ref. 2).

Many applications describe isothermal flows where Equation 7-3 is decoupled from
Equation 7-1 and Equation 7-2. The temperature equation is described in the section
“The Heat Equation” on page 6, and the fully-coupled system is treated in the section
“Non-Isothermal Flow” on page 228.

Each section discusses a specific form of the continuity and momentum equations. The
properties of the equations are then used as a foundation to clarify their range of

applicability.

References

1. G.K. Batchelor, “An Introduction To Fluid Dynamics,” Cambridge University
Press, 1967.

2. R.L. Panton, “Incompressible Flow,” second edition, John Wiley & sons, inc., 1996.
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The Incompressible Navier-Stokes
Equations

The incompressible Navier Stokes equations in their basic form describe flow of a

Newtonian fluid whose density can be assumed to be constant or nearly constant. In
the Heat Transfer Module, you cannot directly access any dedicated application mode
for incompressible laminar flow. The Incompressible Navier-Stokes application mode
is, however, the common platform on which all flow application modes are based and
to which they return if you choose to turn oft all special features. This section therefore
describes the basic functionality which is shared between the flow application modes

in the context of the Incompressible Navier Stokes application mode.

In theory, the same equations describe laminar as well as turbulent flows. In practice
however, the mesh resolution required to simulate turbulence with this application
mode makes such an approach impractical. This is discussed further in the section
“Numerical Stability—Stabilization Techniques” on page 193.

Buoyant flows in general should be treated by the Non-Isothermal Flow predefined
multiphysics coupling, see “Non-Isothermal Flow” on page 228. It is possible,
however, to treat some simple cases of buoyant flows with the Incompressible
Navier-Stokes application mode by invoking the Boussinesq approximation. “The

Boussinesq Approximation” on page 198 describes this in more detail.

Subdomain Equations

The Incompressible Navier-Stokes application mode assumes that the fluid is
incompressible; that is, that p is constant or nearly constant. This is the case for all
fluids under normal conditions and also for gases at low velocities. For constant p,

Equation 7-1 reduces to
V-u=0 (7-6)
and the stress tensor T in Equation 7-5 becomes
T = n(Vu+((Va)T)

These assumptions put together give the following momentum equations:
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p%l+p(u-V)u = V. [pI+n(Vu+(Vw) )] +F 7-7)

The equations used by the application mode are displayed in the Subdomain Settings
dialog box. Here, you also specify the physical properties of the fluid (see Figure 7-1).

Subdomain Settings - Incompressible Mavier-Stokes (chns) =]
Equations
paujat + plu¥u = V[-pI + n{Vu + (Vu)T)] +F
Vu=0
 Subdomains | Gmupsl Physics | Stabilization | Init I Element I ‘
Subdomain selzction Fluid properties and sources/sinks
1 e Library material: - Load...
Quantity Value/Expression Unit Description
P 1000 kgjm® Density
n 13 Pa-s Dynamic viscosity
F, o MJm® Valume force, x dir.
F, o N/m? Volume Force, v dir.
F, [o MJm® Valume force, z dir,
= B Flow in porous media (Brinkman egquations)
Group:
% 1 1 Porosity
| select by group kot = Permeabilty
Active in this domain Q 0 kgj{m?-5) Source term
l OFK l [ Cancel ] [ Apply ] [ Help l

Figure 7-1: The Subdomain Settings dialoy box for 3D incompressible Navier-Stokes
eqUALions.

Boundary Conditions

The boundary conditions for the Incompressible Navier-Stokes application mode are
grouped into the following types:

* Wall
- No slip (Default)
- Slip
- Sliding wall
- Moving/leaking wall
o Inlet
- Velocity (Default)
- Pressure, no viscous stress

- Laminar inflow
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e Outlet
- Velocity
- DPressure
- Pressure, no viscous stress (Default)
- No viscous stress
- Normal stress
- Laminar outflow
e Symmetry boundary
- Symmetry (Default)
- Axial symmetry
e Open boundary
- Normal stress (Default)
- No viscous stress
e Stress
- General stress (Default)
- Normal stress

- Normal stress, normal flow
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You specify a boundary condition in the Boundary Settings dialog where you first select
the appropriate Boundary type and then a Boundary Condition.

Boundary Settings - Incompressible Navier-Stokes (chns) =]

Equation
u=-Un
Boundaries | Groups Coefficients
Boundary selection Boundary conditions
- Boundary type:
; Boundary condition: :Ve\nﬂty |
4 Quantity Value,/Expression Unit Description
° S o mis  x-velocty
6

Vo o mis  y-velociky

Wy o mls  zvelodty

@ Y 1 mis  Normal inflow velocity
Group:
[ Select by group
[7] Interior boundaries
[ [s] 4 ] I Cancel l [ Apply ] [ Help ]

Figure 7-2: Boundary Settings dialog box for the Incompressible Navier-Stokes application
mode.

If a mathematical formulation describes more than one type of physical boundary
condition, it can appear in more than one boundary type. However, every possible use
of a single mathematical formulation cannot be covered. Hence, the boundary types
should be regarded as guidelines, not as restrictions on the applicability of the
formulations.

The theory of most boundary conditions can be found in Ref. 1.

WALL

These boundary conditions describe the existence of a solid wall.

No Slip
This is the standard and default boundary condition for a stationary solid wall. The
condition prescribes

u=0

that is, that the fluid at the wall is not moving.

THE INCOMPRESSIBLE NAVIER-STOKES EQUATIONS |

185



186 |

Moving/Perforated Wall
If the wall moves, so must the fluid. Hence, this boundary condition prescribes

Note that setting this boundary condition does not automatically cause the associated
wall to move. The section “The Moving Mesh Application Mode” on page 463 of the
COMSOL Multiphysics Modeling Guide describes how to set up a model with moving

boundaries.

You can also use the Moving/perforated wall boundary condition to simulate a wall
where fluid is leaking into or leaving through a perforated wall.

Sliding Wall
If you use this boundary condition, the wall is assumed to behave like a conveyor belt,
that is, that the surface is sliding in its tangential direction. The wall does not have to

actually move in the coordinate system.

In two space dimensions (2D), the tangential direction is unambiguously defined by
the direction of the boundary. However, the situation becomes more complicated in
3D. For this reason, this boundary condition has slightly different definitions in the

different space dimensions.

2D and Axial Symmetry The velocity is given as a scalar Uy, and the condition

prescribes

where t = (-n,, n,) for 2D and t = (-n,, n,) for axial symmetry. When the Swirl flow
property is activated (see section “Swirl Flow” on page 203), the swirl wall component

is specified separately.

3D The velocity is set equal to a given vector uy, projected onto the boundary plane:
u=u,-(n-uy)n

Slip

The slip condition assumes that there are no viscous effects at the slip wall and hence,
no boundary layer develops. From a modeling point of view, this may be a reasonable
approximation if the important effect of the wall is to prevent fluid from leaving the

domain. Mathematically, the constraint can be formulated as:
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u-n=0, t-(—pI+n(Vu+(Vu)H))n = 0

where t is a tangential vector to the boundary.

INLET

This boundary type contains different ways to specify conditions on a boundary where
the fluid is supposed to enter the domain. Notice that the formulations contained in
this boundary type all appear, some of them slightly modified, in the Outflow
boundary type as well. Hence, there is nothing in the mathematical formulations that
prevents a fluid from leaving the domain through boundaries where you have specified

the Inlet boundary type.

Velocity
This boundary condition offers two ways to specify an inlet velocity. The first is to set

the velocity equal to a given vector u:
u=u,
The other is to specify a normal inflow velocity:
u = -nU,
Note that the boundary normal, n, points out of the domain.

Pressure, No Viscous Stress
This boundary condition specifies vanishing viscous stress along with a Dirichlet

condition on the pressure:
T
n(Vu+(Vu) )n = 0, P =Py

It is a numerically stable boundary condition that admits total control of the pressure
level along the entire boundary. However, if the inflow is not normal to the boundary,
this condition yields an overspecification of the problem. In the case that your solution
turns out to have a non-normal inflow velocity, there are two choices. Either, move the
boundary farther away to a location where the inflow is normal to the boundary or,

use a stress type boundary condition described on page 192.

Note that this condition is identical to the Pressure, no viscous stress condition for
Outflow boundaries. Hence, depending on the pressure field in the rest of the
subdomain, a boundary with this condition can very well become an outflow

boundary.
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Laminar Inflow
This boundary conditions adds a weak contribution of the form

L (-pT MV, + (Vo)) @)~ e (0, W — Ly (V- 1), p) - (7-8)

Where (., .)r is the Lg inner product on the boundary, V, is the gradient in the
tangential direction of the boundary, and u and p are the test functions for the
velocities and pressure, respectively. The addition of Equation 7-8 corresponds to the
situation shown in Figure 7-3: a fictitious domain of length Ly, is assumed to be
attached to the inlet of the computational domain. The flow in this fictitious domain
is assumed to be laminar plug flow. If you select the option Constrain outer edges to
zero, the flow in the fictitious domain is instead assumed to be fully developed laminar
channel flow (in 2D) or fully developed laminar internal flow (in 3D). This does not
affect the boundary condition in the real domain, Q, where the boundary conditions
are always fulfilled.

Pentr | Q

b —_— — —_ —

- >

L

entr

Figure 7-3: Sketch of the physical situation simulated when using the Laminar inflow
boundary condition. Q is the actual computational domain while the dashed domain is o
fictitious domain.

If you specify an average inlet velocity or inlet mass flow instead of the pressure,
COMSOL Multiphysics adds an ODE that calculates a pressure, Peptr, such that the

desired inlet velocity or mass flow is obtained.

OUTFLOW

This boundary type contains different ways to specify conditions on a boundary where
the fluid exits the domain. Note that all of the formulations in this type can be found,
possibly slightly modified, in other boundary types as well. Hence, there is nothing in
the mathematical formulations that prevent a fluid from entering the domain through
boundaries where you have set the Outflow boundary type.

Setting outlet conditions for the Navier-Stokes equations is not a trivial task. A general
rule of thumb, however, is that if there is something interesting happening at an

outflow boundary, extend the computational domain to include this phenomenon.
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Velocity
This boundary condition offers two ways to specify an outlet velocity. The first is to set

the velocity equal to a given vector u:
u=u,
The other is to specify a normal outlet velocity:
u = nU,
Observe that the boundary normal, n, is pointing out of the domain.

Pressure, No Viscous Stress
This boundary condition specifies vanishing viscous stress along with a Dirichlet

condition on the pressure:
n(Vu+(Va))n =0,  p = p,

It is a numerically stable boundary condition that admits total control of the pressure
level at the whole boundary. However, if the outflow is not normal to the boundary,
this condition is an overspecification. In the case that your solution turns out to have
a non-normal outflow velocity, there are two choices. Either move the boundary

farther away to a location where the outflow is normal to the boundary or use a stress

type boundary condition described on page 192.

Observe that this condition is identical to the Pressure, no viscous stress condition for
Inflow boundaries. Hence, depending on the pressure field in the rest of the

subdomain, a boundary with this condition can very well become an inflow boundary.

Pressure
This boundary condition prescribes only a Dirichlet condition for the pressure:

P =Py

Use this boundary condition only for high Reynolds number outflow boundaries, that
is Re® = p|u|h/(2n) >>1. It is far less stable than the Pressure, no viscous stress

boundary condition, but it is consistent with a non-normal outflow velocity.

No Viscous Stress

Prescribes vanishing viscous stress:

n(Vu+(Va)"n = 0
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This condition can be useful in some situations because it does not impose any
constraint on the pressure. A typical example is a model with volume forces that give
rise to pressure gradients that are hard to prescribe in advance. It should however be
combined with a point constraint on the pressure to be numerically stable (see “Point
Settings” on page 193).

Normal Stress
The total stress on the boundary is set equal to a stress vector of magnitude, fj,

oriented in the negative normal direction:
(-pI+n(Vu+ (Vu)T))n = —fyn

This implies that the total stress in the tangential direction is zero. This boundary

condition implicitly sets a constraint on the pressure that for 2D flows can be written

du,
p = 21’]—a—n—+f0 (7-9)

It du,,/on is small, Equation 7-9 can be interpreted as p = fj.

Laminar Outflow
This boundary conditions adds a weak contribution of the form

Lo (-pT+n(V,u + (Van)T).V ) - poie (M, W — Ly (V- 1), p)(7-10)

Where (., .)r is the Ly inner product on the boundary, V is the gradient in the
tangential direction of the boundary, and w and p are the test functions for the
velocities and pressure, respectively. The addition of Equation 7-10 corresponds to the
situation shown in Figure 7-4: a fictitious domain of length Lgy;; is assumed to be
attached to the outlet of the computational domain. The flow in this fictitious domain
is assumed to be laminar plug flow. If you select the Constrain outer edges to zero check
box, the flow in the fictitious domain is instead assumed to be fully developed laminar

channel flow (in 2D) or fully developed laminar internal flow (in 3D). This does not
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affect the boundary condition in the real domain, Q, where the boundary conditions
are always fulfilled.

_____ A
Q I Pexit
______ d
B S ——
Lexit

Figure 7-4: Sketch of the physical situation simulated when using Laminar outflow
boundary condition. Q is the actunl computational domain while the dashed domain is a
fictitious domain.

If you specify an average outlet velocity or inlet mass flow instead of the pressure, the
software adds an ODE that calculates pey;t such that the desired outlet velocity or mass
flow is obtained.

SYMMETRY BOUNDARY

Prescribes no penetration and vanishing shear stresses:
u-n =0, t-(-pI+n(Vu+Vu)T))m = 0
In 2D Axial Symmetry, the above formulation is called Symmetry.

Axial Symmetry
This boundary condition is only available in 2D Axial Symmetry. Use it on all
boundaries with coordinate r = 0. It prescribes u,. = 0 and vanishing stresses in the

z direction.

OPEN BOUNDARY
You can use this boundary type on boundaries that are open to large volumes of fluid.

Fluid can both enter and leave the domain on boundaries with this type of condition.

No Viscous Stress
Prescribes vanishing viscous stress:

n(Vu+(Va)D)n = 0

This condition can be useful in some situations because it does not impose any
constraint on the pressure. A typical example is a model with volume forces that give
rise to pressure gradients that are hard to prescribe in advance. It should however be
combined with a point constraint on the pressure to be numerically stable (see “Point
Settings” on page 193).
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Normal Stress
The total stress on the boundary is set equal to a stress vector of magnitude, fj,

oriented in the negative normal direction:
(-pI+n(Vu+ (Vu)T))n = —fyn

This implies that the total stress in the tangential direction is zero. This boundary

condition implicitly sets a constraint on the pressure that for 2D flows can be written
2 oy f (7-11)
b =2am a n + 0 -
If du,,/on is small, Equation 7-11 can be interpreted as p = fj.

STRESS
This type of boundary condition represents a very general class of conditions also

known as traction boundary conditions.

General Stress
The total stress on the boundary is set equal to a given stress F:

(-pI+n(Vu+(Vu)T))n = F

This boundary condition implicitly sets a constraint on the pressure that for 2D flows

can be written
p = ZT]_nn_n‘F (7-12)

If du,,/on is small, Equation 7-12 can be interpreted as p =—n - F.

Normal Stress
The total stress on the boundary is set equal to a stress vector of magnitude, £, oriented

in the normal direction:
(-pI+n(Vu+ (Va)))n = —fyn

This implies that the total stress in the tangential direction is zero. This boundary
condition implicitly sets a constraint on the pressure that for 2D flows can be written

Ju,,
p = 2T'|W+f0 (7-13)

If du,,/on is small, Equation 7-13 can be interpreted as p = fj,.
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Normal Stress, Normal Flow
In addition to the stress condition set in the Normal stress condition, this condition

also prescribes that there must be no tangential velocities on the boundary:
(-pI+n(Vu+ (Va)T))n = —fin, tu=0

Also this boundary condition implicitly sets a constraint on the pressure that for 2D

flows can be written
du,
p = 2T‘]3n— +f0 (7-14)

If du,/on is small, Equation 7-14 can be interpreted as p = f{.

Point Settings

If it is not possible to specify the pressure level using a boundary condition, the
pressure must be set in some other way, for example, by specifying a fixed pressure at

a point. You find a dialog box for Point Settings on the Physics menu.

Numerical Stability—Stabilization Techniques

The momentum equations (Equation 7-7) are (nonlinear) convection-diffusion
equations. As described in Chapter 17, “Stabilization Techniques,” in the COMSOL
Multiphysics Modeling Guide such equations are unstable if discretized using the
Galerkin finite element method. Stabilized finite element methods are therefore
necessary in order to obtain physical solutions. You control the stabilization settings

from the Stabilization page in the Subdomain Settings (sce Figure 7-5).
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g

Subdomain Settings - Incompressible Mavier-5tokes (chns)
Equations
paufat + plu-¥iu = V[-pl + n(Vu + (vu)T] + F
Vu=0

Subdomains | Gmups‘ ‘ Physlcsl Stabilization | Trit | Element | |

Subdomain selection Navier-Stokes

1 ~
Streamline diffusion (GLS)

Crosswind diffusion Tk [0.1 Tuning parameker
[ Isotropic diffusion aid 0.5 Tuning parameker

Discrete stabilization expressions optimized for:

(@ Elements of type Lagrange -P; Py =

(@) Geometric multigrid with | Ladranaz - P Py elements on the finest mesh hierarchy

Group:

[] Select by aroup Impraved residual approximation for inear elements

Active in this domain

[ [s] 4 H Cancel H Apply ][ Help ]

Figure 7-5: The Stabilization page of the Subdomain Settings dialoy box.

There are three types of stabilization available for Navier-Stokes:

 Streamline diffusion (GLS)
* Crosswind diffusion

 Isotropic diffusion

For optimal functionality, the exact weak formulations and constants of GLS and
crosswind diffusion should depend on the order of the basis functions (elements). You
can obtain this using the two option buttons, each with its corresponding list, at the
bottom of the Stabilization page (see Figure 7-5). 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 space dimensions except 3D.

However, when using the geometric multigrid solver/preconditioner (either as a
solver or as a preconditioner), it is possible to discretize the equations with different
clements on the different multigrid hierarchies. Then select the element type that is
used on the finest mesh level from the Geometric multigrid with list. This is the default
setting for 3D because the default solver for 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
that you get by selecting Lower element order first (any) (see “Constructing a Multigrid
Hierarchy” on page 558 in the COMSOL Multiphysics Reference Guide).
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The values of constants of GLS and crosswind diffusion follow Ref. 2 and Ref. 3 and

cannot be changed without performance losses.

Streamline diffusion and crosswind diffusion are functional only for the element types

available in the lists on the Stabilization page.

STREAMLINE DIFFUSION

For strongly coupled systems of equations, the streamline diffusion must be applied to
the whole system of equations, not only to each equation separately. These ideas were
first explored by Hughes and Mallet (Ref. 4) and were later extended to Galerkin
least-squares (GLS) applied to the Navier-Stokes equations (Ref. 5), which is the form
that COMSOL Multiphysics supports. The time-scale tensor is the diagonal tensor
presented in Ref. 6.

Streamline diffusion is active per default because it is necessary when convection is the

dominating part of the flow.

The unstabilized incompressible Navier-Stokes equations are subject the
Babuska-Brezzi condition, which states that the basis functions for the pressure must
be of lower order than the basis functions for the velocity. If the incompressible
Navier-Stokes equations are stabilized by GLS, it is possible to use equal-order
interpolation. Hence, streamline diffusion is necessary when using linear Lagrange
elements. This applies also if the model is solved using geometric multigrid (either as
a solver or as a preconditioner) and at least one multigrid hierarchy level uses linear
Lagrange elements.

CROSSWIND DIFFUSION

Crosswind diffusion can also be formulated for systems of equations, and when applied
to the Navier-Stokes equations it becomes a shock-capturing operator. COMSOL
supports the formulation in Ref. 5 with shock capturing viscosity taken from Ref. 7.

Incompressible flows do not contain shock waves, but crosswind diffusion is still useful
to introduce extra diffusion in sharp boundary layers and shear layers that otherwise

would require a very dense mesh to resolve.

The tuning parameter, Cj, controls the amount of crosswind diffusion introduced in
the model. The recommended range for low Mach number flows and incompressible
flows is 0 < C}, < 0.5 (C=0 means no diftusion at all). The value must be neither space

dependent nor time dependent.

Crosswind diffusion is active per default because it makes it easier to obtain a solution

even if the mesh is not perfect. It is advisable, however, to investigate the influence Cj,.
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Crosswind diffusion also has the effect that iterative solvers can use inexpensive
presmoothers such as SSOR (see “Solver Settings” on page 199). If you deactivate
crosswind diffusion, you must also change all applications of SSOR to Vanka (see
“Preconditioners for the Iterative Solvers” on page 553 in the COMSOL Multiphysics
Reference Guide).

ISOTROPIC DIFFUSION

Isotropic diffusion adds diffusion to the momentum equations of the Navier-Stokes
equations in the same way as described in “Isotropic Diffusion” on page 500 in the
COMSOL Multiphysics Modeling Guide. The continuity equation gains no extra
stability.

IMPROVED RESIDUAL APPROXIMATION FOR LINEAR ELEMENTS

Both GLS and crosswind diffusion evaluate the residuals of the Navier-Stokes
equations to determine the amount of diffusion. The residuals of the momentum
equations contain second-order derivatives of the velocity, which, if linear elements are
used, are evaluated to zero. The impact of this is small if the flow is dominated by

convection where
ou/dt+u-Vu = -Vp (7-15)

is a good approximation of the momentum equations. Equation 7-15 is not a good
approximation for flows dominated by viscous effects, and if the mesh is coarse, the

result can be that the pressure field contains small oscillations.

You can remove the oscillations by refining the mesh. An alternative is to select the
Improved residual approximation for linear elements check box (see Figure 7-5). The
program the reconstructs the viscous terms by polynomial-preserving recovery (see
“Using Special Operators” on page 163 in the COMSOL Multiphysics User’s Guide).
Polynomial-preserving recovery makes the equation system more complicated and

thereby more expensive to solve.

The improved residuals can be useful if the Navier-Stokes equations are part of a
multiphysics problem and you cannot afford to refine the mesh.
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Corner Smoothing

You find the Corner smoothing property in the Application Mode Properties dialog box.
It can be a useful property when the model contains walls with slip conditions, as

described below.

Application Mode Properties [==]
Properties
S ;;:éﬁ;éﬁ'g'é"-' Pz E.l. e
Analysis type: Stationary -
Corner smoothing: OFf -
Wealdy compressible Flow: | OFF -
Turbulence model: 3 -
Realizability: OFf -
Weak constraints: Off =
Constraint bype: Ideal -

[ oK ] [ Cancel ] I Help l

Figure 7-6: The Application Mode Properties dinlog box where Corner smoothing can be
turned on and off.

Consider the situation sketched in Figure 7-7. At the point where the boundaries I'
and I'y intersect, there will be two boundary normals, one for I'; and one for I'y. These
two normals are denoted n-; and n, in Figure 7-7. If the boundaries now both

have no-penetration condition, there will be two Dirichlet conditions at the point of

intersection, namely
np-u=0 (7-16)
and

n-u=0 (7-17)
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The only way that both Equation 7-16 and Equation 7-17 can be fulfilled is if u =0

at the point of intersection. This is not always the expected solution, however.

Q
Iy
/ \\
- \
n
- nl_z \‘ Tl

Figure 7-7: Intersection between the boundariesT'y and U 0y and npy are the
boundary normals prescribed by U1 and Uy vespectively. Q is the computational domain.

When corner smoothing is activated, any Dirichlet condition d(n) = 0 is replaced by
d(ny,) =0, where ny, is a vector of dependent boundary variables whose solution in
cach point is the average of all normals in that point. In the current example, equations
7-16 and 7-17 are replaced with

n,u=20 (7-18)

and ny, has the solution n, = (1/2)(np; +npy) . Equation 7-18 can then be
satisfied for u # 0.

The Boussinesq Approximation

The Boussinesq approximation is a way to treat some simple cases of buoyant flows

without having to use a compressible formulation of the Navier-Stokes equations.

The Boussinesq approximation assumes that variations in density have no effect on the
flow field except that they give rise to buoyant forces. The density is taken to be a
reference value, pg, except in the body force term, which is set to

F = (py+Ap)g (7-19)

where g is the gravity vector. You can enter an expression for Equation 7-19 in the
Volume force edit fields in the Subdomain Settings dialog box (see Figure 7-1 on page
183). However, further simplifications are often possible. Because g can be written in
terms of a potential, @, it is possible to write Equation 7-19 as:

F = -V(py®) +Apg
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The first part can be canceled out by splitting the true pressure, p, as a sum of a
hydrodynamic component, P, and a hydrostatic component, —po®. Then you can write

equations 7-6 and 7-7 in terms of the hydrodynamic pressure P =p + po®:

V.-u=0 (7-20)
po%’t-l+(p0u-V)u = -VP+V-MVu+(Vu))) + gAp (7-21)

Hence, to obtain the Boussinesq approximation on this form, you only have to enter
the expression for gAp in the Volume Force edit ficlds in the Subdomain Settings dialog

box.

In practice, the shift from p to P can be ignored except where the pressure appears in
boundary conditions. The pressure that you specify at boundaries is the hydrodynamic
pressure in this case. For example, on a vertical outflow or inflow boundary, the
hydrodynamic pressure is typically a constant, while the true pressure is a function of
the vertical coordinate.

The system that Equation 7-20 and Equation 7-21 form has its limitations. The main
assumption is that the density fluctuations must be small, that is, Ap/py << 1. There are
also some more subtle constraints that, for example, makes the Boussinesq
approximation unsuitable for systems of very large dimensions. An excellent discussion
of the Boussinesq approximation and its limitations appears in Chapter 14 of Ref. 8.

Solver Settings

LINEAR SYSTEM SOLVER

The recommended solver type for small and medium-sized fluid-flow problems is a
direct solver, and the PARDISO direct solver is the default solver for 1D and 2D
models. It is not as robust as UMFPACK or SPOOLES but is more memory efficient.

3D problems are often too large to solve using a direct solver. The default solver is
BiCGStab with the geometric multigrid (GMG) preconditioner. The GMG
preconditioner uses the SSOR preconditioner/smoother as the presmoother and
postsmoother. It is possible to use SSOR thanks to the GLS streamline diffusion and
to the crosswind diffusion (“Numerical Stability—Stabilization Techniques” on page
193). If you deactivate any of these stabilization techniques, you must replace the
SSOR smoothers by the Vanka preconditioner/smoother (see “The Vanka Algorithm”
on page 568 in the COMSOL Multiphysics Reference Guide.).
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For more information about the solvers, see Chapter 6, “Solving the Model,” on page
377 in the COMSOL Multiphysics User’s Guide.

TRANSIENT SOLVER SETTINGS

The transient Incompressible Navier-Stokes application mode uses per default the
Generalized oo method (see “The Time-Dependent Solver” on page 391 in the
COMSOL Multiphysics User’s Guide) with manual time step control.

The time step for the transient Incompressible Navier-Stokes application mode is
calculated from the CFL number:
ul|At
CFL = LY
h

The Navier-Stokes application mode contains a variable dt_cfl_gn_app that
corresponds to a CFL number equal to one. n is the index of the geometry on which
the application mode is active and app is the application mode name. As an example,
assume that the application mode name is chns and that the application mode is active
on geometry 2. The time step variable is then dt_cfl_g2_chns.

dt_cfl_gn_app is defined by

. h
dt_cfl gn_app = mm(w——-)
~CT1_gn_app o ‘max(|ul, 10uge)

where Q, is the set of all mesh cells in geometry n on subdomains where the
Navier-Stokes is active. ug;gris a diffusive velocity scale equal to 1/(ph). The argument
10ug;gris necessary to prevent the time step from becoming too large when [u] is small.

A necessary condition for explicit time stepping techniques to be stable is that the CFL
number is smaller than one. COMSOL uses implicit schemes which are stable for any
At. Large At has the advantage that the computation can be completed in few time

steps. There are however two drawbacks:

¢ The solver will introduce numerical diffusion that increases with Az. In other words,
using large At means that the result will be less accurate compared to using small A¢.

* The equation system becomes harder to solve for large A¢. That is, more

computational work is required to complete each time step.

A compromise between efficiency and accuracy is to use a A¢ such that 2 < CFL<10.
The default is At =5-dt_cfl_gn_app, and the setting can be found on the Time
Stepping page in the Solver Parameters dialog box.
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The time step can be increased if you expect the model to feature only very slow
transients. If the solver on the other hand repeatedly fails to solve the nonlinear system
(see “The Time-Dependent Solver Log” on page 452 in the COMSOL Multiphysics
User’s Guide), then the time step should be decreased.

ADVANCED SOLVER SETTINGS

For a flow that is parallel to a coordinate axis, the automatic scaling feature in
COMSOL Multiphysics does not work if you use the nonlinear stationary solver. For
such cases, turn off the scaling feature or use manual scaling; see “Scaling of Variables
and Equations” on page 529 in the COMSOL Multiphysics Reference Guide. The

problem occurs when one solution component is on average zero.
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Swirl Flow

Swirl flow is an extension of the Incompressible Navier-Stokes application mode for
axially symmetric geometries. By default, application modes based on the
Navier-Stokes equations assume that the azimuthal velocity #,, in a 2D axisymmetric
model is zero, but you can change this using the Swirl velocity application mode
property. With swirl flow active, the only remaining assumption is that there are no
variations in any model variable in the azimuthal direction.

For a cylindrical coordinate system, under the assumption that d/0¢ =0,
Equation 7-6 and Equation 7-7 can be written

ou, u, du,

—87+—r-+5;=0 (7-22)

ou du du, ul Py 13 T, T
_r _r —r_Ze)__9 2r 99
P37+ gy -7 = 5T+ +F

or " 0z r "
du, du,  duy  9p 19 0T, (7-23)
o7 gy + ) = S ) ¢

ou du, u,u du 19 a1
¢ e, e Q) - =92 __2¢
p( o Tyt az) ‘rzar(r Trg) oz +F,

The Newtonian viscous stress tensor (Equation 7-5) in cylindrical coordinates
assuming /0@ =0 is given by

or\r
Ju

—on_T =—n—2
T‘P‘P - 21] r’ zZ0 T‘PZ n 0z

When the azimuthal velocity component ©, is included in the equations, the

¢
application mode by default denotes it w. The remaining components are then u = u,

and v = u,, just as when the swirl velocity is not present.
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In an axisymmetric geometry, COMSOL Multiphysics assumes the symmetry axis to
be at r = 0. This means that you have to build all models using the axisymmetry modes

to the right of the axis = 0. A correctly drawn example is shown in Figure 7-8.

0.04

0.03

0.02
0.017
0.014

0.01

|
r=i)
-0.02 -0.01 0.001 0.008 0.02 0.03

Figure 7-8: A geometry drawn in the 2D Axial Symmetry space dimension. Notice that
the whole domain must be contained to the right of the symmetry liner =0.

The Swirl velocity property does not affect boundary conditions, point settings and
stabilization functionality, which are the same as for the standard Navier-Stokes
implementation. See “Boundary Conditions” on page 183, “Point Settings” on page
193, and “Numerical Stability—Stabilization Techniques” on page 193. It is also
possible to use corner smoothing with swirl flow. See “Corner Smoothing” on page
197.

The Swirl Velocity Property

Most application modes for momentum transport have a swirl flow formulation that

can be activated through the Swirl velocity property. Figure 7-9 shows the Application
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Mode Properties dialog box, which you open by choosing Properties from the Physics

menu.

Properties

Default element bype:

Application Mode Properties

:Lagranga - P2 P1

Analysis type: Stationary - |
Corner smoothing: OFf -
Wealdy compressible Flow: | OFF -
Turbulence model: 3 -
Realizability: OFf -
Swirl velocity: OFf -
Weak constraints: Off -
Constraint bype: Ideal -
[ OK ] [ Cancel ] [ Help

Figure 7-9: The Application Mode Properties dinlog box for the k-¢ Turbulence Model
application mode. The Swirl velocity property is set to Off by defanlt.

The Swirl velocity property is Off by default. Set it to On to turn on swirl flow and
include the azimuthal velocity in the model.
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Turbulent Flow

Turbulence often appears in industrial applications that involve fluid flow. It can be
considered a characteristic state of the flow that you can only describe in a statistical
manner. In this statistical representation of turbulent flow, the mean quantities are of
main interest. However, fluctuations in different field quantities also play an important
role.

In order to predict the behavior of turbulent systems, numerical modeling can reduce
the costs of experiments and prototype equipment. In these turbulence models it is
important to account for the nature of the fluctuations around the mean flow. This is
included in the Heat Transfer Module as the Reynolds-averaged Navier-Stokes
(RANS) equations.

The Navier-Stokes equations describe the basic phenomena of mass and momentum
transport. These equations can also be used for turbulent flow simulations, although
that requires a large number of elements to capture all the dynamics of the flow. An
alternative is to consider the averaged equations, resulting in a hierarchy of equations
and statistical unknowns. These unknown terms are modeled by equations known as
closure relations, of which the eddy viscosity approach is the most common one. The
Heat Transfer Module includes two such closure schemes: k-€ and k-o.

Because the k- Turbulence Model application mode and the - Turbulence Model

application mode depend on the same fundamental principles, this section describes
both.

Subdomain Equations

Both application modes assume that the flow is incompressible and that the fluid is

Newtonian. The flow is then in theory guided by the incompressible Navier-Stokes

equations:
o 4 p(u-Vyu = V- [ pI+n(Vu+ (Vu) )] + F
ot (7-24)
V-u=0
Fundamental to the analysis of fluid flow is the Reynolds number:
Re= P_ZL (7-25)
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where U denotes a velocity scale, and L denotes a representative length. The Reynolds
number represents the ratio between inertial and viscous forces. At low Reynolds
numbers, viscous forces dominate and tend to damp out all disturbances, which leads
to laminar flow. At high Reynolds numbers, the damping in the system is very low
giving small disturbances the possibility to grow by nonlinear interactions. If the
Reynolds number is high enough, the fluid flow field eventually ends up in a chaotic
state called turbulence.

REYNOLDS-AVERAGED NAVIER-STOKES (RANS) EQUATIONS
Once flow has become turbulent, all quantities fluctuate in time and space, and there
is little advantage in having an exact and detailed picture of the flow. Instead, an

averaged representation almost always provides sufficient information about the flow.

The Reynolds-averaged representation of turbulent flows divides the flow quantities

into an averaged value and a fluctuating part,

0 =0+’ (7-26)

where ¢ can represent any scalar quantity of the flow. In general, the mean value can
vary in space and time. This is exemplified in Figure 7-10, which shows time averaging
of one component of the velocity vector for nonstationary turbulence. The unfiltered
flow has a time scale A¢;. After a time filter with width A¢g >> A¢; has been applied,
there is a fluctuating part, ©’;, and an average part, U;. Because the flow field also varies
on a time scale longer than Aty, Uj is still time dependent but is much smoother than
the unfiltered velocity u;.

A

u(xt) = U(x?) + wy(x1)

---- Uixt)

Y

Figure 7-10: The unfiltered velocity component u;, with a time scale Aty and the averaged
velocity component, U;, with time scale Aty,.
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Decomposition of flow fields into an averaged part and a fluctuating part, followed by
insertion into the Navier-Stokes equation, then averaging, gives the
Reynolds-averaged Navier-Stokes (RANS) equations:

ou

p3; +PU-VU+V (puew) = _VP+V - q(VU+(VU))+F

(7-27)
vV.-U=0

where U is the averaged velocity field . ® is the outer vector product. A comparison
with Equation 7-24 indicates that the only difference is the appearance of the last term
on the left hand side of Equation 7-27. This term represents interaction between the
fluctuating velocities and is called the Reynolds stress tensor. This means that to obtain
the mean flow characteristics, you need information about the small-scale structure of
the flow. In this case, that information is the correlation between fluctuations in
different directions.

The governing equations for the components of the Reynolds stress tensor follow from
a procedure similar to that above. In 3D, this introduces six additional equations and
six additional unknowns. Because the resulting equations contain additional unknowns
emanating from higher-order statistics, this is still not sufficient for solving flow

problems. Resolving this dilemma requires making some assumptions about the flow,

a procedure known as imposing a closure of a turbulence model.

EDDY VISCOSITY CLOSURE

The most common by far way to model turbulence is by assuming the turbulence to
be of a purely diffusive nature. The deviating part of the Reynolds stress is then
expressed by

p(u @) - gtrace(u' ®u)l = (VU +(VU)") (7-28)

where npis the eddy viscosity, also known as the turbulent viscosity. The spherical part
can be written

gtrace(u' ®u)l = gpk (7-29)
where % is the turbulent kinetic energy. In simulations of incompressible flows, this

term is included in the pressure, but when the absolute pressure level is of importance
(in compressible flows, for example) this term must be explicitly modeled.
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The k- Turbulence Model

The k-& model is one of the most used turbulence models for industrial applications.
The Heat Transfer Module includes the standard k-& model (Ref. 1). This model
introduces two additional transport equations and two dependent variables: the

turbulent kinetic energy, k, and the dissipation rate of turbulence energy, €. Turbulent
viscosity is modeled by

B2
Ny = pCy (7-30)

where Cu is a model constant.

The transport equation for & can be derived by taking the trace of the equations for
the Reynolds stresses:

ok nr _1 T2
pg—v-[(n+G—k)Vk}+pU~Vk = (VU (VO —pe  (7:31)

An equation for € can be derived in a similar manner. That equation is, however,
impossible to model on a term-by-term basis. Instead, all terms that do not have an
equivalent term in the & equation are discarded. The resulting equation reads:

oe

Ny 1, ¢ T.2 g2
pE—V . [(n + GS)VS} +pU- Ve = 2CSIknT(VU+ (VU)" )"—pC

ey (1-32)

The model constants in the above equations are determined from experimental data
(Ref. 1); their values are listed in Table 7-1.

TABLE 7-1: MODEL CONSTANTS IN EQUATION 7-30, EQUATION 7-31, AND EQUATION 7-32

CONSTANT VALUE
C“ 0.09
C, 1.44
Ceo 1.92
o 1.0

c 1.3

€

The k-¢€ turbulence model relies on several assumptions, the most important of which
are that the Reynolds number is high enough and that the turbulence is in equilibrium
in boundary layers, which means that production equal dissipation. The assumptions
limit the accuracy of the model, since this is not always true. The spatial extension of

recirculation zones, for example, is underpredicted by the k-& turbulence model.
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Furthermore, in the description of rotating flows, the model often shows poor
agreement with experimental data. In most cases, the limited accuracy is often a fair
trade for the amount of computational resources saved compared to more complicated

turbulence models.

The kb—o Turbulence Model

Much of the k-& model’s inaccuracy can be attributed to the rather inaccurate
modeling of the € equation. An alternative to modeling the dissipation is to model
transport of the dissipation per unit turbulent kinetic energy, . The turbulent viscosity

is modeled by:
k
Nr =Py (7-33)
The transport of turbulent kinetic energy and ® is given by
Pt pU-Vk = V-[(m+o;n,)VE] + énT(VU +VU)2-pBrko  (7-34)
and
p%—(;) +pU Vo = V- [(+0,n)V0l + S, 2(VU + VU2 Bpo’  (7:35)

where the previous equations use the following closure constants and functions:

13 1
o = ‘2"5) B = BOfB) Bk = Bk,ofﬁ,k’ G(D = Gk = é

9 1+70y, Q.0..8,.
- - o =252k ki
Po = 155° B~ 1+80y, Lo B, (0
k, 0
1 X <0
B -9 f — 2 = in Vo
0,k — 100’ B,k — 1+680X«k Xk>0 b} Xk_u)3
14400y,

The tensors Q;; and S;; are the mean rotation-rate tensor and the mean strain-rate
tensor, respectively, defined by
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oU; U oU. oU;
= almt-at), 8y = o5 e =) (7-36)
Yoo2\0x;  dx; Voo2\ox;  ox;

The use of the correction factors fB and fﬁ, 3 is a modification of the original (1988)
k-® model that Wilcox made for the updated model from 1998. The corrections
improve the accuracy for free-shear flows significantly by decreasing the spreading of
such flows.

There are no guarantees that one turbulence model provides better results than the
other for a certain flow case. As a general rule, the k-® model behaves better close to
walls and usually predicts free shear flows more accurately than the £-& model. For
external flows, on the other hand, results obtained by the %2-® model have a tendency
to be strongly dependent on the free-stream values of 2 and @.

It is often harder to reach convergence with the £2-® model than with the k-& model.
A way to reach convergence is to first solve the problem with the %-€ model and then
change to the k- model. The application mode automatically changes the initial
values so that the k-€ result becomes the initial guess for the 2-® model.

Boundary Conditions

The turbulence application modes have the same boundary types as the Incompressible
Navier-Stokes application modes; see “Boundary Conditions” on page 183. With
exception for the boundary type Wall, the functionality described for the
incompressible Navier-Stokes equations applies to the Reynolds-averaged
Navier-Stokes equations as well. Note that any expression that in the incompressible
Navier-Stokes formulation is of the form g(n) is of the form g(n +np) for the

turbulence application modes.

All boundary conditions need additional conditions for the turbulence transport
equations. The following sections describe these boundary conditions for each

boundary type.

WALL

Slip

The Slip boundary condition assumes that there is no viscous interaction between the
wall and the fluid. In addition to the conditions prescribed for the momentum
equations, this boundary condition also prescribes
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n~((n+g)Vk—pUk)= 0/ (m-((m+o,np)Vk-pUk)=0)
n-((n+%9Vs—pUs)= 0/ (m-(n+o npVo-pUw)= 0)

where the expressions to the left are used for the k-€ Turbulence Model and the
expressions to the right are used for the 2-® Turbulence Model.

Logarithmic Wall Function
Turbulence close to a solid wall is very different from isotropic free-stream turbulence.

This must be accounted for in a proper model.

There are basically two approaches to account for solid walls subjected to turbulent
flow. The first approach, used for low Reynolds number turbulence models, modifies
the equations by additional terms and factors that account for near-wall effects. In such
a case, you must refine the mesh near the wall to resolve the viscous sublayer. Such
methods are of interest for moderate Reynolds numbers, where near-wall resolution
lead to a reasonable number or elements.

In the second approach, which is used by these application modes, an empirical relation
between the value of velocity and wall friction replaces the thin boundary layer near
the wall. Such relations are known as wall functions and are accurate for high Reynolds
numbers and situations where pressure variations along the wall are not very large.
However, this approach can often be used outside its frame of validity with reasonable

success.

Logarithmic wall functions applied to finite elements assume that the computational
domain begins a distance §,, from the real wall. They also assume that the flow is
parallel to the wall and that the velocity can be described by

5
=Y _ 11n[—11] +C (7-37)
uT K 1

Here U is the velocity parallel to the wall, u is the friction velocity defined by

u, = JEV , (7-38)
P

« denotes the Kirmén’s constant (about 0.42), and C" is a universal constant for
smooth walls. In the application mode, C* is defined as an application scalar variable
named Cplus_chns and has a default value of 5.5 (it is possible to change this value in
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the Application Scalar Variables dialog box). Further, 1" is known as the viscous length
scale and is defined by

= (7-39)

. . . . . . . + * .
You must specify the distance 8y, or its equivalent in viscous units, 8;, = 8,/1" . Their

internal relation is given by

. pClAR125

w (7-40)
n

The logarithmic wall functions are formally valid for values of 8; between 30 and 100.
For high Reynolds number, the upper limit can be extended to a few hundred. 5;, is
available as the variable dwplus_chns and is defined on the boundaries. Because the
wall function assumes that the flow is parallel to the wall, the velocity component
perpendicular to the wall is zero.

The boundary conditions for &, €, and ® are derived from the assumption that

turbulent production equals the dissipation:

C3/4k3/2 1/2
Vk-n =0, g =t m:lkT (7-41)
K0, Cl4xs,

Sliding Wall

This boundary condition assumes that the wall is moving with a given velocity
tangential to the wall. It extends the logarithmic wall function concept by changing
Equation 7-37 to

U-U )
E.................W._) - 11n(_ﬂj +C+
LN

U, *
where Uy, is calculated in the same way as described for the Incompressible
Navier-Stokes application mode in the section “Sliding Wall” on page 186.

INLET BOUNDARIES

Atinlet boundaries, the functionality for the RANS equations are the same as described
for the incompressible Navier-Stokes in the section “Inlet” on page 187. In addition,
values for the two turbulent quantities need to be specified (& and €, or & and ).
Alternatively, you can specify a turbulent length scale, L, and a turbulence intensity,

Ip. They are related to the turbulence variables via
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3 2 3/4k3/2 _1/4R172
h=gWUIpT,  e=C 7, o= GV (7-42)
A value below 0.1% is a low intensity. Good wind tunnels can produce values of I as
low as 0.05%. Fully turbulent flows have intensities between five and ten percent.

The turbulent length scale is a measure of the size of the eddies that are not resolved.
For free-stream flows these are typically very small (in the order of centimeters). The
length scale cannot be zero, however, because that would imply infinite dissipation.

You can use the following table as a guideline when specifying Ly (Ref. 3):

TABLE 7-2: TURBULENT LENGTH SCALES FOR TWO-DIMENSIONAL FLOWS

FLOW CASE Ly L

Mixing layer 0.07L Layer width
Plane jet 0.09L Jet half width
Wake 0.08L Wake width
Axisymmetric jet 0.075L Jet half width
Boundary layer (dp/dx = 0)

— Viscous sublayer and log-layer kIl (1- exp(—l;/26)) Boundary layer
— Outer layer 0.09L thickness

Pipes and channels 0.07L Pipe diameter or
(fully developed flows) channel width

where [, is the wall distance and l:v = 1,/1" is the wall distance in viscous units.

OUTLET BOUNDARIES
At outlet boundaries, the functionality for the RANS equations are the same as
described for the incompressible Navier-Stokes equations in the section “Outflow” on

page 188. In addition, convective flux conditions are prescribed for the turbulence
variables:

n-Vk =0
n-Ve=0/n-Vo=0

SYMMETRY BOUNDARIES

The equations for this condition read
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(~pI+M+np)(VU+(VU)T) -t =0
n-U=0

n~<<n+1;—:)Vk—pUk)= 0/ (m-(m+o,npVk-pUk)= 0)
n-((n+%§)Va—pUe)= 0/ m-(m+onp)Vo-pUn)= 0)

where the constraints on the turbulent quantities express zero total normal flux. The
expressions to the left are used for the k-€ Turbulence Model and the expressions to
the right are used for the 2-® Turbulence Model.

OPEN BOUNDARIES

The expressions for the momentum equations are the same as for the Incompressible
Navier-Stokes (see page 191), except that | + g replaces . Homogeneous Neumann
conditions are prescribed for the turbulence variables

n-Vk =0
n-Ve=0/n-Vo=0

Note that these are the same boundary conditions used for outlet boundaries. This
expresses that the turbulent characteristic of whatever is outside the computational
domain is guided by the flow inside the computational domain. Such an assumption is
physically reasonable as long as relatively small amounts of fluid enters via an open
boundary. Large amount of fluids may, however, never enter via an open boundary. If
this is the case, switch to an inlet condition instead.

STRESS CONDITIONS

Because this type of boundary condition is very general, different conditions have to
be prescribed for the turbulence variables depending on what stresses that are
prescribed. As Figure 7-11 shows, there are three choices for the turbulence variables:
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Inlet, Outlet, and Open boundary. The functionality of these boundary types are
described in the previous sections.

Boundary Settings - Swirl Flow (chns) [==T]
Equation
[T + (n+n)(Tu + (Tu))In=F

nVk=0,nvVe=0

Boundaries ‘ Gmups‘ Coeffidents |

Boundary selection Boundary conditions
- Boundary type:
2
3 Boundary condition: General stress =
4 Quantity Value/Expression Unit Description
F o 0 Njm? Stress

Impliesp = -n +F

Type for kand £ | Qpen boundary -

Group:
[ Select by aroup

[] Interior boundaries

{ oK ” Cancel H Apply ]| Help |

Figure 7-11: The Boundary Settings dialog box for the k-€ Turbulence Model application

maode. For the Stress boundary type, there ave three choices for the type for the turbulence
variables.

Numerical Stability—Stabilization Techniques

For turbulence models, the Stabilization page in the Subdomain Settings dialog box
contains two sub-pages; one for the Navier-Stokes equations and one for the
turbulence equations. These sub-pages are shown in Figure 7-12 and Figure 7-13.

You can switch between the sub-pages by using the list at the top of the Stabilization
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page. The Navier-Stokes settings are described in the section Numerical Stability—
Stabilization Techniques on page 193.

Subdomain Settings - k-z Turbulence Model (chns)

g

Equations

paujat + plu-v)u = T{-pl + (n -+ np)(Vu + (vu) )] + F
Vu=0

pakfet + pu-Vk= V[(n+ ﬂTka)Vk] + nTP(u) -pz

pde/Bk + puVe= T[(n+ HTIUE)VE] + CzlenTP(u)fk- szuil]k

where P{u) = Yu:(Tu + (Vu)T), and = pCuszE

 Subdomains:| Groups| thsi(s‘ Stabilization ‘ Init I Element I Zalo ‘
e Artificial diffusion settings For: pavier-Stakes w |
1 - G
Navier-Stokes
Streamline diffusion (GLS)
Crosswind dffusion Sk 0.1 Tuning paramatar
[ 1satropic diffusion aid 0.5 Tuning paramatar
Discrete stabilization expressions optimized For;
(@) Elements of bype Lagrange -P, P,
Group: L /]
] Select by group () Geometric multigrid with Lagrangs - P, Py elements on the finest mesh hierarchy
IFl aved resic aximation for linear elemeants
[7] Active in this domain | Improved residual approximation far linear element:
[s]8 I ‘ Cancel ] I Apply ] | Help

Figure 7-12: The artificial diffusion settings for Navier-Stokes on the Stabilization page
of the Subdomain Settings dialog box.
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Subdomain Settings - k- Turbulence Model (chns) 2=

Equations

pAufdt + plu-P)u = TL-pl + (0 +np)(Vu + (Vu) )]+ F
Tu=0

pakiat + puVk=7[(n+ anUk)Vk] + nTP(u) -pE

paefat + puTe=T[(n+ anU[:IVE] + CilenTP(ujJ'k - Cizpez,fk
where P(u) = Yu:(Vu + (Vu)T), and n= pCpl@Ie

Subdomains | Groups| | phy;.:sl Stahilization | Init | Element I

Subdomain selection

Artificial diffusion settings For

Turbulence

[] Turbulent isatrapic diffusion

éld‘T 0.25 Tuning paramatar

[7] Streamline diffusion | Galerkin least-squares (GLS)

55‘“ 0.5 Tuning parameter
Group:
[ Select by aroup
[¥] Active in this domain
[ QK ] | Cancel | ‘ Apply ] | Help

Figure 7-13: The Turbulence sub-page of the Stabilization page of the Subdomain Settings
dialog box.

The turbulence equations can be stabilized by

* Isotropic Diffusion

¢ Streamline Diffusion

Isotropic Diffusion

Oscillations in the turbulence equations can often lead to divergence of the whole
simulation. If a turbulence simulation diverges, convergence can often be obtained by
adding isotropic diffusion to the turbulence equations.

The isotropic diffusion for the turbulence equations is proportional to the production
of turbulent kinetic energy, k. (The isotropic diffusion described in the section
“Isotropic Diffusion” on page 500 of the COMSOL Multiphysics Modeling Guide is
proportional to the velocity).

A rule of thumb is that the tuning parameter 834 7 should be in the range (0, 0.5] and
set as small as possible to obtain an accurate solution.
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STREAMLINE DIFFUSION

There are four versions of streamline diffusion available for the turbulence equations
* Anisotropic diffusion

* Galerkin least-squares (GLS)

* Petrov-Galerkin

* Petrov-Galerkin/Compensated

Anisotropic diffusion and GLS are described in Chapter 17, “Stabilization
Techniques,” in the COMSOL Multiphysics Modeling Guide. GLS is the default
technique.

Petrov-Galerkin

The Petrov-Galerkin streamline diffusion is almost the same as the SUPG method
described in the section “Streamline Upwind Petrov-Galerkin (SUPG)” on page 502
in the COMSOL Multiphysics Modeling Guide. The only difference is an intrinsic
time scale that the method uses. The turbulence equations use the original time scale

designed for transport equations dominated by convection (see Ref. 4).

There is no strict theory governing the value of the tuning parameter, 849 7, but a good

rule of thumb is to set 83q 7= 0.5/p where p is the order of the basis functions.

This version of Petrov-Galerkin give results similar to GLS if the flow is everywhere
dominated by convection. In regions that are dominated by diffusion, this method
does however introduce a bit too much diffusion. Hence, GLS is in most cases the

preferred method.

Petrov-Galerkin/Compensated

The Petrov-Galerkin/Compensated method uses a modified intrinsic time scale that
completely eliminates the streamline diffusion contributions in regions dominated by
diffusion (Ref. 4).

There is no strict theory governing the value of the tuning parameter, 849 7, but a good

rule of thumb is to select 839 7= 0.5/p where p is the order of the basis functions.

The drawback is that this formulation can cause discontinuities and that it introduces
additional nonlinearities. Hence, GLS is in most cases the preferred method.
Realizability Constraints

A stagnation point is defined as a point on a surface where a streamline ends. Typical

examples are the leading edge of a flat plate or the front edge of a wing profile. The
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equilibrium assumption made when deriving the turbulent transport equations are not
valid in such points. The result is an excessive production of turbulence known as the
stagnation point anomaly. To cope with this issue, you must activate a realizability

constraint.

The eddy-viscosity model of the Reynolds stress tensor can be written
— 2
puu; = - ZnTSiJ- + §pk8ij

where §;; is the Kronecker delta and S; is the strain rate tensor. Durbin (Ref. 5)
showed that the fact that diagonal elements of the Reynolds stress tensor must be
nonnegative can be used to derive the following constraint on the turbulent viscosity:

k

pr -
Ny s 3-max(A,) (7-43)

Here, max(L) is the largest cigenvalue of the strain rate tensor. When using

realizability constraint for the k-€ model, the turbulent viscosity is given by

2
ng = min(pC k -~—9-}?-~—j (7-44)

We’ 3. max(L,)

The corresponding equivalence for the £-® model is also available. In two dimensions,
it is possible to derive an exact expression for the right-hand side of Equation 7-44:

< _Pky2_ (7-45)

"3 S S

In tree dimensions, however, you can only find an approximate upper limit without

uby

calculating all the cigenvalues of Sj;:

nps—08 (7-46)

B.[S,;S;

To activate the realizability constraint, use the Application Mode Properties dialog box
(Figure 7-14), which you open by choosing Properties from the Physics menu.

Because an active realizability constraint implies a lower turbulent viscosity than the

unconstrained case, the convergence will be hampered. If an active realizability
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constraint hinders convergence, try to first solve without realizability and then activate

the constraint.

Application Mode Properties [==]

Properties

S ;;:éﬁ;éﬁ'g'é"-' Pz E.l. oo -
Analysis type: Stationary -
Corner smoothing: OFf -
Wealdy compressible Flow: | OFF -
Turbulence model: 3 -
Realizability: OFf -
Weak constraints: Off =
Constraint bype: Ideal -

[ oK ] [ Cancel ] I Help l

Figure 7-14: The Application Mode Properties dialog box for the k-€ Turbulence Model
application mode.

The Turbulence Model Property

The Turbulence model property in the Application Mode Properties dialog box (see
Figure 7-14) has the following options

* None

¢ k-¢

* k-

This property can be used to change between the k- Turbulence Model application
mode and the £-® Turbulence Model application mode. This can be useful because it
can be hard to reach convergence using the £-® model. A standard trick is then to start

from a k-¢ solution. When changing turbulence model, COMSOL automatically
updates the Initial value edit fields in the Subdomain Settings dialog box.

The Turbulence model property is available for many application modes that per default
do not utilize any turbulence model.

Solver Settings

Navier-Stokes equations and the turbulence equations form an equation system that is
very hard to solve in a coupled manner. It is therefore praxis to split the equation

systems in two parts; one part that contains the Navier-Stokes equations and another
part with the turbulence equations. Hence, the default solver for turbulence problems

is the segregated solver.
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The default setting for the turbulence application modes is that for each iteration made
for the Navier-Stokes equations, three iterations are made for the turbulence
equations. The reason is the nonlinear source terms in the turbulence equations that
must be in balance before the next iteration can be made for the Navier-Stokes
equations. For very complicated problems, it can be necessary to increase the number
of iterations made for the turbulence equations.

For more information on the segregated solvers see The Solvers and Their Settings on
page 385 in the COMSOL Multiphysics User’s Guide.
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Weakly Compressible Navier-Stokes

The Weakly Compressible Navier-Stokes application mode contains the fully

compressible formulation of the continuity equation and momentum equations:

%[tz +V.-(pu) =0
(7-47)
Ju _ T 2

p§+pu~Vu =-Vp+V- - n(Va+(Vu)') - gn—KdV (V-wI|+F
The stress tensor used in Equation 7-47 describes a Newtonian fluid, with an added
term ¥gy. This term expresses the deviation from Stokes’ assumption, which states that
the fluid particles are in thermodynamic equilibrium with their neighbors. It is very
rare that a fluid shows a significant deviation from Stokes’ assumption, and gy is

therefore by default set to zero.

Note: Note that the Weakly Compressible Navier-Stokes application was designed
solely to model flow with variable density, where a second application mode—
typically a heat balance—controls the density. This coupling is automatically set up by
the Non-Isothermal Flow predefined multiphysics coupling (see “Non-Isothermal
Flow” on page 228).

THE MACH NUMBER LIMIT

An important dimensionless number in fluid dynamics is the Mach number, Ma,
defined by

Ma = U (7-48)
a

where a is the speed of sound. A flow is formally incompressible when Ma = 0. This is
theoretically achieved by letting the speed of sound tend to infinity. The Navier-Stokes
equations will then have the numerical property that a disturbance anywhere in the
computational domain will instantaneously spread to the entire domain. This results in

a parabolic equation system.

The fully compressible Navier-Stokes equations, Equation 7-1 through Equation 7-3,

have a finite speed of sound and hence a Mach number larger than zero. This will have
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no numerical significance as long as the Mach number is well below one. However,
when the Mach number approaches unity, the equations will turn from parabolic to
hyperbolic. When this happens, the numerical properties of the equation changes, one
of several implications being that the boundary conditions used for incompressible
Navier-Stokes equations become invalid. The Weakly Compressible Navier-Stokes
application mode uses the same boundary condition as the Incompressible
Navier-Stokes application mode, which implies that the Weakly Compressible
Navier-Stokes application mode cannot be used for flows with Mach number larger

than or equal to one.

The practical Mach number limit is however lower than one. The first reason for this
is the sound wave transport term that has been neglected in the General Heat Transfer
application mode (see “Convection and Conduction” on page 29). This term becomes
important already at moderate Mach numbers. The second reason is that already at
moderate Mach number, the fully compressible Navier-Stokes equations start to
display very sharp gradients. To handle these gradient, special numerical techniques are
needed. Itis impossible to give an exact limit where the low Mach number regime ends
and the moderate Mach number regime begins, but a rule of thumb is that the Mach
number effects start to appear at Ma = 0.3.
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Stabilization Settings for Weakly Compressible Navier-Stokes

The Stabilization page in the Subdomain Settings dialog box for the Weakly
Compressible Navier-Stokes application mode is shown in Figure 7-15.

Subdomain Settings - Weakly Compressible Navier-5tokes (chns)
Equations
paujat + plu¥u = 7[-pI + n{Tu + (Vu)T) -(2nj3 - Kdv)(V‘u)I] +F

apfet + V-(pu) =0

 Subdomains | Gmupsl Ph\fsmg‘ Stabilization ‘ Init I Element I

Bl

Subdomain selzction Navier-Stokes
Streamline diffusion (GLS)
Crosswind diffusion G [0.1
[ 1satropic diffusion éi;l 0.5

Discrete stabilization expressions optimized For:

() Geometric mulkigrid with Lagrange - P, P,

Improved residual approximation For linear elements
Group:

[ Select by group

Active in this domain

(@) Isothermal flow

*) Nonvisothermal flow T

(@) Elements of bype .Lagrange -P;Py v.

Tuning parameter

Tuning parameter

elements on the finest mesh hierarchy

MName of temperature variable

oK

H Cancel ][ Apply ][ Help

Figure 7-15: The Stabilization page for the Weakly Compressible Navier-Stokes

application mode.

All settings and their functionality, except the two buttons at the bottom of the page,
are the same as for the Incompressible Navier-Stokes application mode (see

“Numerical Stability—Stabilization Techniques” on page 193).

When the Isothermal flow button is selected, the stabilization expressions for the

Navier-Stokes equations will assume that the density, p, is independent of the

temperature.

If the density is a function of the temperature, the momentum equations, continuity
equation and temperature equation form a closely coupled system of equations. For
optimal performance, this coupling must be accounted for in the stabilization

expressions. This is achieved by clicking the Nonisothermal flow button and entering

the name of the temperature variable in the corresponding edit field. Full functionality

is achieved if:
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I Galerkin least-squares streamline diffusion is activated for both the Weakly
Compressible Navier-Stokes application mode and for the General Heat Transfer

application mode.

2 If crosswind diffusion is activated for both the Weakly Compressible Navier-Stokes
application mode and for the General Heat Transfer application mode. The
crosswind diffusion type for the General Heat Transfer application mode must be

System stabilization.

See “Stabilization Settings” on page 38 for stabilization settings for the General Heat
Transfer application mode.

Other Settings

The Weakly Compressible Navier-Stokes application mode shares boundary
conditions, point settings and, solver settings with the Incompressible Navier-Stokes
application mode; see “Boundary Conditions” on page 183, “Point Settings” on page
193, and Solver Settings on page 199. The Corner Smoothing property can be applied
to the Weakly Compressible Navier-Stokes application mode as well; see “Corner
Smoothing” on page 197.

Turbulent Weakly Compressible Flow

If the Reynolds average (see the section “Turbulent Flow” on page 206) is applied to
Equation 7-47, terms of the form p’z’ will appear and need to be modeled. To avoid
this, a density based average, known as the Favre average, is introduced:

t+T
~ 1.1
u; = Ejl'linuj’ I P Du;(x.7) dT (7-49)
¢
It follows from Equation 7-49 that
pu; = pu; (7-50)

and a variable u; is decomposed in a mass averaged component, u; , and a fluctuating

component, u;” according to

u, = uj+u;” (7-51)

Using Equation 7-50 and Equation 7-51 along with some modeling assumption for

compressible flows (Ref. 1), Equation 7-47 can be written in the form
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%, 9 (5w =0

ot " ox,
u Y 5 dui ou o (752)
“oui  ~-dui  dp 9 [ |0 Ouj| 2 OUps — )| n
Pt +pu]8xj B axi+8xj(n(8xj+8xij 3n8xk6if pL; uij+Fl

The Favre-averaged Reynolds stress tensor is modeled using the same argument as for
incompressible flows:

-pu"u;” = “T[axj + axij - 3[“Taxk + pkj 8;;

where £ is the turbulent kinetic energy. Comparing Equation 7-52 to its
incompressible counterpart (Equation 7-27), it can be seen that apart from the term
—(2/3)§k8ij,

except that the free variables are u; instead of U; = u; . More information on

the compressible and incompressible formulations are exactly the same,

modeling of turbulent compressible flows can be found in Ref. 1 and Ref. 2.

The turbulent transport equations (k-¢ or k-) are used in their fully compressible
formulations (Ref. 3).
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Non-lIsothermal Flow

The Heat Transfer Module includes predefined Multiphysics couplings that combine
the heat equation with either a laminar or a turbulent weakly compressible flow. The
advantage of using the Multiphysics entry points—over loading the application modes
separately—is that you will find predefined couplings in both directions. In particular,
the application modes use the same definition of density, which can therefore be a
function of both pressure and temperature. Solving this coupled system of equation
usually requires numerical stabilization, which is also set up by the predefined

multiphysics coupling.

Laminar Non-Isothermal Flow

The Non-Isothermal Flow predefined multiphysics coupling is a combination of two
other application modes: Weakly Compressible Navier-Stokes (see page 223) and
General Heat Transfer (see page 24). It generates two predefined subdomain group
settings: default and Solid domain. This is illustrated in Figure 7-16, which shows the
Subdomain Settings dialog box for the General Heat Transfer application mode. The
Group list is in the lower-left corner.

Subdomain Settings - General Heat Transfer (htgh)

g

Equation
T{VT) =Q + T - pCu¥T
T = temperature, Enthalpy H= CpT,l\u' + pa,lp

Subdomains | Groups ‘ Generall Convection | Infinite Elements | Init | Element | Stabilization I

Subdomain selection

Enable convective heat transfer

Convective heat transfer properties

2 (Solid domain)

Matter state: (Gas/liquid

-

Quantity Value /Expression Unit Description
u u v mfs  Velocity Field
¥ 1 1 Ratio of specific heats
Py 101325[Pal+p Pa Absolute pressure

Group:

[ viscous heating
[ select by group n eta_chns Pa.s  Dynamic viscosity
Active in this domain [7] Pressure work:

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

Figure 7-16: The Subdomain Settings dialog box for the General Heat Transfer
application mode loaded via the Non-Isothermal Flow predefined multiphysics coupling.
The velocities ave predefined to be consistent with the selected group.
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Assign any fluid domain to the default group. The velocities are then taken from the
Weakly Compressible Navier-Stokes application mode. Use Solid domain to model solid

materials. This deactivates convective heat transfer and stabilization on the subdomain.

The groups default and Solid domain are available in the Subdomain Settings dialog box
for the Weakly Compressible Navier-Stokes application mode as well. The effect is that
the Navier-Stokes equations are active if the default group is selected while they are
inactive (that is, velocities are not solved for) if the Solid domain group is selected.

Note that you have to assign each subdomain to the proper group in both the Weakly

Compressible Navier-Stokes and the General Heat Transfer application mode.

The Non-Isothermal Flow predefined multiphysics coupling allows the same boundary
conditions as the separate application modes. On boundaries between fluid and solid
domains, the temperature is always continuous, which is consistent with the default
no-slip condition on the fluid velocity.

Turbulent Non-Isothermal Flow

Two variants of the Turbulent Non-Isothermal Flow predefined multiphysics coupling
are available. The first one uses the k-€ turbulence model and the second one uses the
k- turbulence model.

Both predefined multiphysics couplings combine three application modes: one Weakly
Compressible Navier-Stokes and two General Heat Transfer application modes. The
difference compared to loading these application modes separately is that suitable
solver parameters will be set and that you will find two predefined subdomain groups:
default and Solid domain.

You must assign each subdomain to the proper group in each of the application modes.
Selecting Solid domain for a subdomain has the following effect in each application
mode:

* General Heat Transfer application mode 1 is deactivated.

* Convection is disabled in General Heat Transfer application mode 2, giving a pure

conduction equation.

* The Turbulence Model application mode is deactivated.
Selecting default has the following effects:

* In General Heat Transfer application mode 1, convection is enabled and the

velocities taken from the Turbulence Model application mode.

NON-ISOTHERMAL FLOW
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¢ General Heat Transfer application mode 2 is deactivated.

¢ The laminar and turbulent kinematic viscosities are taken from the Turbulence
Model.

* The density in the Turbulence Model application mode is taken from the active

General Heat Transfer application mode.

The last point is to ensure that the same fluid model applies to both the active
application modes, for example if you have selected Ideal gas from the Fluid type list in

the General Heat Transfer application mode.

There is also a boundary group, wall, available in the Boundary Settings dialog boxes of
the General Heat Transfer application modes. This group setting for General Heat

Transfer application mode 2 appears in Figure 7-17.

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

n{-{k+ k) 9T = pe, €, MM T,, - TEITE

Boundary Condition | | |

Boundary selection Boundary sources and constraints
L e Library coefficient: - Load...
2
3 Boundary candition: | Thermal wall Function
nm— Quantity Value/Expression Unit Description

K] k0 _chns mzfs2 Turbulent kinetic enargy

T Ts K ‘Wall temper ature

@ 5.., dw_chns m ‘Wall offset
) 5w+ dwplus_chns 1 ‘Wall offset in viscous units

[ Select by group
[] Interior boundaries

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

Figure 7-17: The Boundary Settings dialoy box for General Heat application mode 2
loaded via o turbulent Non-Isothermal Flow predefined multiphysics coupling. The Wall
group helps you to set up the thermal wall function boundary condition.

The wall settings apply to boundaries that separate a fluid domain from a solid domain.
They implement a thermal wall function corresponding to the Logarithmic wall
function for turbulent flow explained on page 212. All necessary information is

automatically taken from the Weakly Compressible Navier-Stokes application mode.
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Building and Solving a
Non-lsothermal Laminar Flow Model

Introduction

This model shows the application of COMSOL Multiphysics in modeling the
non-isothermal flow of gases at relatively low flow velocities. It assumes that the work
the gas does is negligible; that the variations in temperature arise through external
heating; and that the gas is ideal. These assumptions are excellent at small flow

velocities and low pressure, for example, near atmospheric pressure.

The model analyses the free-convection process outside a heated isothermal vertical
plate. It illustrates how to couple the heat transfer equation to the equations for
non-isothermal flow. It also compares the results to the empirical expressions for the
heat flux from an isothermal vertical plate as presented by A. Bejan (Ref. 1).

Model Definition—Heated Plate

A vertical plate is held at a constant temperature, which is higher than that of the
surrounding air. When the warm plate heats the air near its surface, the air starts rising
upward due to its change in density. This is called a free convection or natural
convection process. When modeling this process, consider a rectangular subdomain
that consists of air. The 10-cm plate is located on the right vertical wall. Figure 7-18
shows the model geometry.

H Iy=o.||m
!

e T
'Po,

1

!

i y=00Im

Figure 7-18: The model geometry consists of a vertical plate and the air outside the plate
surface.
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The steady-state Navier-Stokes equations for non-isothermal flow describe the air flow,
while the heat equation for conductive and convective heat transfer describes the heat
balance equation. Assuming that the dilatational viscosity of the fluid is zero, the

model equations are formulated as follows:

pu-Vu = V- [-pl+n (Vu+(Vuw)')-(2n/3)(V-w)I] + F
V-(pu) =0
pC,u VT -V (kVT) = 0

In the above equations, 1 denotes the dynamic viscosity of air (Pa-s), u is the velocity
vector (m/s), p refers to the density (kg/ mg), and p is the pressure (Pa). Furthermore,
k denotes the thermal conductivity (W/(m-K)), C,, represents the heat capacity (J/
(kg-K), and F is the volume force (N/ms).

Now set the volume force to
F=(p.-p)8.

This equation expresses the lift force in terms of the local density change. The term p_
is the density far away from the plate where the warm plate has no influence on the air,
and g is the gravitational acceleration vector.

The equations also include the expression for density, which you obtain using the

Boussinesq approximation:

p= pm(l— T

where T is the temperature far away from the plate. Using the Boussinesq
approximation to establish the relationship between temperature and density is often
more stable than using the ideal gas equation because the Boussinesq approximation
does not include the pressure. It thus assumes that the pressure is constant, which is a
very good approximation in this model. The variation of C,, in the temperature range
is less than one percent; it is therefore a reasonable simplification to assume it to be
constant. The thermal conductivity and the viscosity of air vary somewhat more, but
this model keeps them constant in order to capture the effect of expansion only.

For the heat equation, the model keeps the heated plate at a constant temperature,
T=T,.

The short boundaries below and above the vertical plate are thermally insulated so that
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“n-(-kVT) = 0.

Ideally you would not include the insulated plates, but they are needed to create a
smooth flow near the heated plate’s edges. On the bottom and left boundary, the
model sets the temperature equal to the far-field temperature

T=T._.

Air rises upward through the upper horizontal boundary. Therefore assume that
convection dominates the transport of heat,

n-(-kVT) = 0.

For the non-isothermal flow, assume that the velocity is zero at the wall (including its
leading and trailing plates), which corresponds to the no-slip boundary condition

u=0.

The remaining boundaries all have the open boundary condition, meaning that no
forces act on the fluid:

(—pI+n (Va +(Vu)')=(21n/3)(V-w)D)n = 0

The open boundary condition in this case defines that you assume that the

computational domain extends to infinity.

Results and Discussion

The model computes results for ten plate temperatures ranging from 10 °C to 100 °C
above the far-field temperature. The far-field conditions hold for dry-air properties at
room temperature, 293 K. The results from the simulation show a clear influence on
the temperature field near the plate. It also shows the velocity field resulting from free
convection due to variations in density. Figure 7-19 and Figure 7-20 display the
temperature and velocity fields in the air for a plate temperature of 323 K, which is
30 °C above the far-field temperature. The temperature variations are fairly large near
the plate, and that situation of course has a direct impact on the flow profile near the
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plate. The far-field temperature remains at room temperature, and the far-field

velocities are also fairly small.

dT(3)=30 Surface: Temperature [K] Max: 323
0.12
320
0.1
315
0.08
310
0.06
305
0.04
300
0.02
295
0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08Min: 293

Figure 7-19: Temperature field for a plate at 30 °C above the far-field temperature.

dT(3)=30 Surface: Velocity field [m/s] Arrow: Velocity field Max: 0.196
0.12
0.18
0.1 0.16
10.14
0.08
0.12
0.06 0.1
0.08
0.04
0.06
0.02 0.04
0.02
0
"0
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 Min: 0

Figure 7-20: Velocity field for a plate at 30 °C above the far-field temperature.
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Now examine the boundary region in detail. The following two figures show
cross-section plots of the temperature and velocity profile, respectively, at y = 0.09 m.

Temperature [K]
325

320

w w w
S s pure
a o «x

Temperature [K]

w
o
o

295

290
0 0.01 002 0.3 0.04 005 006 0.7 0.08 0.09 0.1

Distance from plate [m]

Figure 7-21: Temperature profile for a plate temperature 30 °C above the far-field
temperature.
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0 0.01 002 0.03 0.04 005 006 0.07 0.08 0.09 0.1
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Figure 7-22: Velocity profile for a plate temperature 30 °C above the far-field
temperature.
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Within the boundary region, the temperature starts at the plate temperature and then
decreases smoothly to the far-field temperature. The velocity, on the other hand, is
zero at the plate boundary (because of the no-slip condition); it then increases with
distance from the plate (because of the lift force on the fluid due to density variations).
The velocity then reaches a maximum and starts decreasing again. Ideally, the far-field
velocity should be zero.

Figure 7-23 illustrates the resulting heat flux from the isothermal plate into the fluid.
The heat flux from the plate is very high at the leading edge, and it then decreases
along the plate. This is expected because the further up along the plate the air rises, the
warmer the air is. Next compare the resulting heat flux that COMSOL Multiphysics
calculates compared to the empirical expressions available for free convection from an
isothermal plate.

Total heat flux from plate (Tplate = 323K, T, =293K)

4000

3500

3000

2500

2000

—_
(%4
o
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-ntflux_htgh [W/m?]

1000

0.01 0.02 0.3 0.04 005 0.06 007 008 009 01 0.11

Figure 7-23: The local beat flux from the isothermal plate into the fluid when the plate is
30°C above the far-field temperature. The horizontal axis goes from the leading edge to
the trailing edyge.

Comparing Results with Empirical Heat Transfer Coefficients

This model works with a simple geometry that makes it possible to compare the results

with empirical expressions for the heat flux from the isothermal plate. This discussion
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uses empirical expressions from Ref. 1 (Section 7.2.3, “Isothermal Wall (Laminar
Flow),” to compute the local heat flux along a flat vertical plate as shown in
Figure 7-24.

X

Figure 7-24: Boundary layer for temperature and velocity.

The local Nusselt number for an isothermal wall (laminar flow) is

Pr

0.25 0.25
05 } a
Pr+0.986Pr " + 0.492

. (7-53)

Nu, = 0.503[

where Pr is the Prandtl number and Ra is the Rayleigh number. These are defined as

nC
Pr = —+£ (7-54)
2
gpC
Ra, = P ni BT, ~T_ )y’ . (7-55)

The variables and constants in these expressions are:

e is the viscosity

* C, is the specific heat

* k is the thermal conductivity

* Bis the coefficient of volumetric thermal expansion
o T is the wall temperature

o T is the far-field temperature

* g is the gravitational acceleration

* y is the coordinate along the plate
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Inserting Equation 7-55 into Equation 7-53 gives the following expression for the

local Nusselt number:

0.25 0.25
Nu, = 0.503[ Pr_ } [@(TW—Tm)yg’} . (7-56)
Pr +0.986Pr ° + 0.492 ov

Further, evaluate all properties of air at the mean temperature (T, + T,)/2).
Appendix D of Ref. 1 lists Pr and the entire factor gB/(av) for dry air at different
temperatures, which makes the evaluation of these properties less cumbersome.

The local heat transfer coefficient is obtained from

kNu
h, = TX : (7-57)
The heat flux is:
q, = hy(TW -T.). (7-58)

Inserting Equation 7-57 into Equation 7-58 gives

Nuy

q, = 5 (T,-T,.). (7-59)
Inserting Equation 7-56 into Equation 7-59 now gives the following expression for

the heat flux from the plate into the air:

0. =0 503’2( Pr 0'25(5%3)0'25@ -T )"
y T UOUSY 05 oV v
Pr+0.986Pr " + 0.49 (7-60)
0.25 0.25
= 0.503%( Pr 2) (gﬁ) (T =T
y 7 Pr+0.986Pr " +0.49 oV

The following discussion shows the detailed computations for the case
T, = T,+30 K = 323 K. First evaluate the properties of air at the mean

temperature so that

T,+T, 323 K+293K
2 2

= 308 K.

At this temperature, the properties of dry air are:

e Pr=0.7168
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. 8B _g53.107 (m3K)!
oV
e £=0.0263 W/(m-K).

Inserting these material properties into Equation 7-60 gives the following expression
for the heat flux, expressed as a function of the coordinate y:

0.25 0.25
q, = 0.5030'%22(23( 0.7168 _ 2) (8.53-107) (323 — 293)"%
y225 10,7168 + 0.986 - 0.7168"7 + 0.49
-0.25

= 68.7Ty

The following graph plots the local heat flux, g,, together with the local heat flux
obtained in the model for the plate temperature of 323 K.

(T = 323K, Toy = 293K)
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Figure 7-25: Comparison of COMSOL Multiphysics vesults (solid line) and the empirical
expression (dashed line) for the heat flux from a vertical plate. The plate is 30 degrees
hotter than the far-field temperature.

The results in Figure 7-25 show very good agreement between the heat flux obtained
with COMSOL Multiphysics and that computed with the empirical expression.
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The next figure shows the same comparison between the results of COMSOL
Multiphysics and empirical results for five temperatures ranging from 20 to 100 °C

hotter than the far-field temperature.
Total heat flux from plate (Too = 293 K)

x10

1.6

1.4

1.2

-ntflux_htgh [W/mZ]
o o
b\ @ —

o
NS

o
N

S -

Og—r ]
0.01 0.2 0.3 004 0.05 006 0.07 008 0.09 01 011

Figure 7-26: Comparison of COMSOL Multiphysics vesults and empivical expression for
the heat flux from a vertical plate for five different temperatures.

As expected, the heat flux into the fluid increases with wall temperature. The
agreement between the results of COMSOL Multiphysics and the empirical
computation is good, even for wall temperatures as high as 100 °C above the far-field

temperature.

Reference

1. A. Bejan, Heat Transfer, Wiley, 1993.

Model Library path: Heat_Transfer_Module/Tutorial_Models/heated_plate
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Modeling Using the Graphical User Interface

MODEL NAVIGATOR
I Start COMSOL Multiphysics to bring up the Model Navigator.
2 Select 2D from the Space dimension list.

3 From the list of application modes select Heat Transfer Module>

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

4 Click OK.
OPTIONS AND SETTINGS
Continue by creating a temporary database for constants the model uses.

I From the Options menu, choose Constants.

2 Define the following constants; when finished, click OK.

NAME EXPRESSION

Tinf 293[K]

daT 10[K]

rho0 1.21[kg/m"~3]
eta 1.81e-5[Pa*s]
k 27e-3[W/ (m*K)]
cp 1006[J/ (kg*K) ]
gamma 1.4

po 0[Pa]

g 9.81[m/s"2]

GEOMETRY MODELING
I Shift-click the Rectangle/Square button on the Draw toolbar on the left side of the

user interface.

2 In the dialog box that appears enter the following rectangle properties; when
finished, click OK.

OBJECT DIMENSIONS EXPRESSION
Width 0.105
Height 0.12

Base Corner
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OBJECT DIMENSIONS EXPRESSION

X-position -0.055

y-position 0

3 Click the Zoom Extents button on the Main toolbar.
4 Shift-click the Point button on the Draw toolbar.

5 In the dialog box that appears enter the following point properties; when finished,
click OK.

OBJECT DIMENSIONS EXPRESSION
X 0.05
y 0.01

6 In the same manner, create the a second point with the following point properties;
when finished, click OK.

OBJECT DIMENSIONS EXPRESSION
X 0.05
y 0.11

PHYSICS SETTINGS

I Go to the Options menu, find Expressions, and then open Subdomain Expressions.

2 Select Subdomain 1, then enter the following expression; when finished, click OK.

NAME EXPRESSION
rho rho0* (1-(T-Tinf)/Tinf)

Subdomain Settings—Weakly Compressible Navier-Stokes
I From the Multiphysics menu, select Weakly Compressible Navier-Stokes (chns).

2 From the Physics menu, select Subdomain Settings.

3 Select Subdomain 1, then enter the following properties.

SETTINGS SUBDOMAIN |

n eta

Fy 0

Fy (rho0-rho)*g
4 Click OK.
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Boundary Conditions—Weakly Compressible Navier-Stokes
I From the Physics menu, select Boundary Settings.

2 Enter the data given in the following table; when done, click OK.

SETTINGS BOUNDARIES -3 BOUNDARIES 4-6
Boundary type Open boundary Wall
Boundary condition Normal stress No slip

fo 0

Subdomain Settings—General Heat Transfer

I From the Multiphysics menu, select General Heat Transfer (htgh).
2 From the Physics menu, select Subdomain Settings.

3 On the General page, enter the following properties (for properties not listed keep
the default settings):

SETTINGS SUBDOMAIN |
k (isotropic) k

p rho

G cp

4 Click the Convection tab. From the Matter state list, select Gas/liquid.
5 In the yedit field, type gamma.

6 Click the Init tab.

7 Select Subdomain 1 and type Tinf in the T(tg) edit field.

8 Click OK.

Boundary Conditions—General Heat Transfer

I From the Physics menu, select Boundary Settings.

2 Enter boundary settings as in the following table; when done, click OK.

SETTINGS  BOUNDARIES I,2  BOUNDARY 3 BOUNDARIES 4, 6 BOUNDARY 5
Type Temperature Convective flux  Insulation/symmetry Temperature
To Tinf Tinf+dT

MESH GENERATION

The following steps describe how to generate a mesh that properly resolves the velocity

field near the wall without using an overly dense mesh in the far field.
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I From the Mesh menu select Free Mesh Parameters.
From the Predefined mesh sizes list, select Fine.
Click the Boundary tab, then sclect Boundaries 4-6.
In the Maximum element size edit field, type 3e-4.
Click the Point tab, then select Point 4.

In the Maximum element size edit field, type 2e-5.

Click Remesh, then click OK.

N O 1 A W N

COMPUTING THE SOLUTION
To easily find an initial guess for the solution, start by solving the problem for a higher
viscosity than the true value for air. Then decrease the viscosity until you reach the true
value for air. Make the transition from the start value to the true value using the
parametric solver in the following way:
I From the Solve menu, select Solver Parameters.

In the dialog box that appears, go to the Solver list and select Parametric.

On the General page, type dT in the Parameter name edit field.

2
3
4 In the Parameter values cdit field, type 10:10:100.
5 Click OK.

6

Click the Solve button on the Main toolbar.

POSTPROCESSING AND VISUALIZATION
The default plot shows the velocity field for Ty, = 393 K.

To create Figure 7-20 that shows the velocity field for T, = 323 K, follow these
steps:
I Click the Plot Parameters button on the Main toolbar.

2 On the General page, find the Solution to use area and from the Parameter value edit
field select 30.

3 Go to the Arrows page. Select the Arrow plot check box.

4 From the Predefined expressions list, sclect Weakly Compressible Navier-Stokes
(chns)>Velocity field.

5 In the Arrow positioning arca type 40 in the edit field for the number of x peints and

10 in the edit field for the number of y points.
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6 In the Arrow parameters arca, clear the Auto check box for the Scale factor, then type
2 in the associated edit field.

7 Click the Color button. In the Arrow Color dialog box select white, then click OK.
8 Click Apply.

To create Figure 7-19, which displays the temperature field for Ty, = 323 K,
continue with the following steps:

I Clear the Arrow plot check box.

2 Go to the Surface page. In the Predefined quantities list select list select General Heat
Transfer (htgh)>Temperature.

3 Click OK.

The following steps describe how to create Figure 7-21 and Figure 7-22, which show
the temperature and velocity profiles, respectively:

I From the Postprocessing menu select Cross-Section Plot Parameters.

2 On the General page, from the Solution to use list select 30.

3 Click the Title/Axis button. Select the option button next to the First axis label edit
field, then enter the label Distance from plate [m].

4 On the Line/Extrusion page, in the Predefined quantities list sclect General Heat

Transfer (htgh)>Temperature.

5 In the Cross-section line data arca enter the following properties:

FIELD VALUE
x0 0.05
x| -0.05
y0 0.09
yl 0.09
6 Click Apply.

7 To generate the velocity-profile plot, from the Predefined expressions list select
Weakly Compressible Navier-Stokes (chns)>Velocity field, then click OK.

The following steps describe how to create Figure 7-23, which shows the heat flux
from the heated plate:

I From the Postprocessing menu, sclect Domain Plot Parameters.

2 On the General page, sclect 30 from the Solutions to use list.
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6

Click the Title/Axis button. Click the option button next to the Title edit field, then
enter the title Total heat flux from plate (T<sub>wall</sub> = 323 K,
T<sub>\infinity</sub> = 293 K).

Go to the Line/Extrusion page. Select Boundary 5.

In the Expression edit field type -ntflux_htgh. This is the negative of the normal
total heat flux out of the modeling domain and thus equals the total heat flux from
the plate into the modeling domain.

Click OK.

The following steps describe how to create Figure 7-25.

H W N

7
8
9

From the Postprocessing menu, select Domain Plot Parameters.
On the General page, from the Solutions to use list select 30.
From the Plot in list, select New figure.

Click the Title/Axis button. Click the option button next to the Title edit field, then
enter the title Total heat flux from plate (T<sub>wall</sub> = 323 K,
T<sub>\infinity</sub> = 293 K).

Click the option button next to the First axis label field, then enter
Distance from leading edge [m].

Click the option button next to the Second axis label ficld, then enter
Heat flux [W/m<sup>2</sup>].

Click OK.
Click the Line/Extrusion page, then select Boundary 5.

In the Expression edit field, type ntflux_htgh and click Apply.

10 On the General page, select the Keep current plot check-box.

Il Click the Line/Extrusion tab.

12 In the Expression edit field, type -68.7* (y-0.01)"-0.25.

13 Click the Line Settings button.

14 In the Line style list, sclect Dashed line. Click OK.
I5 Click OK.

The following steps describe how to create Figure 7-26.

|
2
3

From the Postprocessing menu, sclect Domain Plot Parameters.
On the General page, go to the Solutions to use list and select 20, 40, 60, 80, and 100.

In the Plot in list select New figure.
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Click the Title/Axis button.

Click the option button next to the Title edit field, then enter the title: Total heat
flux from plate (T<sub>\infinity</sub> = 293 K).

Click OK.

Click the Line/Extrusion tab, then select Boundary 5.
In the Expression edit field, type -ntflux_htgh.
Click OK.
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Building and Solving a
Non-Isothermal Turbulent Flow Model

Introduction

The present model investigates the performance of a displacement ventilation system.
In the model, you set up the coupled heat transfer and turbulent flow equations
describing the system using the predefined multiphysics coupling Turbulent
Non-Isothermal Flow, k-¢. Given measured values for inlet velocity, inlet temperature,
and heat flux, this model yields field configurations of air temperature and velocity that

are consistent with experimental measurements and analytic global models (Ref. 1).

Model Definition

In general, there are two classes of ventilation: mixing ventilation and displacement
ventilation. In displacement ventilation, air enters a room at the floor level and
displaces warmer air to achieve the desired temperature. Heating sources in the room
can include running electronic devices, or inlet jets of warm air. A potential issue with
the displacement ventilation approach is that significant temperature variation and
strong stratification may arise.

The model geometry consists of a test chamber with the dimensions 2.5 m by 3.65 m
by 3 m. A warm jet enters the chamber from an inlet located at the floor center. Fresh
air, at constant temperature and relatively low velocity, is supplied through a wall inlet.
Heat exits the chamber through an exhaust located in the center of the ceiling. The
walls of the chamber are assumed to be thermally insulated.
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Symmetry reduces the modeling domain to half of the chamber, as depicted in
Figure 7-27. The warm jet feeds 0.028 m?3 /s of air at a temperature of 45 °C into the
room. The temperature of the fresh air is 21 °C and has a flow rate of 0.05 m? /s.

Exhaust -
(outlet)

Symmetry plane ——=

e
Warm jet S - Fresh air

o (inlet) \//;’/3;/,{]0 (inlet)
' 1

Figure 7-27: The modeling domain is veduced to half the chamber size due to symmetry.

Convection of heat can be either forced or free. Forced convection occurs if

gBRAT 1

UZ/L (7-61)

where g is the gravity (m/ 2 ), B (1/K) is the coefficient of thermal expansion, T (K)
the temperature, U (m/s) the velocity, and L (m) refers to the characteristic length.
Equation 7-61 states that the buoyancy force is small compared to the inertial force.
In such a situation, the character of the flow field is described by the Reynolds number,
Re = UL/v. Natural convection occurs if Equation 7-61 is not fulfilled, in which case
the flow field character is described by the Grashof number,

Gr — gBATL3

v2
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where v (m2 /s) is the kinematic viscosity. If the convective forces and buoyant forces
are of the same order of magnitude, then Gr’2 can be interpreted as the ratio between
the inertial and viscous forces. That is, when the Grashof number is large, the flow

becomes turbulent.

To investigate if Equation 7-61 holds, the air can approximated as an ideal gas in which
case B = 1/T. Furthermore, AT =20 K, U= 1 m/s, and L = 2 m. This gives

gBAT 98:20-2 4
U2/L  12-300 '

Hence, it is the Grashof number that determines whether the flow is turbulent or

laminar. Using the same approximations as above:

9.8-20- 23

r~—2C 202 _ 9. 1010 (7-62)
(1.6 -10-5)2 . 300

Equation 7-62 clearly indicates that the flow is turbulent.

You can model natural turbulent convection with the predefined multiphysics coupling
Turbulent Non-Isothermal Flow, k-¢. This application mode solves the Favre averaged
Navier-Stokes equations including the energy equation and Favre averaged transport
equations for the turbulent kinetic energy, £, and the turbulent dissipation rate, €.

Results and Discussion

Figure 7-28 shows the streamlines of the velocity field in the test chamber. The cold
air that enters through the diffuser sinks towards the floor. As the air approaches the
jet it is heated and entrained into the jet. The raising air creates a circulating pattern.
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Some of the circulating exits through the vent in the roof while some sinks back to the

floor.

Streamline: Velocity field

Figure 7-28: Streamlines illustrating the velocity field in the test chamber.

Figure 7-29 shows isosurfaces of the temperature. The recirculation in the upper half

of the room gives a fairly homogeneous temperature for z > 1.5 m.
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Isosurface: Total temperature [K] Max: 317.654
1317.654

315.988
314.322
312.655
310.989
309.323
1307.657
1305.991
1304.325
1302.659
1300.993
—1299.327
1297.661
1295.995

—204,329
Min: 294.329

Figure 7-29: Isosurfaces of the temperature.

Figure 7-30 shows a plot of the temperature in a straight line from the center of the
inlet jet to the center of the outlet vent. The result is compared to experimental data
from Ref. 1. The model captures the general trend and the curves compare very well
in the lower part of the room. The temperature of the experimental curve does
however fall to 26 °C—four degrees below the computational results. One possible
explanation is that the experimental jet drifts more to the side than indicated by the
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simulation. Another possibility mentioned in Ref. 1 is that the experimental facility is

not so well isolated as intended.

Temperature cross plot

2.5 : : : ;
i |
1
\
E15f \
o \
2 \
o
g \
Y A §
05t
0 5 10 15 20 25 30 3B 40 45

Temperature [degC]

Figure 7-30: Air temperature in a straight line from the center of the inlet jet to the center
of the outlet vent. The solid line is the vesult from the simulation while the dashed line is

experimental vesults from Ref. 1.

Reference

1. D. Mazoni and P. Guitton, “Validation of Displacement Ventilation Simplified
Models,” Proceedings of ‘Building Simulation '97°, the Fifth International IBSPA
Conference, vol. I, pp. 233-239, International Building Performance Simulation

Association (IBSPA), 1997.

Model Library path: Heat_Transfer_Module/Tutorial_Models/

displacement_ventilation

Modeling Using the Graphical User Interface

I Start by clicking the COMSOL Multiphysics icon on the desktop.
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2 In the Model Navigator, sct the Space dimension to 3D.

3 In the list of application modes, select Heat Transfer Module>Fluid Thermal

Interaction>Turbulent Non-Isothermal Flow, k-¢.
From the Element list, select Lagrange - Linear.

4
5 Click the Multiphysics button.
6 Click the Add button.

7

Select the General Heat Transfer (htgh2) application mode, then click the Remove
button.

This application mode accounts for heat transfer in solids and can be removed

because the computational domain will contain only fluid.

8 Click OK.

GEOMETRY MODELING
I Hold down Shift and click the Block button on the Draw toolbar.

2 In the Length area, enter the following values:

LENGTH VALUE
X 2.5

Y 1.825
z 3

3 Click OK.

4 From the Draw menu, select Work-Plane Settings.

5 In the Work-Plane Settings dialog box, click OK to accept the default settings.
This creates a 2D xy-plane at z = 0 in a new geometry, Geom2.

6 Hold down Shift and click the Rectangle/Square button on the Draw toolbar.

7 In the dialog box that appears, enter the following rectangle properties:

PROPERTY EXPRESSION
Width 0.18
Height 0.09

Base Corner
X-position 1.16
y-position 1.735

8 Click OK.
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9 Again, hold down Shift and click the Rectangle/Square button.

10 Enter the following rectangle properties:

PROPERTY EXPRESSION
Width 0.2
Height 0.1

Base Corner
X-position 1.15
y-position 1.725

11 Click OK.

12 From the Draw menu, choose Embed.
13 Select both objects from the list, then click OK.

14 Make sure your are on the Geom| page, then select the embedded rectangle EMB2
(the larger of the two rectangles).

I5 Click the Move button on the Draw toolbar. In the Displacement area, type 3 in the
z cdit field.

16 Click OK.
17 From the Draw menu, select Work-Plane Settings and choose y-z plane.
18 Click OK.
This creates a 2D yz-plane at x = 0.
19 Hold down Shift and click the Rectangle/Square button on the Draw toolbar.

2 In the dialog box that appears, enter the following rectangle properties:

PROPERTY EXPRESSION
Width 1.7
Height 0.5

Base Corner
x-position 0.125
y-position 0

21 Click OK.

2 From the Draw menu, select Embed.
B Select R3 from the list, then click OK.

24 From the Draw menu, select Line.
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> In the dialog box that appears, enter the following line coordinates:

DIRECTION EXPRESSION

X 1.25 1.25
y 1.825 1.825
z 03

You will use this line to control the mesh along the direction of the jet.

2% Click the Zoom Extents button on the Main toolbar.

The resulting geometry is shown below.

1
TEMB2
B

| |

l,,/f"”/ BLK1
“BvB1
0
2
o 1
n

OPTIONS AND SETTINGS

I From the Options menu, open the Constants dialog box.

2 Specify the following names, expressions, and descriptions (optional):

NAME EXPRESSION DESCRIPTION

Ms 0.028[m"3/s] Source flow rate
Md 0.05[m"3/s] Diffuser flow rate
As 0.0324[m"2] Source inlet area
Ad 1.7[m*2] Diffuser inlet area
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NAME EXPRESSION DESCRIPTION

Us Ms/As Source flow velocity

ud Md /Ad Diffuser flow velocity

Tdiff 21[degC] Diffuser air temperature
Tsource 45[degC] Source air temperature

o]0] 101325[Pa] Reference pressure

g -9.81[m/s"2] Gravity acceleration constant
3 Click OK.

PHYSICS SETTINGS

Subdomain Settings—k-& Turbulence Model

I From the Physics menu, select Subdomain Settings.
Select Subdomain 1.
Click the Load button next to the Library material list.
Select Liquids and Gases>Gases>Air, then click OK.

Edit the expression for p so that it reads rho(p0[1/Pa],Tf[1/K]) [kg/m*3].

2
3
4
5
6 In the edit field for F,, enter g*rho_chns.
7 Click the Stabilization tab.

8 In the Tuning parameter cdit ficld for Crosswind diffusion, enter 0. 3.
9 From the Artificial diffusion settings for list, select Turbulence.

10 Sclect the Turbulent isotropic diffusion check box.

Buoyant flows often feature shear layers and the location of these shear layers are
hard to predict in advance. Some extra diffusion is necessary to capture the shear
layers and prevent the computation from diverging.

11 Click OK.

Because the flow contains a jet impinging on the ceiling, avoiding stagnation point
anomalies requires realizability constraints (see “Realizability Constraints” on page
219).

I From the Physics menu, select Properties.

2 Set Realizability to On.

3 Click OK.

Boundary Settings—k-& Turbulence Model
I From the Physics menu, select Boundary Settings.
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2 Select Boundary 5. From the Boundary type list, sclect Inlet.

3 In the Uy edit field, type Ud, in the Ly edit field, type 0.01, and in the Iy edit field,
type 0.1.

4 Sclect Boundaries 6 and 9. From the Boundary type list, select Symmetry boundary.

5 Select Boundary 7. From the Boundary type list, select Outlet and then, from the
Boundary condition list, sclect Pressure.

6 Sclect Boundary 8. From the Boundary type list, select Inlet.

7 In the Ug edit field, type Us, and in the Ly edit field, type 0.05 and in the Iy edit field,
type 0.1.

8 Seclect the remaining boundaries (Boundaries 1, 2, 3, 4, and 10).

9 Click the 8}, button, then enter 1000 in the corresponding edit field.

10 Click OK.

The inlet boundary conditions for the hot jet can be understood by examining the
temperature profile in Figure 7-30. The quick drop in temperature indicates that a
rather large amount of colder air is quickly entrained. The only way to achieve this is

to have a long turbulent length scale and high turbulence intensity.

The inflow from the diffuser is modeled as if there were a grate there, that is, with high
turbulence intensity and a short turbulent length scale.

The large offset at the walls implies that you will not obtain maximum accuracy for the
wall shear stresses. However, the influence of the wall shear stresses on the solution is

small, and decreasing the offset would require much denser mesh on the walls.

Subdomain Settings—General Heat Transfer
I From the Multiphysics menu, select the General Heat Transfer (htgh) application

mode.
2 From the Physics menu, select Subdomain Settings.
3 Select Subdomain 1.
4 From the Library material list, select Air.
5 Edit the expression for p so that it reads rho(p0[1/Pa],Tf[1/K])[kg/m~3].
6 Click the Init tab and enter Tdiff in the edit field for Tf(tg).
7 Click OK.

Boundary Settings—General Heat Transfer
I From the Physics menu, select Boundary Settings.
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Select Boundary 5.

From the Boundary condition list, select Temperature.
In the Temperature cdit field, type Tdiff.

Select Boundary 7.

2
3
4
5
6 From the Boundary condition list, select Convective flux.
7 Sclect Boundary 8.

8 From the Boundary condition list, sclect Temperature.

9 In the Temperature cdit field, type Tsource.

10 Click OK.

MESH GENERATION

You need to generate a mesh that resolves the hot jet and also take care to refine it at
the edges of the diffuser and at the outlet.

From the Mesh menu, select Free Mesh Parameters.
Click the Custom mesh size button.

In the Maximum element size edit field, type 0.12.
In the Element growth rate cdit field, type 1.2.
Click the Boundary tab.

Select Boundaries 7 and 8.

In the Maximum element size cdit field, type 0.02.
Click the Edge tab.

Select Edges 6, 7, and 8.

NV O N 0T AW N

10 In the Maximum element size edit ficld, type 0.05.

I Select Edge 19, then click the Distribution tab.

12 Select the Constrained edge element distribution check box.
13 In the Number of edge elements cdit field, type 100.

14 Select the Distribution check box.

I5 In the Element ratio cdit field, type 5.

16 From the Distribution list, select Exponential.

17 Select the Symmetric check box.

18 Click the Remesh button.

19 Click OK.
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COMPUTING THE SOLUTION

The temperature variable is in buoyant flows strongly coupled to the rest of the
Navier-Stokes equations. It is therefore recommended to solve the temperature in the
same group as the velocities and the pressure for these kind of flows.

I Click the Solver Parameters button on the Main toolbar.

2 In the Group | Components edit field, add Tf.

3 For Group 3, click the Delete button.

4 For Group |, click the Linear Solver Settings button.

5 In the dialog box that appears, select Preconditioner from the list to the left.

6 In the Number of levels edit field, type 3.

The iterative solver uses a direct solver to solve a correction problem on the coarsest
multigrid hierarchy. This is the reason why you must increase the number of levels
for large problems. Manually created multigrid hierarchies often give the best

performance, but automatic mesh generation works fine for simple geometries like

the current one.
7 Click OK.

8 Backin the Solver Parameters dialog box, select the Manual specification of segregated

steps check box.
9 For Group 1, click the Damping/Termination Settings button.

10 In the dialog box that appears, type 0.3 in the Damping constant edit field and then
click OK.

11 For Group 2, click the Damping/Termination Settings button.

12 In the dialog box that appears, type 0.3 in the Damping constant edit field and then
click OK.

The complex flow patterns of buoyant flows often makes it necessary to use low
damping constants to find a stationary solution.

13 Click the Advanced tab.
14 From the Type of scaling list, select Manual.
I5 In the Manual scaling edit field, type Tf 100 p 10.

The temperature Tf is approximately 300 K, p ranges between 0 and 10, while the
velocities are on the order of unity. If the variables are not scaled, the resulting

equation system can become ill conditioned.

16 Click OK.

CHAPTER 7: MOMENTUM TRANSPORT



17 Click the Seolve button on the Main toolbar.

Note: The solution takes a little more than an hour to compute and the computation
requires 1.2 GB of RAM.

POSTPROCESSING AND VISUALIZATION
Figure 7-28 is produced by the following steps:

I From the Postprocessing menu, choose Plot Parameters.
On the General page, clear the Slice check box and select the Streamline check box.

Click the Streamline tab.

2
3
4 From the Predefined quantities list, select k-& Turbulence Model (chns)>Velocity field.
5 Click the Specify start point coordinates option button.

6

Enter the following coordinates:

PROPERTY VALUE

e zeros(6,1)

y 0.25:0.25:1.5
z ones(6,1)*0.25

7 From the Line type list, select Tube.
8 Click OK.
9 Click the Headlight button in the Camera toolbar.

10 Use the mouse to rotate the geometry.
To reproduce Figure 7-29 follow these steps:

I From the Postprocessing menu, choose Plot Parameters.

2 On the General page, clear the Streamline check box and select the Isosurface check
box.

Click the Isosurface tab.
In the Number of levels edit field, type 15.
From the Colormap list, sclect hot.

Click OK.

N O 1 AW

Use the mouse to rotate the geometry.
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To create Figure 7-30 proceed as follows:

I From the Option menu, select Functions.
Click the New button.
Select the Interpolation button.
From the Use data from list, select File and click the Browse button.

Locate and select the file temp_experiment.txt then click Open.

2
3
4
5
6 In the Function name cdit field, type temp_exp and click OK.
7 From the Interpolation method list, sclect Linear.

8 Click OK to close the Functions dialog box.

9 From the Solve menu, sclect Update model.

10 From the Postprocessing menu, choose Cross-Section Plot Parameters.
Il Select Keep current plot.

12 Go to the Line/Extrusion page.

13 In the Expressions edit field, type z.

14 Enter the following coordinates in the Cross-section line data area:

PROPERTY VALUE
x0 1.25

y0 1.825
z0 0.1

x| 1.25

yl 1.825
zl 2.5

I5 Click option button next to the Expression button.

16 From the Predefined quantities list, select General Heat Transfer (htgh)>Temperature.
17 From the Unit list, select °C.

18 Click Apply.

19 Return to the Cross-Section Plot Parameters dialog box and click the Expression

button.
2 In the Expression edit field, type temp_exp(z) and then click OK.
21 Click the Line Settings button.

22 From the Line style list, select Dashed line and click OK.
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B Click OK.

24 In the Figure 1 window, click the Edit plot button.

5 Clear the x limits check box and in the left edit field that becomes active, type 0.
% In the Title edit field, type Temperature cross plot.

2 In the x label edit field, type Temperature [degC].

28 Click OK.
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Application Mode Implementation

The Heat Transfer Module is built completely on top of COMSOL Multiphysics.
All application modes are based on the same generic PDE and weak form equations
defined in COMSOL Multiphysics. This chapter acts as a reference, where you can

look up the variables defined and used by each application mode.
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Application Mode Overview

The application modes in the Heat Transfer Module fall into one of the module’s two
main branches: heat transfer and momentum transport. There are three separate

application modes in the first group:

e The General Heat Transfer application mode offers the most complete heat transfer
functionality available in COMSOL Multiphysics, including radiative heat transfer.

¢ Thin Conductive Shell application mode can only be applied to thin 3D surfaces,
where it can considerably reduce model size and computational complexity.

* The Bioheat Equation is tailored for modeling heat transfer in living tissue. It uses

Penne’s model to account for blood perfusion and metabolism.

For momentum transport, there is—technically speaking—only one application mode,
which behaves rather differently depending on its property settings. Three
combinations of property settings and defaults have their own names and entry points
in the Model Navigator, and therefore, for all purposes, act as separate application
modes:

e The Weakly Compressible Navier-Stokes application mode describes the
momentum transport part of a coupled fluid-thermal problem where the fluid
density is a function of pressure and temperature.

¢ The k-¢ Turbulence Model application mode models turbulent flow using the
standard k-¢€ turbulence model and logarithmic wall functions.

* The k- Turbulence Model application mode implements Wilcox” k-0 model.

Note that you can change one into another using the settings in the Application Mode
Properties dialog box. In the same way, you can also remove both turbulence and
compressibility to reduce the application mode to laminar incompressible

Navier-Stokes, or add a swirl velocity component to model swirl flow.

In addition to the pure application modes, the Heat Transfer Module includes three

predefined Multiphysics couplings:

* Non-Isothermal Flow combines a General Heat Transfer application mode with a
Weakly Compressible Navier-Stokes application mode to describe laminar flow with
variable density.
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* Turbulent Non-Isothermal Flow in addition to turbulent Weakly Compressible
Flow requires two separate General Heat Transfer application modes to model the

jump in temperature across the turbulent thermal boundary layer.

For more information about the Fluid-Thermal Interaction predefined multiphysics

couplings, see “Non-Isothermal Flow” on page 228.

* Joule Heating applies the resistive heating generated in a Conductive Media DC
application mode from COMSOL Multiphysics, or the AC/DC Module if included
in your license, as a source in a General Heat Transfer application mode. The reverse
coupling, giving a temperature-dependent conductivity, can also be included. The
Joule Heating predefined Multiphysics coupling is documented under
“Electro-Thermal Interaction—Joule Heating” on page 380 of the COMSOL
Multiphysics Modeling Guide.
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Application Mode Equations

The underlying PDEs, boundary conditions, and theoretical background for each
application mode are described in the chapters “The General Heat Transfer
Application Mode” on page 24, “The Thin Conductive Shell Application Mode” on
page 154, “The Bioheat Equation Application Mode” on page 172 and “Momentum
Transport” on page 179.

All subdomain equations for the application modes in the Heat Transfer Module are
based on either the Coefficient form equation or the General form equation. See
“What Equations Does COMSOL Multiphysics Solve?” on page 507 in the COMSOL
Multiphysics Reference Guide for a concise listing of the different forms. The sections
“Using the Coefficient Form PDEs” on page 247 and “Using the General Form PDE”
on page 257, both in the COMSOL Multiphysics Modeling Guide, provide a more

thorough introduction including examples.

You can find out which equation form a particular application mode uses by choosing
Model Settings from the Physics menu and looking at the default Equation system form.
Note that you can always choose to display equations in a more general equation

system form than the one used by the application mode. That is, you can always switch
from Coefficient form to General form, and from General form to Weak form, but not
in the opposite direction. In a Multiphysics model, the application mode implemented

in the least general form decides which equation forms are available.

To see how the equations for the application mode you are using are implemented in
the selected equation system form, choose Equation System>Subdomain Settings from

the Physics menu. In the dialog box, you will find a number of coefficient pages, where
you can inspect how the application mode defines the terms in the generic equation of
the selected form, as well as two pages marked Element and Variables. On the Element
page, you can examine the shape functions used by the application mode to represent
its the dependent variables. The Variables page, which is discussed in more detail in the

next section, contains a list of variables defined by the application mode.

Under Physics>Equation System, you will also find similar dialog boxes for boundary
conditions and variables, as well as for edge and point settings. Note that you can

always modify the subdomain equations, boundary conditions, and definition of the
application mode variables by editing the coefficient expressions and variables in the

different Equation System dialog boxes.
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Application Mode Variables

The application modes in the Heat Transfer Module define a large set of variables. This
chapter contains lists of the variables that each application mode defines. Other
information, like the theoretical background for the application modes, can be found
elsewhere in the Heat Transfer Module User’s Guide.

Most application modes define variables of three different types. The dependent
variables are the unknowns solved for. They are represented using shape functions,
and are essential to any problem, that is, they cannot be replaced by numerical values
or expressions in terms of other variables. You can specify names for the dependent
variables when you select an application mode in the Model Navigator. Below, the
default names are listed for each application mode.

The application scalar variables are normally numerical values, for example universal
constants, model parameters and user-controlled constants such as the frequency of a
harmonic oscillation. In rare cases, they can also be globally defined expressions in
terms of other application mode variables. In the following sections, any application
scalar variables are presented in a table together with their default value, unit and
description.

Remaining variables defined by the application mode, collectively referred to as
application mode variables, are expressions defined in terms of other variables and
constants on domains of a specific dimension. Further, the definition can vary from
domain to domain, depending on the currently applied physics settings. The

application mode variable tables in the following sections are organized as follows:

* The Name column lists the names of the variables that you can use in expressions in
the equations or for postprocessing. Note that some variables represent vector- or
tensor-valued expressions. In that case, there is one variable for each component,
using the independent variable names as index. For example, if the table writes the
variable name as T_x;, the actual variables are typically called T_x and T_y in 2D

Cartesian coordinates and T_r, T_z in axisymmetric geometries.
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Note: All variables defined by the application mode, except the dependent variables,
get an underscore plus the application mode name appended to them. For example,
the default application mode name for the Incompressible Navier-Stokes application

mode is chns, hence, the density variable name is rho_chns.

* The Type column indicates if the variable is defined on subdomains (S), boundaries
(B), edges (E), or points (P). The column indicates the levels where the variable is
explicitly declared. Variables that are not explicit on domains of a given dimension
can nevertheless be evaluated if they are declared in an adjacent domain of higher
dimension. When there is more than one adjacent domain, an average value is
computed. For example, all subdomain variables can also be evaluated on
boundaries, but on interior boundaries take on the mean of the values in the two

adjacent subdomains.

The Type column can also show a (V) or (T) to indicate that the variable is a
component of a vector or tensor. Vector variables are included in the lists of

predefined expressions for plot types such as Arrow, Deform and Streamline.
* The Description column gives a description of the variables.

* The Expression column gives the expression of the variables in terms of other

variables or physical quantities, or a reference to an explanation elsewhere.

The application mode variables listed in the following sections are all available both for
postprocessing and when formulating the equations. Note that you can also find the
definitions of these variables directly in the graphical user interface of COMSOL

Multiphysics. From the Physics menu, choose Scalar Variables to inspect the application
scalar variables, or select one of the items in the Equation System submenu to open the
Equation System dialog box for the corresponding dimension. On the Variables page,
you will find the application mode variable names and their definitions (which you can

also change, if you like).

Note that the actual variable names in your model may depend on the spatial
coordinate names, as well as on the order in which application modes are added to a
Multiphysics model. The names and definitions may also be affected by application
mode property settings and by the physics settings for the particular subdomain or
boundary. Therefore, it is good practice to always check the variable names for your

particular model in the GUI, before using them in equations.
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General Heat Transfer

APPLICATION MODE NAME
htgh

TABLE 8-1: DEPENDENT VARIABLES, GENERAL HEAT TRANSFER

NAME DESCRIPTION
T Temperature
J Radiosity

Note: The dependent variable for the radiosity, <J, is always present but is used only if
the model includes surface-to-surface radiation.

TABLE 8-2: SCALAR VARIABLES, GENERAL HEAT TRANSFER

NAME VALUE UNIT DESCRIPTION
sigma 5.67-108 W/(mZ-K4) Stefan-Boltzmann constant
Rg 831451 J/(mol-K) Universal gas constant

TABLE 8-3: APPLICATION MODE VARIABLES, GENERAL HEAT TRANSFER

NAME TYPE  DESCRIPTION EXPRESSION

rho S Density p

¢ S Heat capacity C,

k S Thermal conductivity k

kxix7j S Thermal conductivity tensor, kij
x;; component

Q S Heat source Q

gs S Production/absorption Qs
coefficient

gamma S Ratio of specific heats Y

u, v, w S x1-, X9-, xg-velocity u, v, w

p S Pressure P

eta N Dynamic viscosity n

hz S Out-of-plane heat transfer h,
coefficient (1D)

hu S Out-of-plane heat transfer hy

coefficient, upside
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TABLE 8-3: APPLICATION MODE VARIABLES, GENERAL HEAT TRANSFER

NAME TYPE  DESCRIPTION EXPRESSION

hd S Out-of-plane heat transfer hq
coefficient, downside

Textz S Out-of-plane external Text
temperature (1D)

Textu S Out-of-plane external Textu
temperature, upside

Textd S Out-of-plane external Text,d
temperature, downside

epsilonz S Out-of-plane emissivity (1D) g,

epsilonu S Out-of-plane emissivity, upside €,

epsilond S Out-of-plane emissivity, €4
downside

Tambz S Out-of-plane ambient Tamb,2
temperature (1D)

Tambu S Out-of-plane ambient Tambu
temperature, upside

Tambd S Out-of-plane ambient Tamb,d
temperature, downside

Ac S Cross-sectional area A,

Pc S Cross-sectional perimeter P,

dz S Thickness d,

da S Total time scale factor pPC,

gradT S Temperature gradient VT

pA S Absolute pressure Pa

H S Enthalpy H=C,T/v+p,/p

dflux S Conductive flux A4

cflux S Convective flux lpu(H + 0.5u2)|

tflux S Total heat flux 1 oT

pui(H+ éuju-) — T _kijgj
dflux_xi S (V) Conductive flux, x; component oT
Sk
J
cflux_xi  S(V) Convective flux, x; component pu;(H+0.5|u|)
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TABLE 8-3: APPLICATION MODE VARIABLES, GENERAL HEAT TRANSFER

NAME TYPE  DESCRIPTION EXPRESSION
tflux_xi S (V) Total heat flux, x; component
! Z—kija—T+pu-(H+ 0.5u?)
ox g
; J
beta_xi S Convective field, x; component  pCpu;
Dm S Mean diffusion coefficient
2 FiBiB
"
—2
Bl
cellPe S Cell Peclet number pCpuh
S5
res S Equation residual oT
pCpg +pCu- VT -
Top (9_13 )
S+ pan S tu Vp
Q-q,T-V-(kVT)
gconv S Out-of-plane convective heat hz(Textz -T ,
flux (1D, 2D)
hu(Text, u- T)+
hd(Text, d— T)
grad S Out-of-plane radiative heat flux
(1D, 2D) e, 0T ambs ~T")
EuG(T4amb, u-— T4) +
4
8dG(TAamb, a-T")
da S Total time-scale factor pC,
d S Thickness d
dr_guess S Default guess for width in A,
radial direction of infinite
element domain
RO_guess S Default guess for inner radius R
of infinite element domain
Si S Infinite element x; coordinate  s;
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TABLE 8-3: APPLICATION MODE VARIABLES, GENERAL HEAT TRANSFER

NAME TYPE  DESCRIPTION EXPRESSION
S0i_guess S Default guess for inner x; So;i
coordinate of infinite element
domain
Sdi_guess S Default guess for width along A;
x; coordinate of infinite
element domain
dvol S Volume integration av
contribution
qo B Inward heat flux, heat source/  q
sink
T0 B Prescribed temperature Ty
h B Heat transfer coefficient h
Tinf B External temperature Ting
epsilon B Emissivity €
sigma B Stefan-Boltzmann constant c
Tamb B Ambient temperature Tamb
Jo B Surface radiosity expression Jo
rhos B Density of highly conductive Ps
layer
Cps B Specific heat of highly Cps
conductive layer
ks B Thermal conductivity of highly &g
conductive layer
ksxixj B Thermal conductivity of highly kg ;;
conductive layer, tensor x;x;
component
ds B Thickness of highly conductive  d
layer
ndflux B Normal conductive flux n-(-kVT)
ncflux B Normal convective flux n-pu(H + 0.5u?)
ntflux B Normal total heat flux

ni(pui(H+ %ujuj) -
‘Tij”j‘kijngj)
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TABLE 8-3: APPLICATION MODE VARIABLES, GENERAL HEAT TRANSFER

NAME TYPE  DESCRIPTION EXPRESSION

G B Surface irradiation G

Gm B Mutual surface-to-surface G,
irradiation

Famb B Ambient view factor Fanp

rflux B Radiative flux Jo-G

u B Convection fluid velocity forh 1

L B Convection length scale for h 1

s B Convection local coordinate 2 4 52
for h (3D) 17=2

dvolbnd B Area integration contribution  dA

Note: The variables G,,, and Fy )}, are evaluated by the view factor evaluation code,

which is encapsulated in an elsrradiation element object (see elirradiation on
page 94 in the COMSOL Multiphysics Reference Guide). After exporting the FEM
structure to the COMSOL Script command line or MATLAB, you can inspect its
element syntax representation by locating the element in the fem.elemmph field.
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Thin Conductive Shell

APPLICATION MODE NAME
htsh

TABLE 8-4: DEPENDENT VARIABLES, GENERAL HEAT TRANSFER

NAME DESCRIPTION

T Temperature

TABLE 8-5: SCALAR VARIABLES, GENERAL HEAT TRANSFER

NAME VALUE UNIT DESCRIPTION

sigma 567-10°8 W/(m2~K4) Stefan-Boltzmann constant

TABLE 8-6: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION

Dts B Time-scale factor Ot

rho B Density p

c B Heat capacity C,

ds B Thickness dg

k B Thermal conductivity k

kxixj B Thermal conductivity tensor, kij
local system x;x; component

Q B Heat source/sink Q

qu B Out-of-plane inward heat flux, g
upside

qd B Out-of-plane inward heat flux, gq
downside

hu B Out-of-plane heat transfer hy
coefficient, upside

hd B Out-of-plane heat transfer hq
coefficient, downside

Textu B Out-of-plane external Toxt,u
temperature, upside

Textd B Out-of-plane external Texta
temperature, downside

epsilonu B Out-of-plane emissivity, upside €,

epsilond B Out-of-plane emissivity, €4

downside
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TABLE 8-6: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION
Tambu B Out-of-plane ambient Tambu
temperature, upside
Tambd B Out-of-plane ambient Tamb,d
temperature, downside
da Total time-scale factor dspC,
gradT Temperature gradient VT
tflux B Total heat flux |-RVT]
tflux_xi B (V) Total heat flux, x; component oT
J
gconv B Out-of-plane convective heat
flux hzu(Text, u~ T+
hoa(Text,a=T)
qrad B Out-of-plane radiative heat flux
szuc(T4amb, u-— T4) +
Ssz(T4amb, d- T4)
q0 E Heat source/sink q
de E Effective edge thickness d,
TO E Prescribed temperature Ty
h E Heat transfer coefficient h
Tinf E External temperature Ting
epsilon E Emissivity €
Tamb E Ambient temperature Tamb
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The Bioheat Equation

APPLICATION MODE NAME

htbh

TABLE 8-7: DEPENDENT VARIABLES, GENERAL HEAT TRANSFER

NAME

DESCRIPTION

T

Temperature

TABLE 8-8: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION

Dts S Time-scale factor St

rho S Density of tissue p

c S Specific heat of tissue C

k S Thermal conductivity of tissue %

kxixj S Thermal conductivity tensor of  k;;

tissue, x;X; component

rhob S Density of blood Pb

Cb S Specific heat of blood Cy,

wb S Blood perfusion rate wy,

Tb S Arterial blood temperature Ty,

Qmet S Metabolic heat source Qumet

Qext S Spatial heat source Qext

gradT S Temperature gradient VT

flux S Total heat flux |-EVT|

flux_xi S (V) Total heat flux, x; component oT
J

Qb Blood perfusion heat source ppCrwy, (T, = T)

hb S Blood perfusion heat transfer  py, Cpwy,

coefficient

de B Effective edge thickness d,

qo B Inward heat flux q0

T0 B Prescribed temperature Ty

h B Heat transfer coefficient h
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TABLE 8-8: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION
Tinf B External temperature Tine
nflux B Normal heat flux n-(-kVT)
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Momentum Transport

INCOMPRESSIBLE NAVIER-STOKES

APPLICATION MODE NAME

chns

TABLE 8-9: DEPENDENT VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME DESCRIPTION
u, v, w Velocity in the x1, x9, and x3 directions
p Pressure

TABLE 8-10: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION
rho S Density p
eta S Dynamic viscosity n
F S Volume force F
S Velocity field [al
\Y S Vorticity Vxu
K B ;/:::ous force per unit (Vu + (Vu)T)] ‘n
T B Total force per unit area M(Vu + (Vu)T) _pI]'n
cellRe S Cell Reynolds number plulh
n
res S Equation residual pu, +p(u-Vyu+Vp-—F-
V-I(Va+ (Vo))
res_sc S Shock capturing residual pu,+p(u-Vyu+Vp-F
beta S Convective term pu
da S Total time-scale factor p
divu S Divergence of velocity V-u
field
taum S GLS time scale

At 05h

s

min

max(plul, 6711)
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TABLE 8-10: APPLICATION MODE VARIABLES, INCOMPRESSIBLE NAVIER-STOKES

NAME TYPE  DESCRIPTION EXPRESSION
tauc S GLS time scale
O.5|u|hmin(1, M)
n

Dm S Mean diffusion coefficient  m

uo, vo, wo B Velocity (Velocity BC) u

po B Pressure (Pressure BC) Po

f0 B Normal stress (Normal fo
stress BC)

Fbnd B Stress (General stress BC) F

uoin Normal inflow velocity Uy
(Velocity BC)

UOout B Normal outflow velocity Uy
(Velocity BC)

uvw B Velocity of tangentially Uy,
moving wall (Sliding wall
BC, 2D)

uw, Vw, ww B Velocity of tangentially uy,
moving wall (Sliding wall
BC, 3D)

uwall B Velocity of moving wall Uy,
(Moving/Leaking wall BC)

uo B Average velocity (laminar U
inflow/outflow BC)

Vo B Volume per time unit Vo
(laminar inflow/outflow
BC 3D)

Lentr B Entrance length (laminar Lopnir
inflow BC)

Lexit B Exit length (laminar Lyt
outflow BC)

pO_entr B Entrance pressure Po,entr
(laminar inflow BC)

pO_exit B Exit pressure (laminar Do, exit

outflow BC)
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SWIRL FLOW

APPLICATION MODE NAME

chns

TABLE 8-11: DEPENDENT VARIABLES, SWIRL FLOW

NAME DESCRIPTION
u, v, w Velocity in the 7, z, and @ directions
p Pressure

The application mode variables are identical to those of the Incompressible
Navier-Stokes, see Table 8-10.

TURBULENT FLOW, K-£¢ TURBULENCE MODEL

APPLICATION MODE NAME

chns

TABLE 8-12: DEPENDENT VARIABLES, K-E€ TURBULENCE MODEL

NAME DESCRIPTION
u, v, w Velocity in the x1, X9, and x3 directions
p Pressure

logk Logarithm of turbulent kinetic energy
logd Logarithm of turbulent dissipation rate

Table 8-13 shows the different scalar variables used in the &-& Turbulence Model
application mode:

TABLE 8-13: SCALAR VARIABLES, K-€ TURBULENCE MODEL

NAME DESCRIPTION EXPRESSION
Cmu Turbulence modeling constant (= 0.09) Cu

Cd1 Turbulence modeling constant (= 1.44) Cy1 =Cyy
Cd2 Turbulence modeling constant (= 1.92) Cyg = Cyy
sigmak Turbulence modeling constant (= 1.0) O

sigmad Turbulence modeling constant (= 1.3) o,

kappa von Kdrman constant (=0.42) K

Cplus Logarithmic wall function constant (= 5.5) c
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In addition to the application mode variables available for the Incompressible

Navier-Stokes application mode, the following variables are available.

TABLE 8-14: APPLICATION MODE VARIABLES, K-E€ TURBULENCE MODEL

NAME TYPE DESCRIPTION EXPRESSION
k0 S Turbulent kinetic energy b= elogk
do S Turbulent dissipation rate e = olosd
etaT S Turbulent viscosity kz
PCT

TURBULENT FLOW, K- TURBULENCE MODEL

APPLICATION MODE NAME

chns

TABLE 8-15: DEPENDENT VARIABLES, K-() TURBULENCE MODEL

NAME DESCRIPTION

u, v, w Velocity in the x1, x9, and x3 directions
p Pressure

logk Logarithm of turbulent kinetic energy
logw Log of specific turbulent dissipation rate

Table 8-16 summarizes the different scalar variables used in the £- Turbulence
Model application mode:

TABLE 8-16: SCALAR VARIABLES, K-() TURBULENCE MODEL

NAME

DESCRIPTION EXPRESSION
Ccmu Turbulence modeling constant (= 0.09) C“

alpha Turbulence modeling constant (= 13/25) o

beta0 Turbulence modeling constant (= 9/125) Bo
betaOk Turbulence modeling constant (= 0.09) Bo,x
sigmaw Turbulence modeling constant (= 0.5) G,

kappa von Karman constant (=0.42) K

Cplus Logarithmic wall function constant (= 5.5) ct

APPLICATION MODE VARIABLES

283



In addition to the application mode variables available for the Incompressible

Navier-Stokes application mode, the following variables are available.

TABLE 8-17: APPLICATION MODE VARIABLES, K-() TURBULENCE MODEL

LABEL TYPE DESCRIPTION EXPRESSION
ko S Turbulent kinetic energy k= o108k
omega0 S Specific turbulent dissipation rate o = elogm
etaT S Turbulent viscosity pelogk ~logo

WEAKLY COMPRESSIBLE NAVIER-STOKES

APPLICATION MODE NAME

chns

TABLE 8-18: DEPENDENT VARIABLES, WEAKLY COMPRESSIBLE NAVIER-STOKES

NAME DESCRIPTION
u, v, w Velocity in the x1, x9, and xg directions
p Pressure

The application mode variables are:

TABLE 8-19: APPLICATION MODE VARIABLES, WEAKLY COMPRESSIBLE NAVIER-STOKES

NAME TYPE DESCRIPTION EXPRESSION
rho S Density p
eta S Dynamic n

viscosity
kappadv S Dilatational 3

viscosity
F S Volume force F

S Velocity field [a]

v S Vorticity Vxu
K B Viscous force T, (2

per area [n(Vu+(Vu) )—(?—K)(V~u)1]n
T B Total force per

area [—P1+n(vu+(VU)T)—(2?n—K)(V-u)I]n

cellRe S Cell Reynolds plulh

number n
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TABLE 8-19: APPLICATION MODE VARIABLES, WEAKLY COMPRESSIBLE NAVIER-STOKES

NAME TYPE DESCRIPTION EXPRESSION
res S Equation
residual pu,+p(u-Vyu+Vp-F -
V. [n(Vu + (Vu)T)—(%” - Kj (V. u)I}
res_sc S Shock capturing pu,+p(u-Vyu+Vp-F
residual
beta S Convective field pu
Dm S Mean diffusion n
coefficient
da S Total time-scale  p
factor
divu S Divergence of V-u
velocity field
taum S GLS time scale
.| At 0.5h
min| —, 76
P max(p|u|, Tn)
tauc S GLS time scale

O.5|u|hmin(1, %}
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Glossary

This glossary contains application-specific terms used in the Heat Transfer Module
software and documentation. For information about terms relating to finite
element modeling, mathematics, geometry, and CAD, see the glossary in the
COMSOL Multiphysics User’s Guide. For references to more information about a

term, see the Index in this or other manuals.
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anisotropy The condition of exhibiting properties with different values when

measured in different directions.

bioheat equation An alternative form of the heat equation that incorporates the effects
of blood perfusion, metabolism, and external heating. The equation describes heat

transfer in tissue.

blackbody A blackbody is a surface that absorbs all incoming radiation, that is, it does

not reflect radiation. The blackbody also emits the maximum possible radiation.

conduction Heat conduction takes place through different mechanisms in different
media. Theoretically, conduction takes place through collisions of molecules in a gas,
through oscillations of each molecule in a “cage” formed by its nearest neighbors in a
fluid, and by the electrons carrying heat in metals or by molecular motion in other
solids. 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 translates 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
describes the flux. The Heat Transfer Module includes both descriptions.

emissivity A dimensionless factor between 0 and 1 that specifies the ability of a surface
to emit radiative energy. The value 1 corresponds to an ideal surface, which emits the

maximum possible radiative energy.
heat capacity Sce specific bheat.

highly conductive layer A highly conductive layer is a thin layer on a boundary. It has
much higher thermal conductivity than the material in the adjacent subdomain. This
allows you to assume that the temperature is constant across the layer’s thickness. The
General Heat Transfer application mode supports heat transfer in highly conductive

layers.
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irradiation The total radiation that arrives at a surface.

Navier-Stokes equations The equations for the momentum balances coupled to the
equation of continuity for a Newtonian incompressible fluid are often referred to as
the Navier-Stokes equations. The most general versions of the Navier-Stokes equations

do, however, describe fully compressible flows.

opaque material An opaque body does not transmit any radiative heat flux, that is, the

surface of an opaque body has a transmissivity equal to 0.

radiation Heat transfer by radiation takes place through the transport of photons,
which can be absorbed or reflected on solid surfaces. The Heat Transfer Module
includes surface-to-surface radiation, which accounts for effects of shading and
reflections between radiating surfaces. It also includes surface-to-ambient radiation

where the ambient radiation can be fixed or given by an arbitrary function.

radiosity The total radiation that leaves a surface, that is, both the emitted and the

reflected radiation.

specific heat Refers to the quantity that represents the amount of heat required to
change one unit of mass of a substance by one degree. It has units of energy per mass
per degree. This quantity is also called specific heat or specific heat capacity.

specific heat capacity Sece specific heat.

thin conductive shell An application mode for modeling heat transfer in a thin shell.
“Thin” means that the shell is thin enough, or has high enough thermal conductivity,
for you to assume that the temperature is constant across the shell’s thickness. See also
bighly conductive layer.

transparent material A transparent body transmits radiative heat flux, that is, the

surface of a transparent body has a transmissivity greater than 0.

thermal conductivity The definition of thermal conductivity is given by Fourier’s law,
which relates the heat flux to the temperature gradient. In this equation, the thermal

conductivity is the proportional constant.

GLOSSARY OF TERMS
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A absolute pressure 32
ambient temperature 72
application mode properties
azimuthal sectors 27
cache view factors 27
radiation integration order 27
radiation resolution 27
surface-to-surface radiation method
27
swirl velocity 27
turbulence model 27
weak constraints 27, 155
application modes
Bioheat Equation 172
General Heat Transfer 24, 271
Incompressible Navier-Stokes 182
Thin Conductive Shell 154, 276
Weakly Compressible Navier-Stokes
223
application scalar variables 269
application variables 269
arterial blood temperature 173, 175
artificial diffusion 193
assembly pairs, boundary conditions on
55
average Nusselt number 18
axial symmetry boundary condition 58,
177
axisymmetric radiation 70

azimuthal sectors 27, 70

B Babuska-Brezzi condition 195
bioheat equation 172
blood density 175
blood perfusion rate 173, 175
boundaries, grouping of 74

boundary conditions 54

axial symmetry 58
compatible with radiation 71
continuity 60
convective flux 58
Dirichlet type 9
for turbulence models 21 |
heat flux 56
heat source/sink 59, 74
Neumann type 9
on pairs 55
specified heat flux 9
specified temperature 9
specifying 56
symmetric 176
temperature 58
thin thermally resistive layer 55, 60
types of 56
boundary properties 60
boundary settings
turbulence intensity 213
turbulent length scale 213
Boussinesq approximation 198, 232
bulk coolant velocity 64
bulk temperature of coolant 64
buoyancy forces |14

buoyancy-driven flow |14

caching view factors 27
CFL number 200
characteristic length 17
chock capturing 195
closure 208
closure relations 206
COMSOL Material Library 44
conduction 20

in heat transfer 6

conductive heat transfer 30
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conductive shells 154
contact pair 55
continuity 55
continuity boundary condition 60
continuity equation 180
control volumes |10
convection 20
forced vs. natural 16
in heat transfer 6
convection length scale 63
convective cooling |5
convective flux 9
convective flux boundary condition 58
convective heat transfer 31
cooling power |16
correlations, of Nusselt numbers 18
crosswind diffusion 195

crosswind diffusion stabilization 40

density 32

of blood 175

of tissue 175
dependent variables 269
diatomic gases 32
direct area integration method 69
Dirichlet boundary condition 9
displacement ventilation system 248

dissipation rate 209

eddy viscosity 206, 208

element order 76

energy, transferred through shell 54
enthalpy 33

extended Kays-Crawford model 52
external bulk temperature 176
external forced convection 64

external natural convection 64

forced convection 16

Fourier’s law of conduction 7

Fourier’s law of heat conduction 158, 175

free convection 231

General Heat Transfer application mode
24,271

gradient, of temperature 80, 175

Grashof number 17

grouping of boundaries 74

heat capacity 32, 78, 173
heat equation 7
heat flux
boundary condition for 56, 177
vector 80, 175
heat flux discontinuity 55, 177
heat source from metabolism 173
heat source/sink boundary condition 59
with radiation 74
heat sources 32
from metabolism 175
heat transfer 20
by conduction 6
by convection 6
by radiation 6
conductive 20
convective 20
radiative 20
heat transfer and turbulent flow, coupled
248
heat transfer coefficient 54, 57, 176
for convective cooling 15
predefined 61
Heat Transfer Coefficients library 18, 61
details of 63
materials in 65
Heat Transfer Module 3.5, new features
in3
hemicube method 69
highly conductive layers 77
model 142



highly conductive shells, energy trans-

ferred through 54

ideal gas 33
settings for 34

identity pair 55

Incompressible Navier-Stokes applica-
tion mode 182

incompressible Navier-Stokes equations
182

infinite elements 34

influx from radiation 54

integral cooling power |16

interior boundary 54

internal forced convection 64

internal natural convection 64

inward heat flux 54

irradiation 10, 67

isotropic diffusion 196

isotropic diffusion stabilization 42

Kdrman’s constant 212
Kays-Crawford model 52
k-epsilon turbulence model 209

k-omega turbulence model 210

Lagrange multipliers 54

laminar buoyancy-driven flow |14
length scales 63, 64

Liquids and Gases material library 44
local coordinates, in shells 158

local Nusselt number 18

logarithmic wall functions 212

low Mach number flows 8

Mach number 223

mapped infinite elements 35
master and slave pairs 56
material libraries 44
material properties

from material libraries 42

matter state 33

gas/liquid 33

ideal gas 33

solid 33
metabolic heat sources 175
micro fuel cells 91

molar mass, number-average 34

NAFEMS benchmark 87
natural convection 16, 231
natural-convection problems 127
Navier-Stokes equations 180, 182
residual approximation for 196
Neumann boundary condition 9
new features in version 3.5 3
non-isothermal flow 231
Non-Isothermal Flow predefined multi-
physics coupling 228
non-Newtonian fluids 181
normal heat flux continuity 55
normal vector of the boundary 54
number-average molar mass 34
numerical stability 193
Nusselt correlations 64
Nusselt number 16, 237
average 18

local 18

opaque subdomains 73

out-of-plane ambient radiation 155

out-of-plane heat transfer 81
model 146

Pennes’ approximation 172
perfectly matched layers 34
perfusion rate of blood 175
Prandtl number 16, 237
pressure work 30, 33

production/absorption coefficient 32

radiation 20
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in axisymmetric geometries 70
in heat transfer 6
surface-to-ambient | |
surface-to-surface ||
radiation integration order 27
radiation resolution 27
radiative heat transfer 67
enabling 71
radiosity 10, 25
radiosity method 67
RANS 207
ratio of specific heats 32
Rayleigh number 16, 237
realizability constraints 219
reference bulk temperature 54
residuals, of the Navier-Stokes equations
196
Reynolds number 16, 17, 206
Reynolds stress tensor 208
Reynolds-averaged Navier-Stokes equa-

tions 206, 207

shells
local coordinate system for 158
thin conductive 154
Sl units 47
solving natural-convection problems 127
solving surface-to-surface radiation
problems 76
source and destination pairs 56
spatial heat source 175
specific heat
of blood 175
of tissue 175
specified heat flux 9
specified temperature 9
SSOR preconditioner/smoother 199
stabilization 38

crosswind diffusion 40

isotropic diffusion 42
streamline diffusion 40
stagnation point anomality 220
Stefan-Boltzmann constant 28, 67
strain rate tensor 180
streamline diffusion 195
streamline diffusion stabilization 40
subdomain settings
ideal gas 34
stabilization 38
surface emissivity 72
surface radiosity expression 72
surface temperature 64
surface-to-ambient radiation |1, 68
surface-to-surface radiation | I, 68
direct area integration method 69
guidelines for solving 76
hemicube method 69
surface-to-surface radiation method 27
swirl flow 203
swirl velocity 27
swirl velocity property 27, 203

symmetry boundary condition 176

temperature
boundary condition for 73

temperature boundary condition 58, 73,
177

temperature continuity 55

temperature gradient 80, 175

termal wall functions 58

thermal conductivity 17, 32,78, 91, 173

thermal insulation 9, 176

thermally resistive layer 55, 60

thermos model 109

Thin Conductive Shell 276

Thin Conductive Shell application mode
154,276

thin conductive shells 154



time-scaling coefficient weak constraints 27, 155
in the bioheat equation 175 weakly compressible flow 223
in the heat equation 84 Wilcox k-omega model 210
tissue density 175
turbulence modeling 51
turbulence models
k-epsilon 209
k-omega 210
k-omega vs. k-epsilon 211
property for selecting 27
switching 221
turbulent flow 206
turbulent heat conductivity 32
turbulent kinetic energy 209
turbulent length scale 214
Turbulent Non-Isothermal Flow prede-
fined multiphysics coupling 229
turbulent Prandtl number
extended Kays-Crawford model 52
Kays-Crawford model 52
models for 52
turbulent viscosity 208
turbulent weakly compressible flow 226

typographical conventions 4

U unbounded domains, modeling of 34
universal gas constant 28

up and down pairs 56

VvV Vanka preconditioner/smoother 199
view factors 68
caching 27
viscous heating 30, 33
viscous length scale 213
viscous stress tensor |8l
viscous sublayer 212

volume force 232

W  wall functions 211

thermal 58
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