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Introduction

This guide describes the CFD Module, an optional add-on package for COMSOL
Multiphysics® that provides you with tools for computational fluid dynamics, CFD.
The modeling of fluid flow is an increasingly important part in development of new
equipment and processes.

This chapter introduces you to the capabilities of the module. A summary of the
physics interfaces and where you can find documentation and model examples is
also included. The last section is a brief overview with links to each chapter in this
guide.

¢ About the CFD Module

¢ Overview of the User’s Guide



20 |

About the CFD Module

CHAPTER 1I:

In this section:

e Why CFD is Important for Modeling
* How the CFD Module Helps Improve Your Modeling

* Where Do I Access the Documentation and Application Libraries?

Why CED is Important for Modeling

Computational fluid dynamics, CFD, is an integral part in a constantly growing
number of development processes, and is a well established field within many different
engineering disciplines; mechanical, chemical, civil, aeronautical, and also in more

specialized areas such as biomedical engineering.

Often the flow itself is not the main focus in a simulation. Instead it is how the flow
affects other process and application parameters that is important. The transport of
species through the different parts of a chemical reactor, the effective cooling of a
computer’s hard drive and electronics, the dispersion of energy within the damping
film of an accelerometer, the extent of nuclear waste spreading from a subterranean
repository—all of these are applications for which the flow must be fully understood

and is an integral part of the process’s description and simulation.

In many situations, while the flow can add necessary operational parameters to a
process or application, it is also affected by them. For example, a chemical reactor
creates a pressure which disturbs the flow, the electronic heat affects the fluid’s density
and flow properties, the accelerometer elasticity imposes an oscillation on the flow,

while the subterranean environment’s poroelasticity changes the course of the flow.

A description combining several physics fields is often required to produce accurate
models of real world applications involving fluid flow. Being able to effectively simulate
such models increases the understanding of the studied processes and applications,

which in turn leads to optimization of the flow and other parameters.

Historically, a sophisticated modeling tool was a privilege that only large companies
could afford, for which the savings made in bulk production justified the computer
software costs and need for CFD specialists. Today’s engineers are educated in the use

of software modeling tools, and are often expected to create realistic models of
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advanced systems on their personal computers. This is where COMSOL Multiphysics

can improve your modeling capabilities.

How the CFD Module Helps Improve Your Modeling

The CFD Module is an optional package that extends the COMSOL Multiphysics
modeling environment with customized physics interfaces and functionality optimized
for the analysis of all types of fluid flow. It is developed for a wide variety of users
including researchers, developers, teachers, and students. It is not just a tool for CFD
experts; it can be used by all engineers and scientists who work with systems in which
momentum transport through fluid flow is an important part of a process or

application.

The module uses the latest research possible to simulate fluid flow and it provides the
most user-friendly simulation environment for CFD applications. The solvers and
meshes are optimized for fluid-flow applications and have built-in robust stabilization

methods.

The readily available coupling of heat and mass transport to fluid flow enables
modeling of a wide range of industrial applications such as heat exchangers, turbines,

separation units, and ventilation systems.

Ready-to-use interfaces enable you to model laminar and turbulent single- or
multiphase flow. Functionality to treat coupled free and porous media flow, stirred

vessels, and fluid structure interaction is also included.

Together with COMSOL Multiphysics and its other optional packages, the CFD
Module takes flow simulations to a new level, allowing for arbitrary coupling to physics
interfaces describing other physical phenomena, such as structural mechanics,
electromagnetics, or even user-defined transport equations. This allows for

unparalleled modeling capabilities for multiphysics applications involving fluid flow.

Like all COMSOL modules, the interfaces described in this guide include all the steps
available for the modeling process, which are described in detail in the COMSOL
Multiphysics Reference Manual:

* Definitions of parameters and component variables

¢ Creating, importing and manipulating the geometry

* Specifying the materials to include in the component

¢ Defining the physics of the fluid flow in domains and on boundaries, and coupling
it to other physics
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* Setup an appropriate mesh for the modeling domain with consideration given to the

fluid-flow system’s behavior
¢ Solving the equations that describe a system for stationary or dynamic behavior, or
as a parametric or optimization study

¢ Collecting and analyzing results to present for further use in other analyses.

Once a model is defined, you can go back and make changes in all of the branches
listed, while maintaining consistency in the other definitions throughout. You can
restart the solver, for example, using the existing solution as an initial guess or even
alter the geometry, while the equations and boundary conditions are kept consistent

through the associative geometry feature.

Where Do I Access the Documentation and Application Libraries?

A number of internet resources have more information about COMSOL, including
licensing and technical information. The electronic documentation, topic-based (or
context-based) help, and the application libraries are all accessed through the
COMSOL Desktop.

Ifyou are reading the documentation as a PDF file on your computer,
the blue links do not work to open an application or content
referenced in a different guide. However, if you are using the Help
n system in COMSOL Multiphysics, these links work to open other
modules (as long as you have a license), application examples, and

documentation sets.

THE DOCUMENTATION AND ONLINE HELP

The COMSOL Multiphysics Reference Manual describes the core physics interfaces
and functionality included with the COMSOL Multiphysics license. This book also has
instructions about how to use COMSOL Multiphysics and how to access the

electronic Documentation and Help content.

Opening Topic-Based Help

The Help window is useful as it is connected to many of the features on the GUI. To
learn more about a node in the Model Builder, or a window on the Desktop, click to
highlight a node or window, then press F1 to open the Help window, which then
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displays information about that feature (or click a node in the Model Builder followed
by the Help button ( [gJ ). This is called topic-based (or context) help.

To open the Help window:
* In the Model Builder, Application Builder, or Physics Builder click a node or
window and then press F1.

* On any toolbar (for example, Home, Definitions, or Geometry), hover the
Win mouse over a button (for example, Add Physics or Build All) and then
press F1.
* From the File menu, click Help ( [E )-

* In the upper-right corner of the COMSOL Desktop, click the Help ( 1 )

button.

To open the Help window:

¢ In the Model Builder or Physics Builder click a node or window and then
press F1.

¢ On the main toolbar, click the Help ( [gJ ) button.

e From the main menu, select Help>Help.

Opening the Documentation Window

To open the Documentation window:

Win e Press Ctrl+F1.

¢ From the File menu select Help>Documentation ( I! ).

To open the Documentation window:

e Press Ctrl+F1.

* On the main toolbar, click the Documentation ( [ ) button.
Linux

¢ From the main menu, select Help>Documentation.

ABOUT THE CFD MODULE
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THE APPLICATION LIBRARIES WINDOW

Each application includes documentation with the theoretical background and
step-by-step instructions to create a model application. The applications are available
in COMSOL as MPH-files that you can open for further investigation. You can use the
step-by-step instructions and the actual applications as a template for your own
modeling and applications. In most models, SI units are used to describe the relevant
properties, parameters, and dimensions in most examples, but other unit systems are

available.

Once the Application Libraries window is opened, you can search by name or browse
under a module folder name. Click to view a summary of the application and its
properties, including options to open it or a PDF document.

The Application Libraries Window in the COMSOL Multiphysics
@ Reference Manual.

Opening the Application Libraries Window
To open the Application Libraries window (ﬂ]]] ):

¢ From the Home toolbar, Windows menu, click ([[f] ) Applications
Libraries.
Win ¢ From the File menu select Application Libraries.
To include the latest versions of model examples, from the File>Help
menu, select (,'_J“ﬂ] ) Update COMSOL Application Library.

To include the latest versions of model examples, from the Help menu
Linux select (fﬂfﬂ ) Update COMSOL Application Library.

Select Application Libraries from the main File> or Windows> menus.

CHAPTER 1I:

CONTACTING COMSOL BY EMAIL

For general product information, contact COMSOL at info@comsol.com.

To receive technical support from COMSOL for the COMSOL products, please

contact your local COMSOL representative or send your questions to
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support@comsol.com. An automatic notification and a case number are sent to you by

email.

COMSOL ONLINE RESOURCES

COMSOL website
Contact COMSOL
Support Center
Product Download
Product Updates
COMSOL Blog
Discussion Forum
Events

COMSOL Video Gallery

Support Knowledge Base

www.comsol.com

www.comsol.com /contact
www.comsol.com/support
www.comsol.com/product-download
www.comsol.com/support,/updates
www.comsol.com/blogs
www.comsol.com/community
www.comsol.com/events
www.comsol.com /video

www.comsol.com/support/knowledgebase
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Overview of the User’s Guide

The CFD Module User’s Guide gets you started with modeling CFED systems using
COMSOL Multiphysics. The information in this guide is specific to this module.
Instructions on how to use COMSOL in general are included with the COMSOL
Multiphysics Refevence Manual. For theory relating to the physics interfaces, see the
end of each chapter.

As detailed in the section Where Do I Access the Documentation and
Application Libraries? this information can also be searched from the
COMSOL Multiphysics software Help menu.

CHAPTER 1I:

TABLE OF CONTENTS, GLOSSARY, AND INDEX

To help you navigate through this guide, see the Contents, Glossary, and Index.

QUICK START GUIDE

The Quick Start Guide includes some basic modeling strategies to get you started
modeling fluid flow in your particular application area. For example, it gives some tips
about how to control your material properties and how to set the optimal mesh to
make solving the model easier and quicker. It also includes a summary of all the physics
interfaces included with the CFD Module.

THE PHYSICS INTERFACES

The CFD Module both extends physics interfaces available with COMSOL
Multiphysics and provides additional physics interfaces. As a result, the module
contains a wide range of physics interfaces for modeling various types of momentum
transport. You can simulate laminar and turbulent flow, Newtonian and
non-Newtonian flow, isothermal and non-isothermal flow, multiphase flow, and flow
in porous media. The CFD Module also provides interfaces for modeling flows that

occur in thin-films or in bounded regions, and in stationary and rotating domains.

On top of this, the CFD Module includes physics interfaces for modeling heat transfer,
and transport and reactions of chemical species. These are typical phenomena that

occur in fluid flow and are strongly coupled to the flow field.
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Single-Phase Flow
The Single-Phase Flow Interfaces chapter describes the many physics interfaces
available for laminar and turbulent flow. Modeling Single-Phase Flow helps you choose

the best Fluid Flow interface for your particular application.

Heat Transfer and Non-Isothermal Flow

The CEFD Module includes physics interfaces for the simulation of heat transfer in fluid
flow. As with all other physics models simulated in COMSOL Multiphysics, any
description involving heat transfer can be directly coupled to any other physical
process. This is particularly relevant for systems with fluid flow and mass transfer. The
interfaces also allow you to account for heat sources and sinks, such as energy evolving

from chemical reactions.

The Heat Transfer and Nonisothermal Flow Interfaces chapter describes these physics
interfaces in greater detail. To help you select which physics interface to use see
Modeling Heat Transfer in the CFD Module.

High Mach Flow
The High Mach Number Flow Interfaces chapter describes three versions of the same
predefined multiphysics interface used to model laminar and turbulent compressible

flows at high Mach numbers.

Multiphase Flow

The Multiphase Flow Interfaces chapter describes physics interfaces to model flows
with more than one phase, for example flows with two fluids or flows with dispersed
droplets or particles. To help you select which physics interface to use see Modeling
Multiphase Flow.

Porous Media and Subsurface Flow
The Porous Media and Subsurface Flow Interfaces chapter describes the Darcy’s Law,
Brinkman Equations, and Free and Porous Media Flow interfaces. To help you select

which physics interface to use see Modeling Porous Media and Subsurface Flow.

Thin-Film Flow
The Thin-Film Flow Interfaces chapter describes physics interfaces that model flow in
thin regions such as lubrication shells and fluid bearings.

Chemical Species Transport
The Chemical Species Transport Interfaces chapter describes physics interfaces that are
used for the simulation of chemical reactions, and mass or material transport through
diffusion and convection. Modeling Chemical Species Transport helps you select the
best physics interface to use.

OVERVIEW OF THE USER’S GUIDE |
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The Mathematics Interfaces
Mathematics, Moving Interface Branch describes the Phase Field and Level Set
interfaces found under the Mathematics>Moving Interface branch. In the CFD Module

these physics features are integrated into the relevant physics interfaces.
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Quick Start Guide

This chapter has some basic modeling strategies to get you started modeling fluid
flow in your application area.

In this chapter:

* Modeling and Simulations of Fluid Flow

29
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Modeling and Simulations of Fluid
Flow

In this section:

* Modeling Strategy

* Geometric Complexities

e Material Properties

* Defining the Physics Interfaces and Features

* Meshing

e The Choice of Solver and Solver Settings

¢ The CEFD Module Physics Interface Guide

e Common Physics Interface and Feature Settings and Nodes

e The Liquids and Gases Materials Database

The Physics Interfaces and Building a COMSOL Multiphysics Model in
a the COMSOL Multiphysics Reference Manual

Modeling Strategy

Modeling and simulating fluid flow is a cost-effective way for engineers and scientists

to understand, develop, optimize, and control designs and processes.

One of the most important things to consider before setting up a model is the accuracy
that is required in the simulation results. This determines the level of complexity in the

model.

Since fluid flow simulations are often computationally demanding, a multi-stage
modeling strategy is usually required. This implies using a simplified model as a
starting point in the project. Complexities can then be introduced gradually so that the
effect of each refinement of the model description is well understood before

introducing new complexities.

Complexities in the modeling process can be introduced at different stages in order to

achieve the desired accuracy. They can be introduced in the description of the
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geometry, the physical properties, and in the governing equations. The Model Builder,
which shows the sequence of operations in the model tree, is designed with this

strategy in mind.

In addition to fluid flow, COMSOL Multiphysics and the CFD Module have
predefined couplings for fluid flow and other phenomena. Examples of these couplings
are heat transfer for free convection and transport of chemical species in simulations of
reacting flows. Set up your own couplings by defining mathematical expressions of the
dependent variables (velocity, pressure, temperature, and so forth) in the physics

interfaces for arbitrary multiphysics combinations.

Geometric Complexities

A complicated 3D CAD drawing is usually not the best starting point for the modeling
process. A 2D representation of a cross section of the geometry can give valuable initial
estimates of the flow field that can be used when setting up the full 3D model. For

example, you might be able to determine the pressure variations and the nature of the
flow, or whether or not a turbulence model is needed. This provides information about
where in the final geometry the most amount of ‘change’ occurs, if a more advanced
fluid-flow model and /or better resolution is required, and what parts of the modeling

process are more sensitive than others.

Simplifying the geometry reduces the simulation time. Making use of symmetry planes
can cut down the geometry to one half or even less of the original size. Rounding-off
corners is another way to reduce mesh resolution. Resolving small geometric parts
requires a fine mesh, but the parts themselves can have a negligible effects on the fluid
field as a whole.

Geometry Modeling and CAD Tools in the COMSOL Multiphysics
Q@ Reference Manual

Material Properties

Depending on the accuracy required in a simulation, the effort put in acquiring data
for the fluid properties can also vary. In many cases, the dependencies of the fluid

properties on pressure and temperature have to be taken into account.

For a pressure-driven flow, it is usually a good approach to first set up a model using

constant density and viscosity, to get a first estimate of the flow and pressure fields.

MODELING AND SIMULATIONS OF FLUID FLOW ‘
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Once the model works with constant properties it can be extended by adding the

accurate expressions for density and viscosity.

For free convection the density variations drive the flow. The fluid properties’
dependencies on the modeled variables, for example temperature, then have to be
accounted for from the beginning. In difficult cases, with large temperature variations,
it can be beneficial to run a time-dependent simulation even if the purpose of the

simulation is to get the results at steady-state.

Defining the Physics Interfaces and Features

The CEFD Module has physics interfaces for laminar and turbulent single-phase flow,
multiphase flow, non-isothermal flow, high Mach number flow, thin-film flow, and

porous media flow.

The choice of physics interface and features depends on the accuracy required in a
simulation. A fluid that is weakly compressible could be approximated as
incompressible if the required accuracy allows for it. A complex turbulence model can
be replaced by a much simpler one, again if the resulting accuracy is sufficient. A first
step to set up the physics is to start by making the model as simple as possible. The
results from such a simulation can reveal useful pieces of information that help later

when more complex steps are added to the physics.

The Fluid Flow interfaces can also be coupled to any other physics interface in a
multiphysics model. When setting up such a complex multiphysics component
involving fluid flow and other coupled physics, it is a good strategy to first define and
solve one physics interface at a time. This allows for verification of the model setup, for
example to check if the intended domain and boundary settings are reflected in the
solution of each decoupled physics interface. The alternative, to debug the model

setup with several coupled physics interfaces, can be time-consuming.

In steady-state multiphysics simulations, it can also be a good strategy to start by
solving the model for each physics interface in a decoupled setup. The solutions from
the decoupled models can then be used as initial guesses for the fully coupled model.
This is especially recommended for highly nonlinear models. The Study node is
designed for this modeling strategy.

Building a COMSOL Multiphysics Model and Studies and Solvers in the
@ COMSOL Multiphysics Reference Manual
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Meshing

The mesh used in a fluid flow simulation depends on the fluid flow model and on the
accuracy required in the simulation. A fluid flow model can inherently require a fine
resolution in order to converge, even though the results might not require a
correspondingly high accuracy. In such cases, it can be a good idea to change the fluid
flow model. An example is the low-Reynolds number &-& model which gives a very
accurate description of the flow near solid walls, but requires a very fine mesh there.
In many cases, the standard k-€ model with wall functions can deliver an accurate
enough result at a much lower computational cost. In other cases, the requirement of

accuracy in the results can limit the maximum element size.

There are a number of different mesh types and meshing strategies for fluid flow
modeling in COMSOL Multiphysics.

UNSTRUCTURED MESHES

Free-meshing techniques generate unstructured meshes that can be used for most
types of geometries. The mesh-generating algorithms are highly automated, often
creating a good quality mesh from minimal user input. This mesh type is therefore a
good choice when the geometry of the domain is evident but the behavior of the
mathematical model in it is unknown. Yet, unstructured meshes tend to be isotropic
or homogeneous in nature, so that they fail to take advantage of the different

resolution requirements in the stream-wise and cross-stream directions.

STRUCTURED MESHES

In many ways, the properties of structured meshes complement those of the
unstructured type. Structured meshes provide high quality meshes with few elements
for sufficiently simple geometries. The properties of a structured mesh can
furthermore be used to create very efficient numerical methods. Finally, it is often
casier to control the mesh when high anisotropy or large variations in mesh size and
distribution is required, as the size of a structured mesh can be easily increased linearly

or geometrically with the dimensions of the computational domain.

SWEPT MESHES

Swept meshes are a particular form of structured meshes, sometimes denoted
semistructured. These are generated in 3D by creating a mesh at a source face and then
sweeping it along the domain to a destination face, such as from a cut in the cylindrical
part of a polymerization reactor to its outlet face. A swept mesh is structured in the

sweep direction, while the mesh at the source and destination faces can be either
p >
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structured or unstructured. As is the case for structured meshes, the model geometry
determines if a swept mesh is applicable. Swept meshes are typically ideal when the
cross section in the sweep direction is constant, which is the case for channels and
pipes, for example. Revolving a mesh around a symmetry axis is another useful sweep

operation.

BOUNDARY LAYER MESHES

A boundary layer mesh is a mesh with an element distribution that is stacked or dense
in the direction normal to a boundary. It is created by inserting structured layers of
elements along specific boundaries and merging the outer layer with the surrounding
structured or unstructured mesh. This type of mesh is useful for many fluid flow
applications especially when coupled to mass and energy transfer, where thin boundary

layers need to be resolved. This is also the default physics-induced mesh for fluid flow.

MESH CONVERGENCE

Ideally, a mesh convergence analysis should be performed in order to estimate the
accuracy of a simulation. This means that the mesh should be made twice as fine in each
spatial direction and the simulation carried out once again on the refined mesh. If the
change in critical solution parameters for the original mesh and the finer mesh is within
the required tolerance, the solution can be regarded as being mesh-converged. For
practical reasons, it is seldom possible to make the mesh twice as fine in each direction.

Instead, some critical regions can be identified and the mesh is refined only there.

@l‘ Meshing in the COMSOL Multiphysics Reference Manual

The Choice of Solver and Solver Settings

The default solver for the Fluid Flow interfaces is optimized for a large variety of fluid
flow conditions and applications. The suggested solver depends on the physics
interface and the study type.

The default solver settings is a trade-off between performance and robustness. The
more advanced the model, the more the solver can need tuning to obtain a solution.
This is another reason why it is good to start with a reduced model description rather

than the complete description.

2D models and small 3D models get so-called direct-solver suggestions. Direct solvers

are robust but the memory requirement scales somewhere between N L5and N2 where
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N is the number of degrees of freedom in the model. This means that a direct solver

becomes prohibitively expensive for large problems. Large 3D models therefore get

iterative solver suggestions per default. The memory requirement for an iterative solver

optimally scales as N. The drawback with iterative solvers is that they are less robust

than direct solvers. A model can converge with a direct solver but fail with an iterative

solver. Large models therefore require more care when being set up than small models

do.

For well-posed models, there are possibilities to tune the default solvers to gain

performance. This is especially true for time-dependent models with a variety of solver

settings providing options to reduce the computational time.

E}‘ Studies and Solvers in the COMSOL Multiphysics Reference Manunl

The CED Module Physics Interface Guide

The CED Module extends the functionality of the physics interfaces of the base
package for COMSOL Multiphysics. The details of the physics interfaces and study
types for the CED Module are listed in the table. The functionality of the COMSOL
Multiphysics base package is listed in the COMSOL Multiphysics Reference Mannal.

In the COMSOL Multiphysics Refervence Manual:

¢ Studies and Solvers

'E}, e The Physics Interfaces

* For a list of all the core physics interfaces included with a COMSOL

Multiphysics license, see Physics Interface Guide.

PHYSICS INTERFACE

ICON

TAG

SPACE

DIMENSION TYPE

AVAILABLE PRESET STUDY

¢:2 Chemical Species Transport

Transport of Diluted
Species(

=y

tds

all dimensions |stationary; time dependent

MODELING AND SIMULATIONS OF FLUID FLOW ‘

35



PHYSICS INTERFACE ICON TAG SPACE AVAILABLE PRESET STUDY
DIMENSION TYPE

Transport of JWE  |tcs all dimensions |stationary; time dependent
Concentrated Species

Reacting Flow

Laminar Flow — 3D, 2D, 2D stationary; time dependent

axisymmetric

22¢ Turbulent Flow

Turbulent Flow, k-¢ — 3D, 2D, 2D stationary; time dependent

axisymmetric

Turbulent Flow, k-m — 3D, 2D, 2D stationary; time dependent

axisymmetric

(<8

Turbulent Flow, SST — 3D, 2D, 2D stationary with

axisymmetric |initialization; transient with

(e

initialization
Turbulent Flow, Low 7y |— 3D, 2D, 2D stationary with
Re k-¢ axisymmetric |initialization; transient with
initialization
/& Reacting Flow in Porous Media
Transport of Diluted @P rfds 3D, 2D, 2D stationary; time dependent
Species axisymmetric
Transport of %}5 rfcs 3D, 2D, 2D stationary; time dependent
Concentrated Species axisymmetric
- Fluid Flow
Single-Phase Flow
Creeping Flow = |spf 3D, 2D, 2D stationary; time dependent
axisymmetric
Laminar Flow(!) spf 3D, 2D, 2D stationary; time dependent
axisymmetric
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PHYSICS INTERFACE

22 Turbulent Flow

Turbulent Flow,
Algebraic yPlus

Turbulent Flow, L-VEL

Turbulent Flow, k-g

Turbulent Flow, k-0

Turbulent Flow, SST

Turbulent Flow, Low
Re k-¢

Turbulent Flow,
Spalart-Allmaras

Turbulent Flow, v2-f

Rotating Machinery,

Rotating Machinery,
Laminar Flow

Rotating Machinery,
Turbulent Flow,
Algebraic yPlus

Rotating Machinery,
Turbulent Flow, L-VEL

Rotating Machinery,
Turbulent Flow, k-¢

ICON

<8

<8

|\'(\'

TAG

spf

Fluid Flow

rmspf

rmspf

rmspf

rmspf

SPACE
DIMENSION

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D

3D, 2D

3D, 2D

3D, 2D

AVAILABLE PRESET STUDY
TYPE

stationary with
initialization; transient with
initialization

stationary with
initialization; transient with
initialization

stationary; time dependent

stationary; time dependent

stationary with
initialization; transient with
initialization

stationary with
initialization; transient with
initialization

stationary with
initialization; transient with
initialization

stationary with
initialization; transient with
initialization

frozen rotor; time
dependent

frozen rotor with
initialization; transient with
initialization

frozen rotor with
initialization; transient with
initialization

frozen rotor; time
dependent
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Turbulent Flow

Laminar Two-Phase
Flow, Level Set

=y Two-Phase Flow, Level Set

axisymmetric

3D, 2D, 2D
axisymmetric

PHYSICS INTERFACE ICON |TAG SPACE AVAILABLE PRESET STUDY
DIMENSION TYPE
£ Thin-Film Flow
Thin-Film Flow, Shell B |tfs 3D stationary; time dependent;
frequency domain;
eigenfrequency
Thin-Film Flow, [;] tff 2D stationary; time dependent;
Domain frequency domain;
eigenfrequency
Thin-Film Flow, Edge [E] tffs 2D and 2D stationary; time dependent;
axisymmetric |frequency domain;
eigenfrequency
~_ Multiphase Flow
Ze: Bubbly Flow
Laminar Bubbly Flow Se-  |bf 3D, 2D, 2D stationary; time dependent
axisymmetric
Turbulent Bubbly Flow s |bf 3D, 2D, 2D stationary; time dependent
axisymmetric
=&z Mixture Model
Mixture Model, mm 3D, 2D, 2D stationary; time dependent
Laminar Flow axisymmetric
Mixture Model, mm 3D, 2D, 2D stationary; time dependent
Turbulent Flow axisymmetric
=iz Euler-Euler Model
Euler-Euler Model, ee 3D, 2D, 2D stationary; time dependent
Laminar Flow axisymmetric
Euler-Euler Model, ee 3D, 2D, 2D stationary; time dependent

transient with phase
initialization
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PHYSICS INTERFACE ICON |TAG SPACE AVAILABLE PRESET STUDY
DIMENSION TYPE
Turbulent Two-Phase — 3D, 2D, 2D transient with phase

Flow, Level Set

:53!“: Two-Phase Flow, Phase Field

Laminar Two-Phase
Flow, Phase Field

Turbulent Two-Phase
Flow, Phase Field

) Three-Phase Flow, Phase Field

Laminar, Three-Phase
Flow, Phase Field

axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D

initialization

transient with phase
initialization

transient with phase
initialization

time dependent

® Porous Media and

Subsurface Flow

Brinkman Equations

Darcy’s Law

Two-Phase Darcy’s Law

Free and Porous Media
Flow

br

dl

tpdl

fp

3D, 2D, 2D
axisymmetric

all dimensions

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

stationary; time dependent

stationary; time dependent

stationary; time dependent

stationary; time dependent

== Nonisothermal Flow

Laminar Flow(z)
=Y Turbulent Flow

Turbulent Flow,
Algebraic yPIus(Z)

Turbulent Flow,
L-VEL®

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

3D, 2D, 2D
axisymmetric

stationary; time dependent

stationary with
initialization; transient with
initialization

stationary with
initialization; transient with
initialization
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PHYSICS INTERFACE ICON TAG SPACE AVAILABLE PRESET STUDY

DIMENSION TYPE
Turbulent Flow, k-¢2) A 3D, 2D, 2D stationary; time dependent
axisymmetric
Turbulent Flow, k-0 A 3D, 2D, 2D stationary; time dependent
axisymmetric
Turbulent Flow, SST(Z) S 3D, 2D, 2D stationary with
axisymmetric |initialization; transient with
initialization
Turbulent Flow, Low — 3D, 2D, 2D stationary with
Re k—e(z) axisymmetric |initialization; transient with
initialization
Turbulent Flow, — 3D, 2D, 2D stationary with
Spalart-AIImaras(Z) axisymmetric |initialization; transient with
initialization

; High Mach Number Flow

High Mach Number == |hmnf 3D, 2D, 2D stationary; time dependent
Flow axisymmetric

Turbulent Flow, k-¢ hmnf 3D, 2D, 2D stationary; time dependent

axisymmetric

Turbulent Flow, hmnf 3D, 2D, 2D stationary with
Spalart-Allmaras axisymmetric |initialization; transient with
initialization

Heat Transfer

Heat Transfer in Fluids(!) ht all dimensions |stationary; time dependent
Heat Transfer in Porous ® |ht all dimensions |stationary; time dependent
Media

— Conjugate Heat Transfer

Laminar Flow(? — 3D, 2D, 2D stationary; time dependent
axisymmetric
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PHYSICS INTERFACE ICON |TAG SPACE AVAILABLE PRESET STUDY
DIMENSION TYPE
Turbulent Flow
Turbulent Flow, — 3D, 2D, 2D stationary with
Algebraic yPlus axisymmetric |initialization; transient with
initialization
Turbulent Flow, L-VEL — 3D, 2D, 2D stationary with
axisymmetric |initialization; transient with
initialization
Turbulent Flow, k-s(z) — 3D, 2D, 2D stationary; time dependent
axisymmetric
Turbulent Flow, k-(n(z) — 3D, 2D, 2D stationary; time dependent
axisymmetric
Turbulent Flow, Low — 3D, 2D, 2D stationary with
Re k-e(z) axisymmetric |initialization; transient with
initialization
Turbulent Flow, SST(Z) — 3D, 2D, 2D stationary with
axisymmetric |initialization; transient with
initialization
Turbulent Flow, — 3D, 2D, 2D stationary with
Spalart-Allmaras axisymmetric |initialization; transient with
initialization
Au Mathematics
(" Moving Interface
Level Set Is all dimensions |transient with phase
initialization
Phase Field e |pf all dimensions |time dependent; transient
2
with phase initialization
Ternary Phase Field W |terpf 3D, 2D, 2D time dependent

axisymmetric

(1) This physics interface is included with the core COMSOL package but has added

functionality for this module.

) This physics interface is a predefined multiphysics coupling that automatically adds all the
physics interfaces and coupling features required.
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Common Physics Interface and Feature Settings and Nodes

There are several common settings and sections available for the physics interfaces and
feature nodes. Some of these sections also have similar settings or are implemented in
the same way no matter the physics interface or feature being used. There are also some
physics feature nodes that display in COMSOL Multiphysics.

In each module’s documentation, only unique or extra information is included;
standard information and procedures are centralized in the COMSOL Multiphysics
Reference Manual.

In the COMSOL Multiphysics Reference Manual see Table 2-3 for
links to common sections and Table 2-4 to common feature nodes.
n You can also search for information: press F1 to open the Help

window or Ctrl+F1 to open the Documentation window.

The Liquids and Gases Materials Database

The CFD Module includes an additional Liquids and Gases material database with
temperature-dependent fluid properties.

For detailed information about materials and the Liquids and Gases
A Materials Database, see Materials in the COMSOL Multiphysics
Reference Manual.
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Single-Phase Flow Interfaces

There are several fluid flow physics interfaces available as listed in The CED Module Physics
Interface Guide. This chapter describes the physics interfaces found under the Fluid
Flow>Single-Phase Flow branch (= ). The section Modeling Single-Phase Flow helps to

choose the best physics interface to start with.
In this chapter:

e The Creeping Flow, Laminar Flow, and Turbulent Flow Interfaces
* The Rotating Machinery, Laminar and Turbulent Flow Interfaces
e Theory for the Single-Phase Flow Interfaces

e Theory for the Turbulent Flow Interfaces

* Theory for the Rotating Machinery Interfaces

¢ The Wall Distance Interface is also available and described in the COMSOL Multiphysics
Reference Manual including the theory and how it relates to fluid flow.

43



44 |

Modeling Single-Phase Flow

The descriptions in this section are structured based on the order displayed in the Fluid
Flow branch. All the physics interfaces described in this section are found under the Fluid
Flow>Single-Phase Flow branch ( =). Because most of the physics interfaces are integrated
with each other, many physics features described cross reference to other physics interfaces.
For example, nodes are usually available in both the laminar flow (Creeping Flow and
Laminar Flow) and turbulent flow (Algebraic yPlus, L-VEL, k-¢, k-, SST, low Reynolds

number &-g, Spalart-Allmaras and v2-f turbulence models) interfaces.
In this section:

¢ Seclecting the Right Physics Interface

¢ The Single-Phase Flow Interface Options

* Coupling to Other Physics Interfaces

'ﬂ The Wall Distance Interface in the COMSOL Multiphysics Reference
Manual

Selecting the Right Physics Interface

The Single-Phase Flow branch included with the CFD Module has a number of
subbranches with physics interfaces that describe different types of single-phase fluid flow.
One or more of these physics interfaces can be added, either singularly or in combination

with other physics interfaces for mass transport and heat transfer, for example.

Different types of flow require different equations to describe them. If the type of flow to
model is already known, then select it directly. However, when you are uncertain of the
flow type, or because it is difficult to reach a solution easily, you can start instead with a
simplified model and add complexity as the model is built. Then test your way forward and
compare models and results. For single-phase flow, the Laminar Flow interface is a good

place to start if this is the case.

In other cases, you may know exactly how a fluid behaves and which equations, models,
or physics interfaces best describe it, but because the model is so complex it is difficult to
reach an immediate solution. Simpler assumptions may need to be made to solve the

problem, and other physics interfaces might be better to fine-tune the solution process for
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the more complex problem. The next section gives you an overview of each of the

Single-Phase Flow interfaces to help you choose.

The Single-Phase Flow Interfuce Options

Several of the physics interfaces vary only by one or two default settings (see Table 3-1) in

the Physical Model section, which are selected either from a check box or drop-down list.

For the Single-Phase Flow branch, all except the Rotating Machinery interfaces have the

same Name (spf). The differences are based on the default settings required to model that

type of flow as described in Table 3-1. Figure 3-1 shows the Settings window for Laminar

Flow where you choose the type of compressibility (incompressible, weakly compressible

or compressible at Mach numbers below 0.3) and the turbulence model (or none for

laminar flow), and a check box to model Stokes flow by neglecting the inertial term.

TABLE 3-1: THE SINGLE-PHASE FLOW PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE NAME  COMPRESSIBILITY ~TURBULENT  TURBULENCE NEGLECT
LABEL MODEL TYPE ~ MODEL INERTIAL TERM
(STOKES
FLOW)

Creeping Flow spf Incompressible  None n/a Stokes Flow
flow

Laminar Flow spf Incompressible  None n/a None
flow

Turbulent Flow, spf Incompressible  RANS Algebraic None

Algebraic yPlus flow yPlus

Turbulent Flow, spf Incompressible  RANS L-VEL None

L-VEL flow

Turbulent Flow, k-&¢  spf Incompressible ~ RANS k-€ None
flow

Turbulent Flow, k- spf Incompressible ~ RANS k-m None
flow

Turbulent Flow, SST  spf Incompressible  RANS SST None
flow

Turbulent Flow, Low  spf Incompressible  RANS Low None

Re k-¢ flow Reynolds

number k-

Turbulent Flow, spf Incompressible  RANS Spalart- None

Spalart-Allmaras flow Allmaras

Turbulent Flow, v2-f  spf Incompressible  RANS v2-f None

flow

MODELING SINGLE-PHASE FLOW ‘
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TABLE 3-1: THE SINGLE-PHASE FLOW PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE NAME COMPRESSIBILITY ~TURBULENT  TURBULENCE NEGLECT

LABEL MODEL TYPE ~ MODEL INERTIAL TERM
(STOKES
FLOW)

Rotating Machinery,  rmspf Compressible None None None

Laminar Flow flow (Ma<0.3)

Rotating Machinery,  rmspf Compressible RANS Algebraic None

Turbulent Flow, flow (Ma<0.3) yPlus

Algebraic yPlus

Rotating Machinery,  rmspf Compressible RANS L-VEL None

Turbulent Flow, flow (Ma<0.3)

L-VEL

Rotating Machinery,  rmspf Compressible None RANS, k-e ~ None

Turbulent Flow, k-g flow (Ma<0.3)

CREEPING FLOW

The Creeping Flow Interface (===) models the Navier-Stokes equations without the
contribution of the inertia term. This is often referred to as Stokes flow and is appropriate
for flow at small Reynolds numbers, such as in very small channels or in microfluidic

applications.

The Creeping Flow interface can also be activated by selecting a check box in the Laminar
Flow interface. This physics interface can also model non-Newtonian fluids, using the

Power Law and Carreau models, but not turbulence.

LAMINAR FLOW

is used primarily to model flow at small to intermediate

The Laminar Flow Interface (=
Reynolds numbers. The physics interface solves the Navier-Stokes equations, and by
default assumes the flow to be incompressible; that is, the density is assumed to be

constant.

Compressible flow is possible to model in this physics interface but you have to maintain

control of the density and any of the mass balances that are deployed to accomplish this.

The Laminar Flow Interface allows you to model porous media flow or even mixed free-

and porous media flow. A volume force due to gravity can optionally be included.

This physics interface also allows you to simulate a certain class of non-Newtonian fluid
flows by modifying the dynamic viscosity in the Navier-Stokes equations. You can model
the fluid using the power law and Carreau models or enter another expression that

describes the dynamic viscosity appropriately.
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You can also describe other material properties such as density by entering equations for
its dependence on fluid composition and pressure (for compressible flow), or temperature.
Many materials in the material libraries use temperature- and pressure-dependent property
values. If the density is affected by temperature, a non-isothermal flow interface may be
applicable (see The Nonisothermal Flow and Conjugate Heat Transfer, Laminar Flow and
Turbulent Flow Interfaces).
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Turbulence model:
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Wall treatment:
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[} MNeglect inertial term (Stokes flow)

[T] Enable porous media domains

[ Include gravity
[T] Use shallow channel approximation
Reference values

Reference pressure level:
Pref  1[atm] Pa
Reference temperature:

Tref  293.15[K] K

Dependent Variables

Figure 3-1: The Settings window for the Laminar Flow interfice. Model incompressibie or
compressible flow, laminar or turbulent flow, Stokes flow and/or porous media flow.
Combinations ave also possible.

TURBULENT FLOW
The various forms of the Single-Phase Flow, Turbulent Flow interfaces (247 ) model flow
of large Reynolds numbers. The interfaces solve the Reynolds-averaged Navier-Stokes

(RANS) equations for the filtered velocity field and filtered pressure as well as models for
the turbulent viscosity. See The Creeping Flow, Laminar Flow, and Turbulent Flow
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Interfaces for links to the physics interface information.

There are several turbulence models available: two algebraic turbulence models, the
Algebraic yPlus and L-VEL models, and five transport-equation models, including a basic
k-& model, a k-0 model, an SST model, a Low Reynolds number %&-¢ model, the
Spalart-Allmaras model, and the v2-f model. Each model has its merits and weaknesses.

See the Theory for the Turbulent Flow Interfaces for more details.

Similarly to the Laminar Flow interface, incompressible flow is selected by default. If
required, this can be changed to compressible flow. Non-Newtonian fluid models are not

available for the Turbulent Flow interfaces.

ROTATING MACHINERY
The Rotating Machinery, Laminar and Turbulent Flow Interfaces (L) model fluid flow
in geometries with rotating parts. For example, stirred tanks, mixers, propellers and

pumps.

Unlike the other physics interfaces under the Single-Phase Flow branch, the Rotating
Machinery, Fluid Flow interface can not be activated directly from the Laminar Flow
interface or any of the other physics interfaces. It supports compressible and
incompressible flow, the flow of non-Newtonian fluids using the Power Law and Carreau

models, as well as turbulence. This physics interface also supports creeping flow.

Coupling to Other Physics Interfaces

Often, you may want to simulate applications that couple fluid flow to another type of
phenomenon described in another physics interface. Although this is not often another
type of flow, it can still involve physics interfaces supported in the CFD Module and in the
COMSOL Multiphysics base package. This is often the case for applications that include
chemical reactions and mass transport (see Chemical Species Transport Interfaces), or

energy transport, found in the Heat Transfer and Nonisothermal Flow Interfaces chapter.
gy port, p

More extensive descriptions of heat transfer, including radiation, can be found in the Heat
Transfer Module, while a wider variety of tools for modeling chemical reactions and mass
transport are found in the Chemical Reaction Engineering Module. Fluid flow is an
important component for cooling electromagnetic phenomena, such as heat created
through induction and microwave heating, which are simulated using the AC/DC
Module and RF Module, respectively. Many applications involve the effect of
fluid-imposed loads on structural applications, for example, fluid-structure interaction
(FSI). The Structural Mechanics Module and MEMS Module have physics interfaces
specifically for these multiphysics applications.

MODELING SINGLE-PHASE FLOW
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The Creeping Flow, Laminar Flow,
and Turbulent Flow Interfaces

In this section:

¢ The Creeping Flow Interface

e The Laminar Flow Interface

e The Turbulent Flow, Algebraic yPlus Interface
¢ The Turbulent Flow, L-VEL Interface

¢ The Turbulent Flow, k-¢ Interface

¢ The Turbulent Flow, k-w Interface

¢ The Turbulent Flow, SST Interface

e The Turbulent Flow, Low Re k-e Interface

e The Turbulent Flow, Spalart-Allmaras Interface

¢ The Turbulent Flow, v2-f Interface

e Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow

@,

* Theory for the Single-Phase Flow Interfaces

In the COMSOL Multiphysics Refervence Manual, see Table 2-3 for links to common
sections such as Discretization, Consistent Stabilization, Inconsistent Stabilization, and
Advanced Settings scctions, all accessed by clicking the Show button (“& ) and choosing the
applicable option. You can also search for information: press F1 to open the Help window

or Ctrl+F1 to open the Documentation window.

The Creeping Flow Interface

The Creeping Flow (spf) interface (==) is used for simulating fluid flows at very low
Reynolds numbers for which the inertial term in the Navier-Stokes equations can be
neglected. Creeping flow, also referred to as Stokes flow, occurs in systems with high

viscosity or small geometrical length scales (for example, in microfluidics and MEMS
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devices). The fluid can be compressible or incompressible, as well as Newtonian or

non-Newtonian.

The equations solved by the Creeping Flow interface are the Stokes equations for

conservation of momentum and the continuity equation for conservation of mass.
The Creeping Flow interface can be used for stationary and time-dependent analyses.

The main feature is the Fluid Properties node, which adds the Stokes equations and
provides an interface for defining the fluid material and its properties. Except where noted

below, see The Laminar Flow Interface for all other settings.

PHYSICAL MODEL
By default, the Neglect inertial term (Stokes flow) check box is selected. If unchecked, or, if
the Turbulence model type is changed to RANS, the inertial terms are included in the

computations.

DISCRETIZATION

By default, the Creeping Flow interface uses P2+P1 elements. Contrary to general laminar
and turbulent single-phase flow simulations employing purely linear P1+P1 elements,
P2+P1 elements are well suited for most Creeping flow simulations but are not in general
tully conservative. Full conservation properties and high accuracy is obtained by selecting
P2+P2 or P3+P3 elements.

Observe that P1+P1, P2+P2 and P3+P3 discretizations (the so called equal order

interpolations) require streamline diffusion to be active.

CONSISTENT STABILIZATION
This check box is selected by default and should remain selected for optimal performance.

The consistent stabilization method does not perturb the original transport equation.

e The Laminar Flow Interface

* Theory for the Single-Phase Flow Interfaces

The Laminar Flow Interface

The Laminar Flow (spf) interface (== ) is used to compute the velocity and pressure fields
for the flow of a single-phase fluid in the laminar flow regime. A flow remains laminar as
long as the Reynolds number is below a certain critical value. At higher Reynolds numbers,

disturbances have a tendency to grow and cause transition to turbulence. This critical

THE CREEPING FLOW, LAMINAR FLOW, AND TURBULENT FLOW INTERFACES
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Reynolds number depends on the model, but a classical example is pipe flow where the

critical Reynolds number is known to be approximately 2000.

The physics interface supports incompressible flow, weakly compressible flow (the density
depends on temperature but not pressure) and compressible flow at low Mach numbers
(typically less than 0.3). It also supports flow of non-Newtonian fluids.

The equations solved by the Laminar Flow interface are the Navier-Stokes equations for

conservation of momentum and the continuity equation for conservation of mass.

The Laminar Flow interface can be used for stationary and time-dependent analyses.
Time-dependent studies should be used in the high-Reynolds number regime as these

flows tend to become inherently unsteady.

When the Laminar Flow interface is added, the following default nodes are also added in
the Model Builder: Fluid Properties, Wall (the default boundary condition is No slip), and

Initial Values. Other nodes, that implement, for example, boundary conditions and volume
forces, can be added from the Physics toolbar or from the context menu displayed when

right-clicking Laminar Flow.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics interface.
Physics interface variables can be referred to using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.
The default Name (for the first physics interface in the model) is spf.

About the Physics Interface Label Names

The label for a single-phase flow interface (the node name in the Model Builder) is
dynamic and is re-set according to the turbulence model and the neglect inertial term
(Stokes flow) property set at the physics interface level. The availability also depends on
the software license.

For example, a Laminar Flow interface is added to the Model Tree. If the Low Reynolds
number k- turbulence model is selected, the interface Label changes to Turbulent Flow, Low
Re k-g, which is the same Label that displays when the corresponding interface is added
from the Model Wizard or Add Physics window.
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If the Neglect inertial term (Stokes flow) check box is selected, then the Label changes to
Creeping Flow, which is the same Label that displays when that interface is added from the
Model Wizard or Add Physics window.

PHYSICAL MODEL

Compressibility

Depending of the fluid properties and the flow regime, three options are available for the
Compressibility option. In general the computational complexity increases from
Incompressible flow to Weakly compressible flow to Compressible flow (Ma<0.3) but the
underlying hypotheses are increasingly more restrictive in the opposite direction.

When the Incompressible flow option (default) is selected, the incompressible form of the
Navier-Stokes and continuity equations is applied. In addition, the fluid density is
evaluated at the Reference pressure level and at the Reference temperature defined in

Reference values. The fluid dynamic viscosity is evaluated at the Reference temperature.

The Weakly compressible flow option models compressible flow when the pressure
dependency of the density can be neglected. When selected, the compressible form of the
Navier-Stokes and continuity equations is applied. In addition, the fluid density is

evaluated at the Reference pressure level defined in Reference values.

When the Compressible flow (Ma<0.3) option is selected, the compressible form of the
Navier-Stokes and continuity equations is applied. Ma < 0.3 indicates that the inlet and
outlet conditions, as well as the stabilization, may not be suitable for transonic and

supersonic flow. For more information, see The Mach Number Limit.

Turbulence Model Type
Turbulent flow can be simulated by changing the Turbulence model type to RANS
(Reynolds-Averaged Navier-Stokes).

Swirl Flow

The velocity component, u,, in the azimuthal direction can be included for 2D

(P)
axisymmetric components by selecting the Swirl flow check box. While u, can be nonzero,

there can be no gradients in the @ direction. Also see General Single-Phase Flow Theory.

Neglect Inertial Term (Stokes Flow)
For low Reynolds number flows, the inertial terms in the Navier-Stokes equations may be
neglected.
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Porous Media Domains

With the addition of various modules, the Enable porous media domains check box is
available. Selecting this option, a Fluid and Matrix Properties node, a Mass Source node, and
a Forchheimer Drag subnode are added to the physics interface. These are described for the
Brinkman Equations interface in the respective module’s documentation. The Fluid and

Matrix Properties can be applied on all domains or on a subset of the domains.

Include gravity
When the Include gravity check-box is selected a global Gravity feature is shown in the

interface model tree and the buoyancy force is included in the Navier-Stokes equations.

When the Include gravity check box is selected, the option Use reduced pressure changes
the pressure formulation from using the total pressure (default) to using the reduced
pressure. This option is suitable for configurations where the density changes are very

small, otherwise the default formulation can be used. For more information, see Gravity.

Natural convection is induced by variations in magnitude of the buoyancy
force which is defined from the density. For incompressible flow the
density is constant, hence the buoyancy force is homogeneous and natural

convection can not be modeled. Nevertheless, using the Nonisothermal

[

Flow multiphysics coupling, the buoyancy force is defined using the
thermal expansion coefficient and the temperature. Hence in this case

natural convection is accounted for following Boussinesq approximation.

Use Shallow Channel Approximation

For 2D components, selecting the Use shallow channel approximation check box enables
modeling of fluid flow in shallow channels in microfluidics applications. Such channels
often have an almost rectangular cross section where the Channel thickness d, is much
smaller than the channel width. Simple 2D components often fail to give correct results
for this type of problems because they exclude the boundaries that have the greatest effect
on the flow. The shallow channel approximation takes the effect of these boundaries into
account by adding a drag term as a volume force to the momentum equation. The form

of this term is

u
F, = -123-5 (3-1)

z

where W is the fluid’s dynamic viscosity, u is the velocity field, and d, is the channel

thickness. This term represents the resistance that the parallel boundaries impose on the
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flow; however, it does not account for any changes in velocity due to variations in the

cross-sectional area of the channel.

Reference values
Reference values are global quantities used to evaluate the density and viscosity of the fluid
when the Incompressible flow or the Weakly compressible flow option is selected and to

define the gravity force.

Reference pressure level There are generally two ways to include the pressure in fluid flow
computations: either to use the absolute pressure pp=p+p,.f, or the gauge pressure p.
When p,.ris nonzero, the physics interface solves for the gauge pressure whereas material
properties are evaluated using the absolute pressure. The reference pressure level is also

used to define the reference density.
Reference temperature The reference temperature is used to define the reference density.

Reference position When Include gravity is sclected, the reference position can be defined.
It corresponds to the location where the total pressure (that includes the hydrostatic

pressure) is equal to the Reference pressure level.

DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface — the
Velocity field u and its components, and the Pressure p.

The Projection Method for the Navier-Stokes Equations requires additional dependent

variables. These are the Corrected velocity field u, and the Corrected pressure p,..

If required, the names of the field, component, and dependent variable may be edited.
Editing the name of a scalar dependent variable changes both its field name and the
dependent variable name. If a new field name coincides with the name of another field of
the same type, the fields share degrees of freedom and dependent variable names. A new
field name must not coincide with the name of a field of another type or with a component
name belonging to some other field. Component names must be unique within a model

except when two fields share a common field name.

ADVANCED SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.
Normally these settings do not need to be changed.

The Use pseudo time stepping for stationary equation form option adds pseudo time

derivatives to the equation when the Stationary equation form is used in order to speed up
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convergence. When selected, a CFL number expression should also be defined. For the
default Automatic option, the local CFL number (from the Courant—Friedrichs—Lewy
condition) is determined by a PID regulator.

e Pscudo Time Stepping for Laminar Flow Models

* The Projection Method for the Navier-Stokes Equations

Q .

e Theory for the Single-Phase Flow Interfaces

Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow

DISCRETIZATION
The default discretization for Laminar Flow is PI+P1 elements. That is piecewise linear
interpolation for velocity and pressure. This is suitable for most flow problems.

Some higher order interpolations are also available and these can cost-effective options to

obtain high accuracy for flows with low Reynolds numbers.

The P2+P2 and P3+P3 options, the equal order interpolation options, are the preferred
higher order options since they have higher numerical accuracy than the mixed order
options, P2+P1 and P3+P2. The equal order interpolation options do however require
streamline diffusion to be active.

Flow Past a Cylinder: Application Library path
ﬂ]]] COMSOL_Multiphysics/Fluid_Dynamics/cylinder_flow

The Turbulent Flow, Algebraic yPlus Interface

The Turbulent Flow, Algebraic yPlus (spf) interface ( 2]w) is used for simulating single-phase
flows at high Reynolds numbers. The physics interface is suitable for incompressible flows,
weakly compressible flows, and compressible flows at low Mach numbers (typically less
than 0.3).

The equations solved by the Turbulent Flow, Algebraic yPlus interface are the
Reynolds-averaged Navier-Stokes (RANS) equations for conservation of momentum, the
continuity equation for conservation of mass, and an algebraic equation for the scaled wall
distance. Turbulence effects are included using an enhanced viscosity model based on the
scaled wall distance, and the physics interface therefore includes a wall distance equation.
When this physics interface is added, the following default nodes are also added in the

CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



Model Builder—Fluid Properties, Wall (the default boundary condition is Ne slip), and Initial

Values.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,

k-e Interface for all the other settings.

PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

Wall Treatment

Algebraic yPlus employs per default an Automatic wall treatment, which switches between
a low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust
formulation that makes the most out of the available resolution. Select the Low Re option
in order to enforce resolution all the way down to the wall. This can be more accurate than

the automatic wall treatment provided that the mesh is fine enough.

Porous Media Domains

With the addition of various modules, the Enable porous media domains check box is
available. Selecting this option, a Fluid and Matrix Properties node, a Mass Source node, and
a Forchheimer Drag subnode are added to the physics interface. These are described for the
Brinkman Equations interface in the respective module’s documentation. Applying the Fluid
and Matrix Properties on a subset of the domains enables studies of coupled porous-media

flow and turbulent flow.

TURBULENCE MODEL PARAMETERS
The turbulence model parameters for the Algebraic yPlus model, &, and B, have been
optimized for turbulent pipe flow. For certain cases, better performance can be obtained

by tuning the model parameters.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u

* Pressure p

* Reciprocal wall distance G

* Wall distance in viscous units yPlus (dimensionless)
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The Algebraic yPlus interface requires a Wall Distance Initialization study step in the study

previous to the Stationary or Time Dependent study step.

For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Reference Manual.

The Turbulent Flow, L-VEL Interface

The Turbulent Flow, L-VEL (spf) interface (=} ) is used for simulating single-phase flows at
high Reynolds numbers. The physics interface is suitable for incompressible flows, weakly

compressible flows, and compressible flows at low Mach number (typically less than 0.3).

The equations solved by the Turbulent Flow, L-VEL interface are the Reynolds-averaged
Navier-Stokes (RANS) equations for conservation of momentum and the continuity
equation for conservation of mass. Turbulence effects are included using an enhanced
viscosity model based on the local wall distance, and the physics interface therefore
includes a wall distance equation. When this physics interface is added, the following
default nodes are also added in the Model Builder — Fluid Properties, Wall (the default
boundary condition is No slip), and Initial Values. Except where included below, see The

Laminar Flow Interface and The Turbulent Flow, k-e Interface for all the other settings.

PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

Wall Treatment

L-VEL employs per default an Automatic wall treatment, which switches between a
low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust
formulation that makes the most out of the available resolution. Select the Low Re option
in order to enforce resolution all the way down to the wall. This can be more accurate than

the automatic wall treatment provided that the mesh is fine enough.

Porous Media Domains

With the addition of various modules, the Enable porous media domains check box is
available. Selecting this option, a Fluid and Matrix Properties node, a Mass Source node, and
a Forchheimer Drag subnode are added to the physics interface. These are described for the
Brinkman Equations interface in the respective module’s documentation. Applying the Fluid
and Matrix Properties on a subset of the domains enables studies of coupled porous-media

flow and turbulent flow.
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TURBULENCE MODEL PARAMETERS
Turbulence model parameters, &3 and E}, have been optimized for internal flow. For

certain cases, better performance can be obtained by tuning the model parameters.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

* Reciprocal wall distance G

* Tangential velocity in viscous units uPlus (dimensionless)

The L-VEL interface requires a Wall Distance Initialization study step in the study
previous to the Stationary or Time Dependent study step.

For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Reference Manual.

The Turbulent Flow, k-€ Interface

The Turbulent Flow, k-g (spf) interface (2%7) is used for simulating single-phase flows at
high Reynolds numbers. The physics interface is suitable for incompressible flows, weakly

compressible flows, and compressible flows at low Mach numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, k-¢ interface are the Reynolds-averaged
Navier-Stokes (RANS) equations for conservation of momentum and the continuity
equation for conservation of mass. Turbulence effects are modeled using the standard
two-equation k-g model with realizability constraints. The flow near walls is modeled using
wall functions.

The Turbulent Flow, k- interface can be used for stationary and time-dependent analyses.
The main feature is Fluid Properties, which adds the RANS equations and the transport
equations for k£ and €, and provides an interface for defining the fluid material and its
properties. When this physics interface is added, the following default nodes are also added
in the Model Builder: Fluid Properties, and Initial Values.

Except where included below, see The Laminar Flow Interface for all the other settings.
PHYSICAL MODEL

A different turbulence model can be selected under Turbulence model. Laminar or creeping
flow may simulated by changing the Turbulence model type to None.
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Wall treatment for the k-€ model can only be set to Wall functions. More options becomes

available by selecting another option under Turbulence model.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,

and for 2D components also the Shallow Channel Approximation check box.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are C,q, Co9, C, 0k, 0, &, and B.

DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface:

* Velocity field u and its components
* Pressure p

¢ Turbulent kinetic energy %

¢ Turbulent dissipation rate ep

The Projection Method for the Navier-Stokes Equations requires additional dependent
variables. These are the Corrected velocity field u, and the Corrected pressure p...

ADVANCED SETTINGS

To display this section, click the Show button (& ) and select Advanced Physics Options.
The Turbulence variables scale parameters subsection is available when the Turbulence model
type is set to RANS.

In addition to the settings described for the Laminar Flow interface, enter a value for

Ugcale and Ly, s under the Turbulence variables scale parameters subsection.

The Uggale and Ly, parameters are used to calculate absolute tolerances for the
turbulence variables. The scaling parameters must only contain numerical values, units or
parameters defined under Global Definitions. The scaling parameters cannot contain

variables. The parameters are used when a new default solver for a transient study step is
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generated. If you change the parameters, the new values take effect the next time you

generate a new default solver

e The Laminar Flow Interface

e DPseudo Time Stepping in the COMSOL Multiphysics Reference
@I‘- Mannal

* Theory for the Turbulent Flow Interfaces

o Airflow Over an Abhmed Body: Application Library path
CFD_Module/Single-Phase_Benchmarks/ahmed_body

Solar Panel in Periodic Flow: Application Library path
CFD_Module/Single-Phase_Tutorials/solar_panel

The Turbulent Flow, k- Interface

The Turbulent Flow, k- (spf) interface (#77) is used for simulating single-phase flows at

high Reynolds numbers. The physics interface is suitable for incompressible flows, weakly

compressible flows, and compressible flows at low Mach numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, k- interface are the Reynolds-averaged
Navier-Stokes (RANS) equations for conservation of momentum and the continuity
equation for conservation of mass. Turbulence effects are modeled using the Wilcox
revised two-equation k-m model with realizability constraints. The k- model is a so-called
low-Reynolds number model, which means that it can resolve the flow all the way down
to the wall.

The Turbulent Flow, k- interface can be used for stationary and time-dependent analyses.
The main feature is Fluid Properties, which adds the RANS equations and the transport
equations for the turbulent kinetic energy & and the specific dissipation m, and provides an
interface for defining the fluid material and its properties. When this physics interface is
added, the following default nodes are also added in the Model Builder: Fluid Properties,

Wall, and Initial Values.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,

k-e Interface for all the other settings.
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PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,
and for 2D components also the Shallow Channel Approximation check box.

Wall Treatment

The k- model employs per default an Automatic wall treatment, which switches between
a low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust
formulation that makes the most out of the available resolution. The most robust, but least

accurate option is select the Wall functions option.

Select the Low Re option in order to enforce resolution all the way down to the wall. This
can be more accurate than the automatic wall treatment provided that the mesh is fine
enough. Observe that the Low Re formulation requires the wall distance to be solved for

prior to the flow.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are o, 6y, 0y, fo, fo*» &» and B.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

¢ Turbulent kinetic energy %

¢ Specific dissipation rate om

Flow Through a Pipe Elbow: Application Library path
ﬂ]]] CFD_Module/Single-Phase_Benchmarks/pipe_elbow
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The Turbulent Flow, SST Interface

The Turbulent Flow, SST (spf) interface (=) is used for simulating single-phase flows at
high Reynolds numbers. The physics interface is suitable for incompressible flows, weakly

compressible flows, and compressible flows at low Mach numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, SST interface are the Reynolds-averaged
Navier-Stokes (RANS) equation for conservation of momentum and the continuity
equation for conservation of mass. Turbulence effects are modeled using the Menter
shear-stress transport (SST) two-equation model from 2003 with realizability constraints.
The SST model is a so-called low-Reynolds number model, which means that it can resolve
the flow all the way down to the wall. The SST model depends on the distance to the

closest wall. The physics interface therefore includes a wall distance equation.

The Turbulent Flow, SST interface can be used for stationary and time-dependent

analyses.

When this physics interface is added, the following default nodes are also added in the
Model Builder: Fluid Properties, Wall (the default boundary condition is No slip), and Initial
Values.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,

k-e Interface for all the other settings.

PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,
and for 2D components also the Shallow Channel Approximation check box.

Wall Treatment

The SST model employs per default an Automatic wall treatment, which switches between
a low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust

formulation that makes the most out of the available resolution.

Select the Low Re option in order to enforce resolution all the way down to the wall. This
can be more accurate than the automatic wall treatment provided that the mesh is fine

enough.
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TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for
some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are aq, ", B, Bo, 1, % Oki» Oka, Oy1,and Oya.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

¢ Turbulent kinetic energy %

¢ Specific dissipation rate om

¢ Reciprocal wall distance G

The SST interface requires a Wall Distance Initialization study step in the study previous to
the Stationary or Time Dependent study step.

For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Reference Manual.

The Turbulent Flow, Low Re k-€ Interface

The Turbulent Flow, Low Re k-g (spf) interface (3%) is used for simulating single-phase
flows at high Reynolds numbers. The physics interface is suitable for incompressible flows,
weakly compressible flows, and compressible flows at low Mach numbers (typically less
than 0.3).

The equations solved by the Turbulent Flow, Low Re k-¢ interface are the
Reynolds-averaged Navier-Stokes (RANS) equations for conservation of momentum and
the continuity equation for conservation of mass. Turbulence effects are modeled using
the AKN two-equation £-& model with realizability constraints. The AKN model is a
so-called low-Reynolds number model, which means that it can resolve the flow all the way
down to the wall. The AKN model depends on the distance to the closest wall. The physics

interface therefore includes a wall distance equation.

The Turbulent Flow, Low Re k-¢ interface can be used for stationary and time-dependent

analyses.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,
k-¢ Interface for all the other settings.
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PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,
and for 2D components also the Shallow Channel Approximation check box.

Wall Treatment

The AKN model employs per default an Automatic wall treatment, which switches between
a low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust
formulation that makes the most out of the available resolution.

Select the Low Re option in order to enforce resolution all the way down to the wall. This
can be more accurate than the automatic wall treatment provided that the mesh is fine

enough.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are C,1, C,9, C, 0k, 0, and k.

DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

* Turbulent kinetic energy %

* Turbulent dissipation rate ep

* Reciprocal wall distance G

The Low Reynolds number k-¢ interface requires a Wall Distance Initialization study step

in the study previous to the Stationary or Time Dependent study step.
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For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Reference Manual.

e The Laminar Flow Interface

* Pseudo Time Stepping in the COMSOL Multiphysics Reference
@l Mannal

* Theory for the Turbulent Flow Interfaces

The Turbulent Flow, Spalart-Allmaras Interface

The Turbulent Flow, Spalart-Allmaras (spf) interface (=<) is used for simulating
single-phase flows at high Reynolds numbers. The physics interface is suitable for
incompressible flows, weakly compressible flows, and compressible flows at low Mach

numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, Spalart-Allmaras interface are the
Reynolds-averaged Navier-Stokes (RANS) equation for conservation of momentum and
the continuity equation for conservation of mass. Turbulence effects are modeled using
the Spalart-Allmaras one-equation model. The Spalart-Allmaras model is a so-called
low-Reynolds number model, which means that it can resolve the flow all the way down
to the wall. The Spalart-Allmaras model depends on the distance to the closest wall. The

physics interface therefore includes a wall distance equation.

The Turbulent Flow, Spalart-Allmaras interface can be used for stationary and
time-dependent analyses. The main feature is Fluid Properties, which adds the RANS
equations and the transport equations for the undamped turbulent kinematic velocity y ,
and provides an interface for defining the fluid material and its properties. When this
physics interface is added, the following default nodes are also added in the Model Builder—
Fluid Properties, Wall, and Initial Values.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,

k-e Interface for all the other settings.

PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,

and for 2D components also the Shallow Channel Approximation check box.
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Wall Treatment

The Spalart-Allmaras model employs per default an Automatic wall treatment, which
switches between a low-Reynolds-number formulation and a wall function formulation
depending on how well resolved the flow is close to the wall. The automatic wall treatment

gives a robust formulation that makes the most out of the available resolution.

Select the Low Re option in order to enforce resolution all the way down to the wall. This
can be more accurate than the automatic wall treatment provided that the mesh is fine

enough.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are Cy1, Cpo, Cy1, Gy, Cya, Cy3, K, and Cpet.

ADVANCED SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.
Under the Turbulence variables scale parameters subsection, the default vy e is of the same

order of magnitude as the kinematic viscosity of air at room temperature.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

* Reciprocal wall distance G

* Undamped turbulent kinematic viscosity v

The Spalart-Allmaras interface requires a Wall Distance Initialization study step in the

study previous to the Stationary or Time Dependent study step.

For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Reference Manual.

The Turbulent Flow, v2-f Interfuce

The Turbulent Flow, v2-f (spf) interface (277) is used for simulating single-phase flows at

high Reynolds numbers. The physics interface is suitable for incompressible flows, weakly
compressible flows, and compressible flows at low Mach numbers (typically less than 0.3).
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The equations solved by the Turbulent Flow, v2-finterface are the Reynolds-averaged
Navier-Stokes (RANS) equations for conservation of momentum and the continuity
equation for conservation of mass. Turbulence effects are modeled using the v2-f
transport-equation model with realizability constraints. The v2-f model is a so-called
low-Reynolds number model, which means that it can resolve the flow all the way down

to the wall. The physics interface includes a wall distance equation.

The Turbulent Flow, v2-finterface can be used for stationary and time-dependent

analyses.

Except where included below, see The Laminar Flow Interface and The Turbulent Flow,

k-e Interface for all the other settings.

PHYSICAL MODEL
A different turbulence model can be selected under Turbulence model. Laminar or creeping

flow may simulated by changing the Turbulence model type to None.

The Turbulence model property disables the Neglect inertial term (Stokes flow) check box,
and for 2D components also the Shallow Channel Approximation check box.

Wall Treatment

The v2-f model employs per default an Automatic wall treatment, which switches between
a low-Reynolds-number formulation and a wall function formulation depending on how
well resolved the flow is close to the wall. The automatic wall treatment gives a robust

formulation that makes the most out of the available resolution.

Select the Low Re option in order to enforce resolution all the way down to the wall. This
can be more accurate than the automatic wall treatment provided that the mesh is fine

enough.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.
For this physics interface the parameters are Cyyar, Cr, Cy, Cp, C1, Cg, Cevap, Ceavap, A1,

Okvats Oevafs Ofvaf, and &,

DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface:

* Velocity field u and its components

* Pressure p
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* Turbulent kinetic energy %
* Turbulent dissipation rate ep

¢ Turbulent relative fluctuations zeta
* Elliptic blending function alpha

* Reciprocal wall distance G

The v2-finterface requires a Wall Distance Initialization study step in the study previous

to the Stationary or Time Dependent study step.

For study information, see Stationary with Initialization, Transient with Initialization, and
Wall Distance Initialization in the COMSOL Multiphysics Refervence Manual.

e The Laminar Flow Interface

e DPscudo Time Stepping in the COMSOL Multiphysics Reference
@ Manual

e Theory for the Turbulent Flow Interfaces
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Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow

The following nodes, listed in alphabetical order, are available from the Physics ribbon

toolbar (Windows users), Physics context menu (Mac or Linux users), or by right-clicking

to access the context menu (all users).

* Boundary Stress
¢ Fan

¢ Flow Continuity
¢ Fluid Properties

e Generate New Turbulence Model

Interface
o QGrille
e Gravity
¢ Initial Values
e Inlet
¢ Interior Fan

e Interior Wall

Line Mass Sourcel
Open Boundary

Outlet

Periodic Flow Condition
Pipe Connection!

Point Mass Sourcel
Pressure Point Constraint
Screen

Symmetry

Vacuum Pump

Volume Force

Wall

L A feature that may require an additional license

For 2D axisymmetric components, COMSOL Multiphysics takes the axial

5_%_; symmetry boundaries (at r = 0) into account and adds an Axial Symmetry
I

node that is valid on the axial symmetry boundaries only.

In the COMSOL Multiphysics Reference Manual, see Table 2-3 for links to common

sections and Table 2-4 to common feature nodes. You can also search for information:

press F1 to open the Help window or Ctrl+F1 to open the Documentation window.

Fluid Properties

The Fluid Properties node adds the momentum and continuity equations solved by the

physics interface, except for volume forces which are added by the Volume Force feature.

The node also provides an interface for defining the material properties of the fluid.
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For the Turbulent Flow interfaces, the Fluid Properties node also adds the equations for

the turbulence transport equations.

MODEL INPUTS
Fluid properties, such as density and viscosity, can be defined through user inputs,
variables, or by selecting a material. For the latter option, additional inputs, for example

temperature or pressure, may be required to define these properties.

Temperature

By default, the single-phase flow interfaces are set to model isothermal flow. If a Heat
Transfer interface is included in the component, the temperature field may alternatively be
selected from this physics interface. All physics interfaces have their own tags (Name). For
example, if a Heat Transfer in Fluids interface is included in the component, the

Temperature (ht) option is available for T.

Absolute Pressure

This input appears when a material requires the absolute pressure as a model input. The
absolute pressure is used to evaluate material properties, but it also relates to the value of
the calculated pressure field. There are generally two ways to calculate the pressure when

describing fluid flow: either to solve for the absolute pressure or for a pressure (often

denoted gauge pressure) that relates to the absolute pressure through a reference pressure.

The choice of pressure variable depends on the system of equations being solved. For
example, in a unidirectional incompressible flow problem, the pressure drop over the
modeled domain is probably many orders of magnitude smaller than the atmospheric
pressure, which, when included, may reduce the stability and convergence properties of
the solver. In other cases, such as when the pressure is part of an expression for the gas
volume or the diffusion coefficients, it may be more convenient to solve for the absolute

pressure.

The default Absolute pressure py is p+p.or, Where p is the dependent pressure variable from
the Navier-Stokes or RANS equations, and p,er is from the user input defined at the
physics interface level. When p ¢ is nonzero, the physics interface solves for a gauge

pressure. If the pressure field instead is an absolute pressure field, p.or should be set to 0.

The Absolute pressure ficld can be edited by clicking Make All Model Inputs Editable ()
and entering the desired value in the input field.
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FLUID PROPERTIES

Density
If density variations with respect to pressure are to be included in the computations, the

flow must be set to compressible (at the physics interface level).

Dynamic Viscosity
The Dynamic viscosity 1 describes the relationship between the shear rate and the shear
stresses in a fluid. Intuitively, water and air have low viscosities, and substances often

described as thick (such as oil) have higher viscosities.

Using the built-in variable for the shear rate magnitude, spf.sr, makes it possible to
define arbitrary expressions of the dynamic viscosity as a function of the shear rate.

For laminar flow, the Non-Newtonian power law may be used to model the viscosity of a
non-Newtonian fluid. The following model parameters are required for the Non-Newtonian
power law:

* Fluid consistency coefficient m

* Flow behavior index n

* Lower shear rate limit '.Ymin

Alternatively, the Non-Newtonian Carreau model may be used to model the viscosity of a
non-Newtonian fluid for laminar flow. The following Carreau model parameters are
required:

¢ Lero shear rate viscosity

¢ Infinite shear rate viscosity /¢

¢ Model parameter A and n

The non-Newtonian fluids models have a shear-rate dependent viscosity. Examples of
non-Newtonian fluids include yogurt, paper pulp, and polymer suspensions. See

Non-Newtonian Flow: The Power Law and the Carreau Model in the CFD Module User’s
Guide.

MIXING LENGTH LIMIT
For the Turbulent Flow, k-g, Turbulent Flow, k-, and Rotating Machinery, Turbulent

Flow k-g interfaces, an upper limit on the mixing length is required.

When the Mixing length limit /..;, 11, is set to Automatic, it is evaluated to the shortest side
of the geometry bounding box. If the geometry is, for example, a complicated system of
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slim entities, this measure can be too high. In such cases, it is recommended that the

mixing length limit is defined manually.

DISTANCE EQUATION
For the Turbulent Flow, Low Reynolds number k-g, Turbulent flow, Algebraic yPlus,
Turbulent Flow, L-VEL, Turbulent flow, SST, the Turbulent Flow, Spalart-Allmaras, and

the Turbulent Flow, v2-finterfaces, a Wall Distance interface is included.

When the Reference length scale ¢ is set to Automatic, it is evaluated to one tenth of the
shortest side of the geometry bounding box. The solution to the wall distance equation is
controlled by the parameter /,.o¢. The distance to objects larger than /.. is represented
accurately, while objects smaller than [ ¢ are effectively diminished by appearing to be
farther away than they actually are. This is a desirable feature in turbulence modeling
because small objects would have too large an impact on the solution if the wall distance
were measured exactly. The automatic value is usually a good choice but the value can
become too high if the geometry consists of several slim entities. In such cases, it is

recommended that the reference length scale is defined manually.

Volume Force

The Volume Force node specifies the volume force F on the right-hand side of the

momentum equation.

P%I'FP(H-V)u = V~[—pl+u(Vu+(Vu)T)_§“(V.u)I}_F

If several volume-force nodes are added to the same domain, then the sum of all

contributions are added to the momentum equation.

Initial Values

The initial values serve as initial conditions for a transient simulation or as an initial guess
for a nonlinear solver in a stationary simulation. Note that for a transient

compressible-flow simulation employing a material for which the density depends on the
pressure (such as air), discontinuities in the initial values trigger pressure waves even when
the Mach number is small. The pressure waves must be resolved and this puts a restriction

on the time step.

INITIAL VALUES

Initial values or expressions should be specified for the Velocity field u and the Pressure p.

THE CREEPING FLOW, LAMINAR FLOW, AND TURBULENT FLOW INTERFACES

73



When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to

the pressure entered in p user input.

In the Turbulent Flow interfaces, initial values for the turbulence variables should also
specified. Depending on the turbulent flow interface being used, additional initial values
may be required for:

¢ Turbulent kinetic energy %

¢ Turbulent dissipation rate ep

¢ Reciprocal wall distance G

* Specific dissipation rate om

¢ Undamped turbulent kinematic viscosity v

¢ Wall distance in viscous units yPlus (dimensionless). Under normal circumstances the

default value need not be changed.

* Tangential velocity in viscous units uPlus (dimensionless). Under normal circumstances

the default value need not be changed.
¢ Turbulent relative fluctuations zeta

* Elliptic blending function alpha

Wall

The Wall node includes a set of boundary conditions describing fluid-flow conditions at
stationary, moving, and leaking walls. For turbulent flow, the description may involve wall

functions and /or asymptotic expressions for certain turbulence variables.

BOUNDARY CONDITION

Select a Boundary condition for the wall.

* No Slip  Slip Velocity
» Slip * Leaking Wall
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No Slip
No slip is the default boundary condition to model solid walls. A no slip wall is a wall where
the fluid velocity relative to the wall velocity is zero. For a stationary wall that means that

u=0.

For turbulent flows, the no slip condition may either be prescribed exactly or modeled
using automatic wall treatment or wall functions depending on the Wall Treatment setting

in the Physical Model section of the interface settings.

When Wall Treatment is sct to Wall functions, the Apply wall roughness option becomes
available. When Apply wall roughness is sclected, a Sand roughness model, derived from the
experiments by Nikuradse, is applied. Select Generic roughness in order to specify more

general roughness types.

* For Sand roughness an Equivalent sand roughness height %, should be specified.

* For Generic roughness a Roughness height £, and a dimensionless Roughness parameter C
should be specified.

Slip

The Slip option prescribes a no-penetration condition, w-n=0. It is implicitly assumed that
there are no viscous effects at the slip wall and hence, no boundary layer develops. From
a modeling point of view, this can be a reasonable approximation if the main effect of the

wall is to prevent fluid from leaving the domain.

Slip Velocity

In the microscale range, the flow condition at a boundary is seldom strictly no slip or slip.
Instead, the boundary condition is something in between, and there is a Slip velocity at the
boundary. Two phenomena account for this velocity: noncontinuum effects and the flow

induced by a thermal gradient along the boundary.

When the Use viscous slip check box is selected, the default Slip length L is User defined.
Another value or expression may be entered if the default value is not applicable. For
Maxwell’s model values or expressions for the Tangential momentum accommodation
coefficient @, and the Mean free path A should be specified. Tangential accommodation
coefficients are typically in the range of 0.85 to 1.0 and can be found in G. Kariadakis, A.
Beskok, and N. Aluru, Microflows and Nanoflows, Springer Science and Business Media,
2005.

When the Use thermal creep check box is selected, a thermal creep contribution with
Thermal slip coefficient opis activated. Thermal slip coefficients are typically between 0.3
and 1.0 and can be found in G. Kariadakis, A. Beskok, and N. Aluru, Microflows and
Nanoflows, Springer Science and Business Media, 2005.
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Slip velocity is available when Turbulence Model in the Physical Model section of the interface

is set to None.

Navier Slip
This boundary condition enforces no-penetration at the wall, w-n,; = 0 and adds a

frictional force of the form

F, = —%u
where B is a slip length. The slip length is defined as B = h_;,,/2 , where h_; is the

smallest element side (corresponds to the element size in the wall normal direction for
boundary layer elements). The boundary condition does not set the tangential velocity
component to zero; however, the extrapolated tangential velocity component is 0 at a

distance B outside of the wall.
The Navier Slip option is not available when selecting a turbulence model.

Leaking Wall
This boundary condition may be used to simulate a wall where fluid is leaking into or
leaving the domain with the velocity u = u; through a perforated wall. The components

of the Fluid velocity u; on the leaking wall should be specified.

Leaking Wall is available when Turbulence Model in the Physical Model section of the

interface is set to None.

WALL MOVEMENT

This section contains controls to describe the wall movement relative to the lab (or spatial)

frame.

The Translational velocity setting controls the translational wall velocity, ug,. The list is per
default set to Automatic from frame. The physics automatically detects if the spatial frame
moves. This can for example happen if an ALE interface is present in the model
component. If there is no movement ug, = 0. If the frame moves, ug, becomes equal to
the frame movement. uy,. is accounted for in the actual boundary condition prescribed in

the Boundary condition section.

Select Manual from Translational velocity selection list in order to manually prescribe
Velocity of moving wall, u;,. This can for example be used to model an oscillating wall
where the magnitude of the oscillations are very small compared to the rest of the model.

Specifying translational velocity manually does not automatically cause the associated wall
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to move. An additional Moving Mesh interface needs to be added to physically track the
wall movement in the spatial reference frame.

The Sliding wall option is appropriate if the wall behaves like a conveyor belt; that is, the
surface is sliding in its tangential direction. A velocity is prescribed at the wall and the

boundary itself does not have to actually move relative to the reference frame.

* For 3D components, values or expressions for the Velocity of sliding wall u,, should be
specified. If the velocity vector entered is not in the plane of the wall, COMSOL
Multiphysics projects it onto the tangential direction. Its magnitude is adjusted to be
the same as the magnitude of the vector entered.

* For 2D components, the tangential direction is unambiguously defined by the direction
of the boundary. For this reason, the sliding wall boundary condition has different
definitions in different space dimensions. A single entry for the Velocity of the
tangentially moving wall Uy, should be specified in 2D.

* For 2D axisymmetric components when Swirl flow is selected in the physics interface

properties, the Velocity of moving wall, ¢ component v, may also be specified.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics

Options.
e Theory for the Wall Boundary Condition
'& * Moving Mesh Interface in the COMSOL Multiphysics Reference
Mannal
Inlet

This condition should be used on boundaries for which there is a net flow into the domain.
To obtain a numerically well-posed problem, it is advisable to also consider the Outlet

conditions when specifying an Inlet condition. For example, if the pressure is specified at
the outlet, the velocity may be specified at the inlet, and vice versa. Specifying the velocity

vector at both the inlet and the outlet may cause convergence difficulties.

BOUNDARY CONDITION

The available Boundary condition options for an inlet are Velocity, Laminar inflow, Mass flow,

and Pressure. After selecting a Boundary Condition from the list, a section with the same or
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a similar name displays underneath. For example, if Velocity is selected, a Velocity section,

where further settings are defined, is displayed.

VELOCITY
The Normal inflow velocity is specified as u = -nU, where n is the boundary normal

pointing out of the domain and Uy is the normal inflow speed.

The Velocity field option sets the velocity vector to u = uy The components of the inlet
velocity vector ug should be defined for this choice.

PRESSURE CONDITIONS

This option specifies the normal stress, which in most cases is approximately equal to the
pressure. If the reference pressure pqr, defined at the physics interface level, is equal to 0,
the value of the Pressure p, at the boundary, is the absolute pressure. Otherwise, p is the
relative pressure at the boundary.

When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to

the pressure entered in p( user input.

¢ The Suppress backflow option adjusts the inlet pressure locally in order to prevent fluid
from exiting the domain through the boundary. If you clear the suppress backflow
option, the inlet boundary can become an outlet depending on the pressure field in the

rest of the domain.
¢ Flow direction controls in which direction the fluid enters the domain.
- For Normal flow, it prescribes zero tangential velocity component.

- For User defined, an Inflow velocity direction d, (dimensionless) should be specified.
The magnitude of d, does not matter, only the direction. dy, must point into the

domain.

LAMINAR INFLOW

This boundary condition is applicable when the fluid enters the domain from a long pipe
or channel, in which the laminar flow profile is fully developed. The normal stress at the
inlet is determined from the flow conditions at the entrance to a fictitious channel of
length Lt appended to the boundary. The inflow can be specified by the Average velocity

U, the Flow rate V, or the Entrance pressure pg¢;.
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For the Entrance pressure option, when Include gravity is selected and Use reduced pressure
not selected in the interface Physical model section, the Compensate for hydrostatic pressure
approximation (named Compensate for hydrostatic pressure for compressible flows) check
box is available and selected by default. When it is selected, the hydrostatic pressure is

automatically added to the pressure entered in pgpy, user input.

For the Average velocity and Flow rate options, when Include gravity is selected in the
interface Physical model scction, Use reduced pressure should also be selected in the
interface Physical model section because these two formulations are only valid with reduced

pressurc.

The Entrance length L, should be significantly greater than 0.06ReD, where Re is the
Reynolds number and D is the inlet length scale (hydraulic diameter), in order that the
flow can adjust to a fully developed laminar profile.

The Constrain outer edges to zero option forces the laminar profile to go to zero at the
bounding points or edges of the inlet channel. Otherwise the velocity is defined by the
boundary condition of the adjacent boundary in the computational domain. For example,
if one end of a boundary with a Laminar inflow condition connects to a slip boundary, the

laminar profile will have a maximum at that end.

MASS FLOW
The mass flow at an inlet can be specified by the Mass flow rate, the Pointwise mass flux,
the Standard flow rate, or the Standard flow rate (SCCM).

Mass Flow Rate
The Mass flow rate option sets the integrated mass flow across the entire boundary, the
Normal mass flow rate to a specific value, m. The mass flow is assumed to be parallel to the

boundary normal, and the tangential flow velocity is set to zero.

For 2D components, the Channel thickness dj, is used to define the area across which the
mass flow occurs. This setting is not applied to the whole model. Line or surface integrals
of the mass flow over the boundary evaluated during postprocessing or used in integration
coupling operators do not include this scaling automatically. Such results should be

appropriately scaled when comparing them with the specified mass flow.

Pointwise Mass Flux

The Pointwise mass flux sets the mass flow parallel to the boundary normal. The tangential
flow velocity is set to zero. The mass flux is a model input, which means that COMSOL
Multiphysics can take its value from another physics interface when available. When User

defined is sclected a value or function My should be specified for the Mass flux.
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Standard Flow Rate

The Standard flow rate Q) scts a standard volumetric flow rate, according to the SEMI
standard E12-0303. The mass flow rate is specified as the volumetric flow rate of a gas at
standard density — the Mean molar mass M, divided by a Standard molar volume V, (that
is, the volume of one mole of a perfect gas at standard pressure and standard temperature).
The flow occurs across the whole boundary in the direction of the boundary normal and
is computed by a surface (3D) or line (2D) integral. The tangential flow velocity is set to

ZCro.

The standard density can be defined directly, or by specifying a standard pressure and
temperature, in which case the ideal gas law is assumed. The options in the

Standard flow rate defined by list are:

* Standard density, for which the Standard molar volume V, should be specified.

* Standard pressure and temperature, for which the Standard pressure Py and the Standard

temperature T should be defined.

For 2D components, the Channel thickness dj,. is used to define the area across which the
mass flow occurs. This setting is not applied to the whole model. Line or surface integrals
of the mass flow over the boundary evaluated during postprocessing or used in integration
coupling operators do not include this scaling automatically. Such results should be

appropriately scaled when comparing them with the specified mass flow.

Standard Flow Rate (SCCM)

The Standard flow rate (SCCM) boundary condition is equivalent to the Standard flow rate
boundary condition, except that the flow rate is entered directly in SCCMs (standard cubic
centimeters per minute) without the requirement to specify units. Here, the dimensionless
Number of SCCM units Q.. should be specified.

TURBULENT FLOW SETTINGS

No additional inlet conditions are required for the algebraic turbulence models: Algebraic
yPlus and L-VEL.

For the Turbulent Flow, Spalart-Allmaras interface, a value or expression for the Undamped

turbulent kinematic viscosity 1 should be specified.

For transport-equation turbulence models, apart from the Spalart-Allmaras turbulence
model, the following settings are available under the Specify turbulence length scale and

intensity option (see Table 3-2 for the default values):

¢ Turbulent intensity I
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* Turbulence length scale Ly

* Reference velocity scale U,..¢

For the v2-f turbulence model, the additional choice between Isotropic_turbulence and

Specify turbulence anisotropy appears. For Specify turbulence anisotropy, a value for the

turbulent relative fluctuations at the inlet, {g, may be specified. When Specify turbulence

variables is selected, values or expressions for the dependent turbulence variables should

be defined. Availability is based on the physics interface and the boundary condition

chosen.

Turbulent kinetic energy %
Turbulent dissipation rate, &

Specific dissipation rate @y
Turbulent relative fluctuations {j

Elliptic blending function ¢

TABLE 3-2: DEFAULT VALUES FOR THE TURBULENT INTERFACES

NAME AND UNIT VARIABLE  INLET OPEN BOUNDARY
BOUNDARY STRESS

Turbulent intensity Ip 0.05 0.005 0.0l

(dimensionless)

Turbulence length scale (m) Ly 0.0l 0.1 0.1

Reference velocity scale (m/s)  ULer I | |

Turbulent kinetic energy kg 0.005 251073 1-1072

(m2/s)

Turbulent dissipation rate & 0.005 11074 111073

(m?/s%)

Specific dissipation rate (I/s) 20 0.5 0.5

Undamped turbulent (29 3*spf5.nu

kinematic viscosity (m2/s)

About the Turbulent Intensity and Turbulence Length Scale Parameters

The Turbulent intensity I and Turbulence length scale L values are related to the

turbulence variables via the following equations, Equation 3-2 for the Inlet and

Equation 3-3 for the Open Boundary:

3 2
Inlet 2 = §(|U|IT) ,
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C 31U
Open Boundary & = g(ITUref)z, €= —Lp—[%] (3-3)
T

For the Open Boundary and Boundary Stress options, and with any Turbulent Flow
interface, inlet conditions for the turbulence variables also need to be specified. These
conditions are used on the parts of the boundary where u-n < 0, that is, where flow enters

the computational domain.

For the k-0 and SST turbulence models the Turbulent intensity I and Turbulence length
scale L values are related to the turbulence variables via the following equations,
Equation 3-4 for the Inlet and Equation 3-5 for the Open Boundary:

JE

3 2
Inlet & = S(|UIL)7, =
nie 2(| | T) ® (60)1/4LT

Open Boundary & = g(ITUref)z’

w =
(B3 Ly

CONSTRAINT SETTINGS

This section is displayed by clicking the Show button (& ) and selecting Advanced Physics
Options.

* Prescribing Inlet and Outlet Conditions

6]

* Normal Stress Boundary Condition

For recommendations of physically sound values for the Turbulent
ﬂ intensity I and Turbulence length scale L, see Inlet Values for the

Turbulence Length Scale and Turbulent Intensity.

Non-Newtonian Flow (inlet): Application Library path
ﬂ]]] CFD_Module/Single-Phase_Tutorials/non_newtonian_flow
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Outlet

This condition should be used on boundaries for which there is a net outflow from the
domain. To obtain a numerically well-posed problem, it is advisable to also consider the
Inlet conditions when specifying an Outlet condition. For example, if the velocity is
specified at the inlet, the pressure may be specified at the outlet, and vice versa. Specifying
the velocity vector at both the inlet and the outlet may cause convergence difficulties.
Selecting appropriate outlet conditions for the Navier-Stokes equations is a nontrivial task.
Generally, if there is something interesting happening at an outflow boundary, the

computational domain should be extended to include this phenomenon.

BOUNDARY CONDITION
The available Boundary condition options for an outlet are Pressure, Laminar outflow, and

Velocity.

PRESSURE CONDITIONS

This option specifies the normal stress, which in most cases is approximately equal to the
pressure. The tangential stress component is set to zero. If the reference pressure pref,
defined at the physics interface level, is equal to 0, the value of the Pressure p, at the

boundary, is the absolute pressure. Otherwise, p is the relative pressure at the boundary.

When Include gravity is sclected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to

the pressure entered in pg user input.

* The Normal flow option changes the no tangential stress condition to a no tangential
velocity condition. This forces the flow to exit (or enter) the domain perpendicularly to

the outlet boundary.

* The Suppress backflow check box is selected by default. This option adjusts the outlet

pressure in order to prevent fluid from entering the domain through the boundary.

VELOCITY

See the Inlet node Velocity section for the settings.

LAMINAR OUTFLOW
This boundary condition is applicable when the flow exits the domain into a long pipe or
channel, at the end of which a laminar flow profile is fully developed. The normal stress at

the outlet is determined from the flow conditions at the end of a fictitious channel
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appended to the outlet boundary. The outflow can be specified by the Average velocity Uy,
the Flow rate V), or the Exit pressure pgy;;.

For the Entrance pressure option, when Include gravity is selected and Use reduced pressure
not selected in the interface Physical model section, the Compensate for hydrostatic pressure
approximation (named Compensate for hydrostatic pressure for compressible flows) check
box is available and selected by default. When it is selected, the hydrostatic pressure is

automatically added to the pressure entered in peg ¢ user input.

The Exit length L;; should be significantly greater than 0.06ReD, where Re is the
Reynolds number, and D is the outlet length scale (hydraulic diameter), in order that the
flow can adjust to a fully developed laminar profile.

The Constrain outer edges to zero option forces the laminar profile to go to zero at the

bounding points or edges of the outlet channel. Otherwise, the velocity is defined by the
boundary condition of the adjacent boundary in the computational domain. For example,
if one end of'a boundary with a Laminar outflow condition connects to a slip boundary, the

laminar profile will have a maximum at that end.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics
Options.

@t Prescribing Inlet and Outlet Conditions

Symmetry

The Symmetry boundary condition prescribes no penetration and vanishing shear stresses.
The boundary condition is a combination of a Dirichlet condition and a Neumann

condition:
2
.n = — Ty_2 . —
u-n=20, ( pI+(u(Vu+(Vu) ) 3u(V u)IDn =0

u-n=0, (-pI+p(Vu+(Va)))m = 0

for the compressible and incompressible formulations. The Dirichlet condition takes
precedence over the Neumann condition, and the above equations are equivalent to the

following equation for both the compressible and incompressible formulations:
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u-n=20, K-(K-nn=0
K = u(Vu+(Vu)DH)n

BOUNDARY SELECTION

For 2D axial symmetry, a boundary condition does not need to be defined for the
symmetry axis at 7 = 0. The software automatically provides a condition that prescribes
u, = 0 and vanishing stresses in the z direction and adds an Axial Symmetry node that

implements these conditions on the axial symmetry boundaries only.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics
Options.

Open Boundary

The Open Boundary condition describes boundaries in contact with a large volume of fluid.
Fluid can both enter and leave the domain on boundaries with this type of condition.

BOUNDARY CONDITIONS
The Boundary condition options for open boundaries are Normal stress and No viscous

stress.

Normal Stress
The Normal stress f;; condition implicitly imposes p = f,, .

When Include gravity is sclected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to

the pressure entered in fj user input.

No Viscous Stress
The No Viscous Stress condition specifies vanishing viscous stress on the boundary. This
condition does not provide sufficient information to fully specify the flow at the open

boundary and must at least be combined with pressure constraints at adjacent points.

The No viscous stress condition prescribes:

(u(Vu+ (Va)T) - %u(V . u)I)n =0
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u(Va+(Vu)"n = 0

for the compressible and the incompressible formulations. 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. To make the model numerically stable, this boundary condition

should be combined with a point constraint on the pressure.

This boundary condition is not compatible with the projection method equation form.

TURBULENCE CONDITIONS
See Turbulent Flow Settings.

Boundary Stress

The Boundary Stress node adds a boundary condition that represents a general class of

conditions also known as traction boundary conditions.

BOUNDARY CONDITION
The Boundary condition options for the boundary stress are General stress, Normal stress,

and Normal stress, normal flow.

General Stress
When General stress is selected, the components for the Stress F' should be specified. The
total stress on the boundary is set equal to the given stress F:

(—pI + (u(Vu + (V)T - gu(v : u)IDn -F

~pI+pu(Vu+(Vu)))n = F
for the compressible and the incompressible formulations.

This boundary condition implicitly sets a constraint on the pressure that for 2D flows is
=2u=—-n-F 3-6
p=2==-n (3-6)

If du,,/dn is small, Equation 3-6 states that p =~ —n-F.

Normal Stress

Normal Stress is described for the Open Boundary node.
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Normal Stress, Normal Flow
For Normal stress, normal flow, the magnitude of the Normal stress fj should be specified.

The tangential velocity is set to zero on the boundary:

nT(—pI+(u(Vu+(Vu)T)—§u(V~u)IDn = —f,, tu=0

n’(-pl+u(Vu+ (Vu)T)m = f;, t-u=0

for the compressible and the incompressible formulations.

This boundary condition implicitly sets a constraint on the pressure that for 2D flows is
du
p = 2pa—nn +1, (3-7)

If du,,/on is small, Equation 3-7 states that p = fj,
This boundary condition is not compatible with the projection method equation form.

When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to
the pressure entered in fy or ppygren is added to F depending of the sclected option.

Turbulent Boundary Type
The Turbulent boundary type options for this boundary condition are Open boundary, Inlet,
and Outlet.

* For Open boundary parts of the boundary are expected to be outlets and other parts are
expected to be to be inlets.
* The Inlet option should be selected when the whole boundary is expected to be an inlet.

* The Outlet option should be used when the whole boundary is expected to be an
outflow boundary. In this case, homogeneous Neumann conditions are applied for the

turbulence variables, that is, for £ and €

VE-n =0 Ve-n =0
and additionally for the v2-f model
Vo-n =0 Vi-n =0

for k and ®
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Vk-n =0 Vo -n =0
or for the Spalart-Allmaras model

Vv-n=0

TURBULENCE CONDITIONS

See Turbulent Flow Settings.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics
Options.

If Normal Stress, Normal Flow is selected as the Boundary condition, then to Apply reaction
terms on all dependent variables, the All physics (symmetric) option should be selected.
Alternatively, the Individual dependent variables could be selected to restrict the reaction

terms as needed.

Screen

The Screen condition models interior wire-gauzes, grilles, or perforated plates as thin
permeable barriers. Common correlations are included for resistance and refraction

coefficients. The Screen boundary condition can only be applied on interior boundaries.

SCREEN TYPE
The available options for the Screen type arc Wire gauze, Square mesh, Perforated plate, and
User defined. The settings are defined by the equations shown based on the selection

(excluding User defined) which in turn adjusts what is available in the Parameters section.

PARAMETERS
If Wire gauze, Square mesh, or Perforated plate is sclected as the Screen type, values or
expressions for the Solidity o (ratio of blocked area to total area of the screen) should be

specified.

¢ For Wire gauze a value or expression for the Wire diameter d should also be specified.
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* The User defined options requires the dimensionless Resistance coefficient K.

» For all screen types, the Refraction defaults to Wire gauze. With the User defined option,
a different Refraction coefficient 77 (dimensionless) can be specified.

¢ Screen Boundary Condition

@

e Theory for the Nonisothermal Screen Boundary Condition

Vacuum Pump

The Vacuum Pump node models the effective outlet pressure created by a vacaum pump
device that is attached to the outlet.

PARAMETERS

The Static pressure curve option defines a lumped curve—Linear, Static pressure curve data,
or User defined.

Linear
For the Linear option, values or expressions should be specified for the Static pressure at

no flow p,¢and the Free delivery flow rate V) ¢4.

The static pressure curve value is equal to the static pressure at no flow rate when V<0

and equal to 0 when the flow rate is larger than the free delivery flow rate.

Static Pressure Curve Data

The Static pressure curve data option can be used to enter or load data under the Static
Pressure Curve Data section below. The interpolation between points given in the Static
Pressure Curve Data table is defined using the Interpolation function type list in the Static

Pressure Curve Interpolation section.

User Defined

The User defined option can be used to enter a different value or expression. The flow rate
across the selection where this boundary condition is applied is defined by phys id.V0
where phys idis the name (for example, phys id is spf by default for this physics
interface). In order to avoid unexpected behavior, the function used for the fan curve is

the maximum of the user-defined function and 0.

STATIC PRESSURE CURVE DATA
This section displays when Static pressure curve data is sclected as the Static pressure curve.

In the table, values or expressions for the Flow rate and Static pressure curve should be
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specified. Alternatively, a text file can be imported by clicking the Load from file button
( P= ) under the table.

UNITS
This section is available when Static pressure curve data is selected as the Static pressure

curve. Units can be specified here for the Flow rate and Static pressure curve.

STATIC PRESSURE CURVE INTERPOLATION
This section is available when Static pressure curve data is selected as the Static pressure
curve. The available options for the Interpolation function type arc Linear, Piecewise cubic,

and Cubic spline.

The extrapolation method always returns a constant value. In order to avoid problems with
undefined data, the function used for the boundary condition is the maximum of the

interpolated function and 0.

@l Vacuum Pump Boundary Condition

Periodic Flow Condition

The Periodic Flow Condition splits its selection into a source group and a destination group.
Fluid that leaves the domain through one of the destination boundaries enters the domain
through the corresponding source boundary. This corresponds to a situation where the

geometry is a periodic part of a larger geometry. If the boundaries are not parallel to each

other, the velocity vector is automatically transformed.
If the boundaries are curved, it is reccommended to only include two boundaries.

No input is required when Compressible flow (Ma<0.3) is sclected for Compressibility under
the Physical Model section for the physics interface. Typically when a periodic boundary
condition is used with a compressible flow, the pressure is the same at both boundaries and
the flow is driven by a volume force.

PRESSURE DIFFERENCE
This section is available when Incompressible flow is selected for Compressibility under the
Physical Model section for the physics interface.

A value or expression should be specified for the Pressure difference, pg,.. — pgst- This

pressure difference can, for example, drive the fully developed flow in a channel.
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To set up a periodic boundary condition, both boundaries must be selected in the Periodic
Flow Condition node. COMSOL Multiphysics automatically assigns one boundary as the
source and the other as the destination. To manually set the destination selection, a
Destination Selection subnode is available from the context menu (by right-clicking the
parent node) or from the Physics toolbar, Attributes menu. All destination sides must be

connected.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics
Options.

ORIENTATION OF SOURCE

For information about the Orientation of Source section, see Orientation of Source and
Destination in the COMSOL Multiphysics Reference Mannal.

This boundary condition is not compatible with the projection method equation form.

Fan

The Fan condition is used to define the flow direction (inlet or outlet) and the fan
parameters on exterior boundaries. The Interior Fan condition is available on interior
boundaries.

FLOW DIRECTION

The Flow direction can be set to Inlet or Outlet. When a boundary has been selected, an
arrow displays in the Graphics window to indicate the selected flow direction. The arrow
can be updated if the selection changes by clicking any node in the Model Builder and then

clicking the Fan node again to update the Graphics window.
The Inlet Flow direction controls in which direction the fluid enters the domain.

* For Normal flow it sets the tangential velocity component to zero.

* For User defined an Inflow velocity direction d, (dimensionless) should be specified. The

magnitude of d,; does not matter, only the direction. d,, must point into the domain.

* For Swirl flow (which is available for 3D or 2D axisymmetric when the Swirl flow check
box in Physical Model Properties is checked) it specifies a swirl flow on the downstream
side of the fan based on the Rotation axis base point 1y, Revolutions per time f, Rotational

direction and Swirl ratio cgy.
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PARAMETERS

When Inlet is sclected as the Flow direction, the Input pressure p;y, ., defines the pressure

at the fan inlet.

When Outlet is selected as the Flow direction, the Exit pressure p..;; defines the pressure at
the fan outlet.

When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to
the pressure entered in pippyt OF Pexit USCr input.

For cither flow direction, Static pressure curve specifies a fan curve — Linear, Static pressure

curve data, or User defined.

Linear

For both Inlet and Outlet flow directions, if Linear is selected, values or expressions for the
Static pressure at no flow p,rand the Free delivery flow rate V ¢q should be specified. The
static pressure curve is equal to the static pressure at no flow rate when V; <0 and equal

to 0 when the flow rate is larger than the free delivery flow rate.

User Defined

With the User defined option, a different value or expression for the Static pressure curve
can be specified. The flow rate across the selection where this boundary condition is
applied is defined by phys id.V0 where phys id is the name (for example, phys id is
spf by default for laminar single-phase flow). In order to avoid unexpected behavior, the

function used for the fan curve returns the maximum of the user-defined function and 0.

Static Pressure Curve Data

The Static pressure curve data can be entered or loaded under the Static Pressure Curve Data
section that displays for this option. The interpolation between points given in the table is
defined using the Interpolation function type list in the Static Pressure Curve Interpolation

section.

UNITS
This section is available when Static pressure curve data is sclected as the Static pressure

curve. Units can be specified for the Flow rate and Static pressure.
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STATIC PRESSURE CURVE DATA

When Static pressure curve data is sclected as the Static pressure curve, a table appears,
where values or expressions the Flow rate and Static pressure can be specified or imported
from a text file by clicking the Load from file button ( = ) under the table. Units can be
specified for the Flow rate and the Static pressure curve.

STATIC PRESSURE CURVE INTERPOLATION
This section is available when Static pressure curve data is selected as the Static pressure
curve. The available options for the Interpolation function type arc Linear, Piecewise cubic,

and Cubic spline.

The extrapolation method always returns a constant value. In order to avoid problems with
undefined data, the function used for the boundary condition returns the maximum of the

interpolated function and 0.

TURBULENCE CONDITIONS ON FAN OUTLET

When Inlet is selected as the Flow direction and the Turbulence model has transport
equations for the turbulent kinetic energy, &, and turbulent dissipation rate, €, specific
dissipation rate, ®, or turbulent relative fluctuations, £, the values of the Turbulent kinetic
energy, Turbulent relative fluctuations (for the v2-f turbulence model) and the Turbulent
dissipation rate or Specific dissipation rate on the downstream side of the fan should be

specified. Alternatively, the Reference velocity scale can be used to specify default values.

& Fan and Grille Boundary Conditions

Interior Fan

The Interior Fan condition represents interior boundaries where a fan condition is set using
a fan pressure curve to avoid an explicit representation of the fan. The Interior Fan defines
a boundary condition on a slit for laminar flow. That means that the pressure and the

velocity can be discontinuous across this boundary.

One side represents a flow inlet; the other side represents the fan outlet. The fan boundary

condition ensures that the mass flow rate is conserved between its inlet and outlet:

I pu-n+ J. pu-n =0

inlet outlet
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This boundary condition acts like a Pressure Conditions boundary condition on each side
of the fan. The pressure at the fan outlet is fixed so that the mass flow rate is conserved.
On the fan inlet the pressure is set to the pressure at the fan outlet minus the pressure drop
induced by the fan. The pressure drop is defined from the static pressure curve, and is
usually a function of the flow rate. To define a fan boundary condition on an exterior

boundary, the Fan condition should be used instead.

INTERIOR FAN
The Flow direction can be defined by selecting Along normal vector or Opposite to normal
vector. This defines which side of the boundary is the fan’s inlet and which side is the fan’s

outlet.

TURBULENCE CONDITIONS ON FAN OUTLET

When Inlet is selected as the Flow direction and the Turbulence model has transport
equations for the turbulent kinetic energy, %, and turbulent dissipation rate, €, specific
dissipation rate, @, or turbulent relative fluctuations, &, the values of the Turbulent kinetic
energy, Turbulent relative fluctuations (for the v2-f turbulence model) and the Turbulent
dissipation rate or Specific dissipation rate on the downstream side of the fan should be

specified. Alternatively, the Reference velocity scale can be used to specify default values

After a boundary has been selected, an arrow displays in the Graphics window to indicate
the selected flow direction. If the selection changes, the arrow can be updated by clicking
any node in the Model Builder and then clicking the Interior fan node again to update the

Graphics window.

The rest of the settings for this section are the same as for the Fan node. See Linear and

Static Pressure Curve Data for details.

@l Fan Defined on an Interior Boundary

Interior Wall

The Interior Wall boundary condition can only be applied on interior boundaries.

It is similar to the Wall boundary condition available on exterior boundaries except that it
applies on both sides of an internal boundary. It allows discontinuities (velocity, pressure,
and turbulence variables) across the boundary. The Interior Wall boundary condition can

be used to avoid meshing thin structures by applying no-slip conditions on interior curves
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and surfaces instead. Slip conditions and conditions for a moving wall can also be
prescribed. The Interior Wall boundary condition is only available for single-phase flow. It

is compatible with laminar and turbulent flow.

BOUNDARY CONDITION

The available Boundary condition options are No slip or Slip.

No Slip

The No slip condition models solid walls. No slip walls are walls where the fluid velocity
relative to the wall is zero. For a interior stationary wall this means that u = 0 on both sides
of the wall..

For turbulent flows, the no slip conditions may either be prescribed exactly or modeled
using automatic wall treatment or wall functions depending on the Wall Treatment sctting

in the Physical Model section of the interface settings.

When Wall Treatment is sct to Wall functions, the Apply wall roughness option becomes
available. When Apply wall roughness is sclected, a Sand roughness model, derived from the
experiments by Nikuradse, is applied. Select Generic roughness in order to specify more

general roughness types.

* For Sand roughness an Equivalent sand roughness height k., should be specified.

* For Generic roughness a Roughness height g and a dimensionless Roughness parameter Cg

should be specified.

Slip

The Slip condition prescribes a no-penetration condition, u-n=0. It implicitly assumes that
there are no viscous effects on either side of the slip wall and hence, no boundary layer
develops. From a modeling point of view, this can be a reasonable approximation if the
important effect is to prevent the exchange of fluid between the regions separated by the

interior wall.

WALL MOVEMENT

This section contains controls to describe the wall movement relative to the lab (or spatial)

frame.

The Translational velocity setting controls the translational wall velocity, ug,.. The list is per
default set to Automatic from frame. The physics automatically detects if the spatial frame
moves. This can for example happen if an ALE interface is present in the model

component. If there is no movement uy,. = 0. If the frame moves, uy,. becomes equal to
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the frame movement. uy, is accounted for in the actual boundary condition prescribed in

the Boundary condition section.

Select Manual from Translational velocity selection list in order to manually prescribe
Velocity of moving wall, ug,.. This can for example be used to model an oscillating wall
where the magnitude of the oscillations are very small compared to the rest of the model.
Specitying translational velocity manually does not automatically cause the associated wall
to move. An additional Moving Mesh interface needs to be added to physically track the

wall movement in the spatial reference frame.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (“& ) and selecting Advanced Physics

Options.
o Wall
'El * Moving Mesh Interface in the COMSOL Multiphysics Refervence
Mannal

This boundary condition is not compatible with the projection method.

Grille

The Grille boundary condition models the pressure drop caused by having a grille that

covers the inlet or outlet.

PARAMETERS

When Inlet is sclected as the Flow direction, the Input pressure p;y, ¢ defines the pressure

at the fan inlet.

When Outlet is selected as the Flow direction, the Exit pressure p..;; defines the pressure at
the fan outlet.

When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to
the pressure entered in pippyt OF Pexit UsCr input.

When Quadratic loss is sclected for the Static pressure curve, the Quadratic loss coefficient

qlc should be specified. glc defines the static pressure curve which is a piecewise quadratic
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function equal to 0 when the flow rate is < 0, equal to Voz-qlc when the flow rate is > 0.
See Fan for other settings for the Laminar Flow interface. Note that for the Turbulent

Flow interfaces, Quadratic loss is the only available option for Static pressure curve.

TURBULENCE CONDITIONS

When Inlet is selected as the Flow direction and the Turbulence model has transport
equations for the turbulent kinetic energy, &, and turbulent dissipation rate, €, specific
dissipation rate, m, or turbulent relative fluctuations, C, the Specify turbulent length scale
and intensity and Specify turbulence variables options are available for the turbulence
conditions on the downstream side of the grille. Alternatively, the Reference velocity scale

can be used to specify default values.

@, Fan and Grille Boundary Conditions

Pipe Connection

This feature is available with a license for the Pipe Flow Module. For details, see Pipe
Connection the in the Pipe Flow Module User’s Guide.

Flow Continuity

The Flow Continuity condition is suitable for pairs where the boundaries match; it

prescribes that the flow field is continuous across the pair.

A Wall subnode is added by default and it applies to the parts of the pair boundaries where
a source boundary lacks a corresponding destination boundary and vice versa. The Wall
feature can be overridden by any other boundary condition that applies to exterior
boundaries. By right-clicking the Flow Continuity node, additional Fallback feature
subnodes can be added.

This boundary condition is not compatible with the projection method.

Pressurve Point Constraint

The Pressure Point Constraint condition can be used to specify the pressure level. Ifit is not
possible to specify the pressure level using a boundary condition, the pressure level must

be set in some other way, for example, by specifying a fixed pressure at a point.
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PRESSURE CONSTRAINT
The relative pressure value is set by specifying the Pressure p(. Or, if the reference pressure
Pref defined at the physics interface level is equal to zero, p( represents the absolute

pressure.

When Include gravity is selected and Use reduced pressure not selected in the interface
Physical model section, the Compensate for hydrostatic pressure approximation (named
Compensate for hydrostatic pressure for compressible flows) check box is available and
selected by default. When it is selected, the hydrostatic pressure is automatically added to

the pressure entered in pg user input.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (& ) and selecting Advanced Physics
Options.

Point Mass Source

This feature requires at least one of the following licenses: Batteries & Fuel Cells Module,
CFD Module, Chemical Reaction Engineering Module, Corrosion Module,
Electrochemistry Module, Electrodeposition Module, Microfluidics Module, Pipe Flow
Module, or Subsurface Flow Module.

The Point Mass Source feature models mass flow originating from an infinitely small domain

centered around a point

For the Reacting Flow in Porous Media, Diluted Species interface, which is available with
the CFD Module, Chemical Reaction Engineering Module, or Batteries & Fuel Cells
Module, there are two nodes: one for the fluid flow (Fluid Point Source) and one for the

species (Species Point Source).

SOURCE STRENGTH
The source Mass flux, 9p should be specified. A positive value results in mass being ejected
from the point into the computational domain. A negative value results in mass being

removed from the computational domain.
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Point sources located on a boundary or on an edge affect the adjacent computational
domains. This has the effect, for example, that a point source located on a symmetry plane
has twice the given strength.

Mass Sources for Fluid Flow_in the COMSOL Multiphysics Reference
@I‘- Manual

Line Mass Source

This feature requires at least one of the following licenses: Batteries & Fuel Cells Module,
CFD Module, Chemical Reaction Engineering Module, Corrosion Module,
Electrochemistry Module, Electrodeposition Module, Microfluidics Module, Pipe Flow
Module, or Subsurface Flow Module.

The Line Mass Source feature models mass flow originating from a tube region with
infinitely small radius.

For the Reacting Flow in Porous Media, Diluted Species interface, which is available with
the CFD Module, Chemical Reaction Engineering Module, or Batteries & Fuel Cells
Module, there are two nodes, one for the fluid flow (Fluid Line Source) and one for the

species (Species Line Source).

SELECTION

The Line Mass Source feature is available for all dimensions, but the applicable selection
differs between the dimensions.

MODEL DIMENSION APPLICABLE GEOMETRICAL ENTITY

2D Points

2D Axisymmetry  Points not on the axis of symmetry
3D Edges

SOURCE STRENGTH

The source Mass flux, 91, should be specified. A positive value results in mass being ejected
from the line into the computational domain and a negative value means that mass is

removed from the computational domain.
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Line sources located on a boundary affect the adjacent computational domains. This, for
example, has the effect that a line source located on a symmetry plane has twice the given

strength.

Mass Sources for Fluid Flow_in the COMSOL Multiphysics Reference
@t Mannal

Generate New Turbulence Model Interface

This global feature requires a CFD Module license. It can be used to create a new

turbulent flow interface based on the current laminar or turbulent flow interface. The new
interface inherits the property values from the original interface except for the turbulence
related ones. All the features in the original interface are also inherited by the newly created
interface except for the Generate New Turbulence Model Interface feature itself and the Initial
Values feature. The initial values of the new interface are either default values or estimates
from the solution of the original interface depending on the settings in the Generate New

Turbulence Model Interface feature.

MODEL GENERATION
This section contains a boolean input, Copy only active settings, which is selected by
default. When selected, the disabled features and settings in the original model are not

transferred to the new interface.

The Create button generates the new interface.

TURBULENCE MODEL INTERFACE
All available turbulence models can be selected from the drop-down list:
¢ Turbulent Flow, k-¢

¢ Turbulent Flow, Algebraic yPlus

¢ Turbulent Flow, L-VEL

¢ Turbulent Flow, k-®

¢ Turbulent Flow, SST

¢ Turbulent Flow, Low Reynolds number k-¢

e Turbulent Flow, Spalart-Allmaras

¢ Turbulent Flow, U2-f
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STUDY

The Study section contains two drop-down lists: Study type and Initial value from study.
When Turbulent Flow, &-€ or Turbulent Flow, k- is selected as the Turbulence Model
Interface, the Study type contains the following two options:

* Stationary
¢ Time-dependent

The default value is Stationary. For all other turbulence models, the available Study type

options are:

¢ Stationary with initialization

* Transient with initialization

with default value Stationary with initialization. Note that the created new study only solves

for the new turbulence interface.

Initial value from study contains a list of the studies that are currently in the model. It can
also be set to Nene. If there is no study available, the default option is None. If there are
available studies, the first study is the default option.

Gravity

This feature requires at least one of the following licenses: CED Module, Heat Transfer
Module.

The Gravity global feature is automatically added when Include gravity is selected at the
interface level in the Physical Model settings. It defines the gravity forces from the

Acceleration of gravity value.

ACCELERATION OF GRAVITY
The Acceleration of gravity (SI unit m/s, default value -g.opst€, in 2Daxi and 3D and
“Bconst€y 1N 2D) is used to define the gravity forces. It should be a global quantity.
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The Rotating Machinery, Laminar and
Turbulent Flow Interfaces

The Rotating Machinery, Laminar Flow (rmspf) and Rotating Machinery, Turbulent Flow
(rmspf) interfaces, found under the Single-Phase Flow>Rotating Machinery branch (L)
when adding a physics interface, are used for modeling flow where one or more of the

boundaries rotate in a periodic fashion. This is used for mixers and propellers.

The physics interfaces support compressible and incompressible flow, the flow of
non-Newtonian fluids described by the Power Law and Carreau models, and also
turbulent flow. The physics interfaces also support creeping flow, although the shallow

channel approximation is redundant.

In this section:

¢ The Rotating Machinery, Laminar Flow Interface

¢ The Rotating Machinery, Turbulent Flow, Algebraic yPlus Interface
* The Rotating Machinery, Turbulent Flow, L-VEL Interface

¢ The Rotating Machinery, Turbulent Flow, k-¢ Interface

* Domain, Boundary, Point, and Pair Nodes for the Rotating Machinery Interfaces

The Rotating Machinery, Laminar Flow Interface

The Rotating Machinery, Laminar Flow (rmspf) interface (=i=), found under the Single-Phase

Flow>Rotating Machinery branch (=) when adding a pﬁysics interface, is used to simulate
flow at low to moderate Reynolds numbers in geometries with one or more rotating parts.
The physics interface supports incompressible and compressible flows at low Mach

numbers (typically less than 0.3). It also supports modeling of non-Newtonian fluids. The

physics interface is available for 3D and 2D components.

There are two study types available for this physics interface. Using the Time Dependent
study type, rotation is achieved through moving mesh functionality, also known as sliding
mesh. Using the Frozen Rotor study type, the rotating parts are kept frozen in position, and
rotation is accounted for by the inclusion of centrifugal and Coriolis forces. In both types,
the momentum balance is governed by the Navier-Stokes equations, and the mass
conservation is governed by the continuity equation. See Theory for the Rotating

Machinery Interfaces .
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When this physics interface is added, the following default physics nodes are also added in
the Model Builder—Fluid Properties, Wall, Rotating Wall, and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions and

volume forces. You can also right-click Rotating Machinery, Laminar Flow to sclect physics

features from the context menu. See Rotating Domain, Initial Values, and Rotating Wall.

It should be noted that only one physics interface at a time can be used to control the solid
body rotation in the machinery under investigation. If more than one rotating machinery
interface is added to the same component, the last interface in the list (top to bottom) will

control the rotation.

ﬁ}‘ Pseudo Time Stepping for Laminar Flow Models

Laminar Flow in a Baffled Stirred Mixer: Application Library path
[ﬂ:ﬂ CFD_Module/Single-Phase_Tutorials/baffled_mixer

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics interface.
Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.
The default Name (for the first physics interface in the model) is rmspf.

In addition to the settings described below, see The Creeping Flow, Laminar Flow, and
Turbulent Flow Interfaces for all the other settings available. See Domain, Boundary,
Point, and Pair Nodes for the Rotating Machinery Interfaces for links to all the physics
nodes.

ADVANCED SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.
Normally these settings do not need to be changed.
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Pseudo time stepping

Select the Use pseudo time stepping for stationary equation form check box to add pseudo
time derivatives to the equation when the Frozen Rotor cquation form is used. (Frozen
rotor is a pseudo stationary formulation.) When selected, also choose a CFL number
expression — Automatic (the default) or Manual. Automatic sets the local CFL number
(from the Courant—Friedrichs—Lewy condition) to the built-in variable CFLCMP which in
turn triggers a PID regulator for the CFL number. For Manual enter a Local CFL number
CFL;,. (dimensionless).

The Rotating Machinery, Turbulent Flow, Algebraic yPlus Interface

The Rotating Machinery, Turbulent Flow, Algebraic yPlus (rmspf) interface (fé), found

under the Single-Phase Flow>Rotating Machinery branch (== ) when adding a physics

interface, is used to simulate flow at high Reynolds numbers in geometries with one or
more rotating parts. The physics interface is suitable for incompressible and compressible
flows at low Mach numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, Algebraic yPlus interface are the

Reynolds-averaged Navier-Stokes (RANS) equations for conservation of momentum, the
continuity equation for conservation of mass, and an algebraic equation for the scaled wall
distance. Turbulence effects are included using an enhanced viscosity model based on the

scaled wall distance, and the physics interface therefore includes a wall distance equation.

Two study types available for this physics interface. Using the Transient with Initialization
study type, the rotation is achieved through moving mesh functionality, also known as
sliding mesh. Using the Frozen Rotor with Initialization study type, the rotating parts are
kept frozen in position, and the rotation is accounted for by the inclusion of centrifugal
and Coriolis forces. Both study types includes an initial Wall Distance Initialization step in

order to compute the wall distance. See Theory for the Rotating Machinery Interfaces .

When this physics interface is added, the following physics nodes are also added in the
Model Builder—Fluid Properties, Wall, Rotating Wall, and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions and
volume forces. You can also right-click Rotating Machinery, Turbulent Flow, Algebraic yPlus
to select physics features from the context menu. For information about the available
physics features, see Domain, Boundary, Point, and Pair Nodes for the Rotating

Machinery Interfaces.

A part for the settings below, see the advanced settings for the The Rotating Machinery,
Laminar Flow Interface, and the The Creeping Flow, Laminar Flow, and Turbulent Flow

Interfaces.
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TURBULENCE MODEL PARAMETERS
The turbulence model parameters for the Algebraic yPlus model, ¥, and B, have been
optimized for turbulent pipe flow. For certain cases, better performance can be obtained

by tuning the model parameters.
DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface:

* Velocity field u
* Pressure p
* Reciprocal wall distance G

* Wall distance in viscous units yPlus (dimensionless)

The Rotating Machinery, Turbulent Flow, L-VEL Interface

The Rotating Machinery, Turbulent Flow, L-VEL (rmspf) interface ( 12 ), found under the

Single-Phase Flow>Rotating Machinery branch (=

- ) when adding a physics interface, is used
to simulate flow at high Reynolds numbers in ge&)metries with one or more rotating parts.
The physics interface is suitable for incompressible and compressible flows at low Mach
numbers (typically less than 0.3).

The equations solved by the Turbulent Flow, L-VEL interface are the Reynolds-averaged
Navier-Stokes (RANS) equations for conservation of momentum, the continuity equation
for conservation of mass, and an algebraic equation for the scaled fluid flow velocity
tangential to the nearest wall. Turbulence effects are included using an enhanced viscosity
model based on the scaled wall distance, and the physics interface therefore includes a wall
distance equation.

Two study types available for this physics interface. Using the Transient with Initialization
study type, the rotation is achieved through moving mesh functionality, also known as
sliding mesh. Using the Frozen Rotor with Initialization study type, the rotating parts are
kept frozen in position, and the rotation is accounted for by the inclusion of centrifugal
and Coriolis forces. Both study types includes an initial Wall Distance Initialization step in
order to compute the wall distance. See Theory for the Rotating Machinery Interfaces .

When this physics interface is added, the following physics nodes are also added in the
Model Builder—Fluid Properties, Wall, Rotating Wall, and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions and
volume forces. You can also right-click Rotating Machinery, Turbulent Flow, L-VEL to select

physics features from the context menu. For information about the available physics
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features, see Domain, Boundary, Point, and Pair Nodes for the Rotating Machinery

Interfaces.

A part for the interface settings defined below, see the advanced settings for the The
Rotating Machinery, Laminar Flow Interface, and the settings in The Creeping Flow,

Laminar Flow, and Turbulent Flow Interfaces.

TURBULENCE MODEL PARAMETERS

The turbulence model parameters for the L-VEL model, ¥; and E}, have been optimized
for internal flow. For certain cases, better performance can be obtained by tuning the
model parameters.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
¢ Velocity field u

* Pressure p

* Reciprocal wall distance G

* Tangential velocity in viscous units uPlus (dimensionless)

The Rotating Machinery, Turbulent Flow, k-€ Interface

The Rotating Machinery, Turbulent Flow, k-€ (rmspf) interface (fé), found under the
Single-Phase Flow>Rotating Machinery branch (-

=) when adding a physics interface, is used
to simulate flow at high Reynolds numbers in geometries with one or more rotating parts.
The physics interface is suitable for incompressible and compressible flows at low Mach
numbers (typically less than 0.3).

The momentum balance is governed by the Navier-Stokes equations, and the mass
conservation is governed by the continuity equation. Turbulence effects are modeled
using the standard two-equation k-& model with realizability constraints. Flow close to

walls is modeled using wall functions.

There are two study types available for this physics interface. Using the Time Dependent
study type, the rotation is achieved through moving mesh functionality, also known as
sliding mesh. Using the Frozen Rotor study type, the rotating parts are kept frozen in
position, and the rotation is accounted for by the inclusion of centrifugal and Coriolis

forces. See Theory for the Rotating Machinery Interfaces .

When this physics interface is added, the following physics nodes are also added in the
Model Builder—Fluid Properties, Wall, Rotating Wall, and Initial Values. Then, from the
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Physics toolbar, add other nodes that implement, for example, boundary conditions and
volume forces. You can also right-click Rotating Machinery, Turbulent Flow, k-€ to select
physics features from the context menu. For information about the available physics
features, see Domain, Boundary, Point, and Pair Nodes for the Rotating Machinery

Interfaces.

A part for the defined settings below, see the advanced settings for the The Rotating
Machinery, Laminar Flow Interface, and the settings in The Creeping Flow, Laminar Flow,

and Turbulent Flow Interfaces.

TURBULENCE MODEL PARAMETERS
Turbulence model parameters are optimized to fit as many flow types as possible, but for

some special cases, better performance can be obtained by tuning the model parameters.

For this physics interface the parameters are C,y, C,g, C, 0k, 0, &, and B.

DEPENDENT VARIABLES

The following dependent variables (fields) are defined for this physics interface:
* Velocity field u and its components

* Pressure p

* Turbulent kinetic energy %

¢ Turbulent dissipation rate ep

Domain, Boundary, Point, and Pair Nodes for the Rotating Machinery
Interfaces

All versions of the Rotating Machinery, Fluid Flow interfaces include the following unique

domain, boundary, point, and pair physics nodes.

e Wall * Rotating Domain

* Interior Wall ¢ Rotating Wall

* Contact Angle * Rotating Interior Wall
¢ Initial Values  Stationary Free Surface

The nodes are available from the Physics ribbon toolbar (Windows users), Physics context

menu (Mac or Linux users), or right-click to access the context menu (all users).
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The following nodes, also available in the Rotating Machinery, Fluid Flow interfaces, are

described for the Laminar Flow interface:

* No Viscous Stress ¢ Periodic Flow Condition
* Flow Continuity ¢ Point Mass Source

¢ Fluid Properties e Pressure Point Constraint
e Inlet e Screen

¢ Line Mass Source ¢ Symmetry

* Open Boundary e Volume Force

¢ Outlet

Initinl Values

The node prescribes initial values for the dependent variables solved for. The initial values
can serve as initial conditions for a transient simulation, or as an initial guess for a nonlinear

solver.

INITIAL VALUES

Enter values or expressions for the initial value of the Velocity field u and for the Pressure p.

When using a turbulence model, also enter values or expressions for the turbulence

variables solved for.

Rotating Domain

This node defines a domain as rotating with respect to a stationary coordinate system. The
mesh inside the domain, including external or internal boundaries, is defined to rotate as
a solid body. The node prescribed the rotation rotational frequency and direction as well

as the axis of rotation. If there is more than one rotating domain, these must not intersect.

The angular displacement, o (SI unit: rad), of the rotating domain is computed from a
specified angular velocity w (SI unit: rad/s) by solving the ODE

do

— =w(t). 3-8

qr - W@ (3-8)
Since the angular displacement is solved for, the domain rotation can be specified using

any type of angular velocity (constant, analytic, interpolation function, and so forth).
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ROTATING DOMAIN

3D Components

For 3D components, select the Axis of rotation, the z-axis is the default. If the x-axis is
selected, it corresponds to a rotational axis (1, 0, 0) with the origin as the base point. This
is the same for the y-axis and z-axis. For User defined enter values for the Rotation axis base

point 1y, and Rotation axis direction r,.
Select a Rotational frequency—Revolutions per time (the default) or Angular velocity.

* For Revolutions per time enter a value or expression in the field and select a Rotational
direction—Positive angular velocity or Negative angular velocity. The angular velocity in

this case is defined as the input multiplied by 2-m.
* For Angular velocity enter an Angular velocity w.
2D Components

For 2D components, enter coordinates for the Rotation axis base point ry,,. The default is
the origin (0, 0).

Select a Rotational frequency—Revolutions per time or Angular velocity.

* For Revolutions per time enter a value or expression in the field and select a Rotational
direction—Clockwise or Counterclockwise. The angular velocity in this case is defined as

the input multiplied by 2-m.

* For Angular velocity enter an Angular velocity w.

Wall

The Wall node includes a set of boundary conditions describing fluid-flow conditions at
stationary, moving, and leaking walls. For turbulent flow, the description may involve wall

functions and /or asymptotic expressions for certain turbulence variables.
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BOUNDARY CONDITION

Select a Boundary condition for the wall.

* No Slip1 * Slip Velocity

» Slip e Wall Functions?

e Sliding Wall ¢ Sliding Wall (Wall Functions)
¢ Moving Wall e Moving Wall (Wall Functions)

* Leaking Wall

1 The default for laminar flow.

2 The default for turbulence model: k-€.

No Slip

No slip is the default boundary condition for a stationary solid wall for laminar flow (and
SST, Low Re k-g, Algebraic yPlus, L-VEL, and Spalart-Allmaras turbulence models). The
condition prescribes u = 0; that is, the fluid at the wall is not moving.

Slip

The Slip option prescribes a no-penetration condition, u-n=0. It is implicitly assumed that
there are no viscous effects at the slip wall and hence, no boundary layer develops. From
a modeling point of view, this can be a reasonable approximation if the main effect of the
wall is to prevent fluid from leaving the domain.

Sliding Wall
The Sliding wall boundary condition is appropriate if the wall behaves like a conveyor belt;
that is, the surface is sliding in its tangential direction. A velocity is prescribed at the wall

and the boundary itself does not have to actually move relative to the reference frame.

¢ For 3D components, values or expressions for the Velocity of sliding wall u, should be
specified. If the velocity vector entered is not in the plane of the wall, COMSOL
Multiphysics projects it onto the tangential direction. Its magnitude is adjusted to be

the same as the magnitude of the vector entered.

* For 2D components, the tangential direction is unambiguously defined by the direction
of the boundary. For this reason, the sliding wall boundary condition has different
definitions in different space dimensions. A single entry for the Velocity of the
tangentially moving wall U, should be specified in 2D.

* For 2D axisymmetric components when Swirl flow is selected in the physics interface

properties, the Velocity of moving wall, @ component vy, may also be specified.
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Moving Wall
For an arbitrary wall movement, the condition u = uy, may be prescribed. In this case, the

components of the Velocity of moving wall u, should be specified.

Specifying this boundary condition does not automatically cause the associated wall to
move. An additional Moving Mesh interface needs to be added to physically track the wall

movement in the spatial reference frame.

Leaking Wall

This boundary condition may be used to simulate a wall where fluid is leaking into or
leaving the domain with the velocity u = u; through a perforated wall. The components
of the Fluid velocity u; on the leaking wall should be specified.

Electroosmotic Velocity

When an electric field drives a flow along the boundary, the components for the Electric

field E along with the Electroosmotic mobility 1, should be defined. The Built-in expression
for the Electroosmotic mobility requires values or expressions for the Zeta potential { and

the Relative permittivity &,

This option requires the Microfluidics Module.

Slip Velocity

In the microscale range, the flow condition at a boundary is seldom strictly no slip or slip.
Instead, the boundary condition is something in between, and there is a Slip velocity at the
boundary. Two phenomena account for this velocity: noncontinuum effects and the flow
induced by a thermal gradient along the boundary. The components of Velocity of moving

wall: u, should be specified. Zero values are used for a stationary wall.

When the Use viscous slip check box is selected, the default Slip length L is User defined.
Another value or expression may be entered if the default value is not applicable. For
Maxwell’s model values or expressions for the Tangential momentum accommodation
coefficient a,, and the Mean free path A should be specified. Tangential accommodation
coefficients are typically in the range of 0.85 to 1.0 and can be found in G. Kariadakis, A.
Beskok, and N. Aluru, Microflows and Nanoflows, Springer Science and Business Media,
2005.

When the Use thermal creep check box is selected, a thermal creep contribution with
Thermal slip coefficient opis activated. Thermal slip coefficients are typically between 0.3
and 1.0 and can be found in G. Kariadakis, A. Beskok, and N. Aluru, Microflows and
Nanoflows, Springer Science and Business Media, 2005.

This boundary condition is not compatible with the projection method.
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Wall Functions
The Wall functions boundary condition replaces the no-slip condition on solid walls for
certain turbulence models such as the k- and k- models. Wall functions are used to

model the thin region with large gradients in flow variables near the wall.

When Apply wall roughness is selected, a Sand roughness model, derived from the
experiments by Nikuradse, is applied. More general roughness types can be specified by

selecting Generic roughness.

* For Sand roughness an Equivalent sand roughness height k., should be specified.

¢ For Generic roughness a Roughness height g and a dimensionless Roughness parameter C

should be specified.

Sliding Wall (Wall Functions)

The Sliding wall (wall functions) boundary condition applies wall functions to a wall in a
turbulent flow where the velocity magnitude in the tangential direction of the wall is
prescribed. The tangential direction is determined in the same manner as in the Sliding
Wall feature. The component values or expressions for the Velocity of sliding wall uy, should

be specified.

The Apply wall roughness option is available for the Sliding wall (wall functions). See Wall

Functions for details.

Moving Wall (Wall Functions)

Applying this boundary condition does not automatically cause an associated geometry
change. The Moving wall (wall functions) boundary condition applies wall functions to a
wall with prescribed velocity uy, in a turbulent flow. Component values or expressions for

the Velocity of moving wall u,, should be specified.

The Apply wall roughness option is available for the Moving wall (wall functions). See Wall
Functions for details.

CONSTRAINT SETTINGS
This section is displayed by clicking the Show button (& ) and selecting Advanced Physics
Options.

* Theory for the Wall Boundary Condition

@l e Moving Mesh Interface in the COMSOL Multiphysics Reference
Manual
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Interior Wall

The Interior Wall boundary condition can only be applied on interior boundaries.

It is similar to the Wall boundary condition available on exterior boundaries except that it
applies on both sides of an internal boundary. It allows discontinuities (velocity, pressure,
and turbulence variables) across the boundary. The Interior Wall boundary condition can
be used to avoid meshing thin structures by applying no-slip conditions on interior curves
and surfaces instead. Slip conditions and conditions for a moving wall can also be

prescribed. The Interior Wall boundary condition is only available for single-phase flow. It

is compatible with laminar and turbulent flow.

BOUNDARY CONDITION
The available Boundary condition options are No slip (for laminar flow), Wall functions (for
turbulent flow), Slip, or Moving wall.

No Slip
The No slip condition prescribes u = 0 on both sides of the boundary; that is, the fluid at

the wall is not moving.

Wall Functions
For the k-€ turbulence model, the Wall functions boundary condition is used to model the

thin region with large gradients in flow variables near a stationary, solid wall.

When Apply wall roughness is sclected, a Sand roughness model, derived from the
experiments by Nikuradse, is applied. More general roughness types can be specified by

selecting Generic roughness.

* For Sand roughness an Equivalent sand roughness height %, should be specified.

* For Generic roughness a Roughness height & and adimensionless Roughness parameter C

should be specified.

Slip

The Slip condition prescribes a no-penetration condition, u-n=0. It implicitly assumes that
there are no viscous effects on either side of the slip wall and hence, no boundary layer
develops. From a modeling point of view, this can be a reasonable approximation if the
important effect is to prevent the exchange of fluid between the regions separated by the

interior wall.
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Moving Wall
Applying this boundary condition does not automatically cause an associated geometry
change. An additional Moving Mesh interface must be added to physically track the wall

movement in the spatial reference frame.

If the wall moves, so must the fluid on both sides of the wall. Hence, this boundary
condition prescribes u = uy. The components of the Velocity of moving wall u,, should be
specified.

CONSTRAINT SETTINGS
This sectionis displayed by clicking the Show button (“& ) and selecting Advanced Physics

Options.
o Wall
@ * Moving Mesh Interface in the COMSOL Multiphysics Reference
Mannal

Rotating Wall

This feature applies boundary conditions to external boundaries of a Rotating Domain.
For laminar flow conditions corresponding to no slip (with respect to the rotating wall)

are prescribed.

For turbulence models using wall functions, corresponding conditions accounting for the

rotation of the wall are prescribed.

CONSTRAINT SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.

@l References for the Single-Phase Flow, Turbulent Flow Interfaces

Rotating Interior Wall

This feature can be used to prescribe Rotating Wall conditions to internal (infinitely thin)

walls of a Rotating Domain.
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The feature is similar to the Rotating Wall boundary condition, except that it applies
boundary conditions on both sides of an internal boundary. It allows for discontinuities in

the dependent variables (velocity, pressure, turbulence) across the boundary.

The Rotating Interior Wall boundary condition is particularly useful to avoid meshing thin
structures by instead introducing infinitely thin curves and surfaces in the mesh and

applying rotating wall conditions on these.

@l References for the Single-Phase Flow, Turbulent Flow Interfaces

Stationary Free Surface

This postprocessing feature is used to estimate the deformation of a free surface from the
pressure distribution on the boundary when using the Frozen Rotor or Frozen Rotor with

Initialization study types. When computing the flow field, a slip condition together with a
constant pressure level poy is applied on the boundary. The free surface deformation 7pg
is evaluated from the linearized free surface condition in a separate study step, Stationary

Free Surface, using the pressure from the Frozen Rotor study step.
P(X() ~Pexe + - VP|__ _ Tlpg = —0VEIgg (3-9)

ois the surface tension coefficient, X = X represents the position of the undisturbed
surface - the feature selection, and n is its unit normal. The correct study sequence can
be triggered by toggling the study window once a selection for the Stationary Free Surface

feature has been made.

The Stationary Free Surface feature is supported by laminar and turbulent flow, and is
applicable for small surface deformations (77pg and its gradient should be small compared

to the dimensions of the computational domain).

STATIONARY FREE SURFACE
Enter an External pressure po, corresponding to the average pressure level on the free

surface.
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SURFACE TENSION
The default Surface tension coefficient o (SI unit: N/m) is User defined. It can also be
specified from predefined libraries, by selecting Library coefficient, liquid/gas interface or

Library coefficient, liquid/liquid interface.

¢ For Library coefficient, liquid/gas interface sclect an option from the list — Water/Air,
Acetone/Air, Acetic acid/Air, Ethanol/Air, Ethylene glycol/Ethylene glycol vapor, Diethyl

ether/Air, Glycerol/Air, Heptane/Nitrogen, Mercury/Mercury vapor, or Toluene/Air.

¢ For Library coefficient, liquid/liquid interface sclect an option from the list —
Benzene/Water, 20°C, Corn oil/Water, 20°C, Ether/Water, 20°C, Hexane/Water, 20°C,
Mercury/Water, 20°C, or Olive oil/Water, 20°C.

Only one Stationary Free Surface feature can be applied in a Rotating Machinery, Fluid

Flow interface, and it requires the study to be stationary (Frozen Rotor).

Contact Angle

This feature specifies the contact angle between the free surface and a solid wall. The
Contact Angle feature is a subfeature to, and added under a Stationary Free Surface
feature.

CONTACT ANGLE

Select an option from the Specify contact angle list—Directly (the default) or Through
Young’s equation.

 For Directly enter a Contact angle 6, (SI unit: rad). The default is ©/2.

* For Through Young’s equation enter values or expressions for Phase 1-Solid surface energy
density %7 (SI unit: ]/mz) and Phase 2-Solid surface energy density Jo (SI unit: ]/mz).
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Theory for the Single-Phase Flow
Interfaces

E}, Also see Theory for the Turbulent Flow Interfaces and Theory for the

Rotating Machinery Interfaces.

The theory for the Single-Phase Flow, Laminar Flow interface is described in this section:

* General Single-Phase Flow Theory

* Compressible Flow

* Weakly Compressible Flow

e The Mach Number Limit

* Incompressible Flow

* The Reynolds Number

* Non-Newtonian Flow: The Power Law and the Carreau Model
e Gravity

e The Boussinesq Approximation

e Theory for the Wall Boundary Condition
* Prescribing Inlet and Outlet Conditions
e Laminar Inflow

e Laminar Outflow

* Mass Flow

* No Viscous Stress

* Normal Stress Boundary Condition

* Vacuum Pump Boundary Condition

* Fan Defined on an Interior Boundary

* Fan and Grille Boundary Conditions

* Screen Boundary Condition

e Mass Sources for Fluid Flow

* Numerical Stability — Stabilization Techniques for Fluid Flow
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* Solvers for Laminar Flow

e DPseudo Time Stepping for Laminar Flow Models

e The Projection Method for the Navier-Stokes Equations
* Discontinuous Galerkin Formulation

¢ Darticle Tracing in Fluid Flow

* References for the Single-Phase Flow, Laminar Flow Interfaces

I’i-l' The theory about most boundary conditions is found in Ref. 2.

General Single-Phase Flow Theory

The Single-Phase Fluid Flow interfaces are based on the Navier-Stokes equations, which

in their most general form read

%E+V-(pu) -0 (3-10)
t
Ju
p—a-t-+p(u~V)u =V.[-pI+1]+F (3-11)
T od) - . arees T2 (22, )
pcp(at+(u V)T) - (Vv q)+1:.S—pan(at+(u V)p)+Q (3-12)

where

e pis the density (ST unit: kg/ms)

e uis the velocity vector (SI unit: m/s)

e pis pressure (SI unit: Pa)

¢ 1 is the viscous stress tensor (SI unit: Pa)

e F is the volume force vector (SI unit: N/ ms)

* C, is the specific heat capacity at constant pressure (SI unit: J/(kg-K))
e Tis the absolute temperature (ST unit: K)

e q is the heat flux vector (SI unit: W/mz)

¢ @ contains the heat sources (SI unit: W/ms)

¢ S is the strain-rate tensor:

118 | CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



S = %(Vu +(Va)T)

The operation “:” denotes a contraction between tensors defined by
ab = ZZanmbnm (3-13)
n m

This is sometimes referred to as the double dot product.

Equation 3-10 is the continuity equation and represents conservation of mass.

Equation 3-11 is a vector equation which represents conservation of momentum.

3-
Equation 3-12 describes the conservation of energy, formulated in terms of temperature.

This is an intuitive formulation that facilitates boundary condition specifications.

To close the equation system, Equation 3-10 through Equation 3-12, constitutive
relations are needed. For a Newtonian fluid, which has a linear relationship between stress

and strain, Stokes (Ref. 1) deduced the following expression:
2
T =2uS- gH(V -u)l (3-14)

The dynamic viscosity, u (SI unit: Pa-s), for a Newtonian fluid 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. With the CFD Module, you can model flows of
non-Newtonian fluids using the predefined power law and Carreau models, which
describe the dynamic viscosity for non-Newtonian fluids. The Heat Transfer Module treats
all fluids as Newtonian according to Equation 3-14.Other commonly used constitutive

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

In theory, the same equations describe both laminar and turbulent flows. In practice,
however, the mesh resolution required to simulate turbulence with the Laminar Flow

interface makes such an approach impractical.

There are several books where derivations of the Navier-Stokes equations
and detailed explanations of concepts such as Newtonian fluids can be
E}‘ found. See, for example, the classical text by Batchelor (Ref. 3) and the

more recent work by Panton (Ref. 4).
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Many applications describe isothermal flows for which Equation 3-12 is decoupled from
Equation 3-10 and Equation 3-11. Nonisothermal flow and the temperature equation are

described in the Heat Transfer and Nonisothermal Flow Interfaces chapter.

2D AXISYMMETRIC FORMULATIONS

A 2D axisymmetric formulation of Equation 3-10 and Equation 3-11 requires 0/9¢ to
be zero. That is, there must be no gradients in the azimuthal direction. A common
additional assumption is however that =0. In such cases, the ¢ -equation can be removed
from Equation 3-11. The resulting system of equations is both easier to converge and
computationally less expensive compared to retaining the ¢ -equation. The default 2D

axisymmetric formulation of Equation 3-10 and Equation 3-11 therefore assumes that

9/00=0
u¢=0

You can activate the Swirl Flow property which reduces the above assumptions to

0/0¢ = 0 and reintroduces the ¢ -equation into Equation 3-11.

Compressible Flow

The equations of motion for a single-phase fluid are the continuity equation:

%g +V-(pu) = 0 (3-15)
and the momentum equation:
ou T 2
p§+pu~Vu =-Vp+V-(u(Vu+(Vu) )—gu(V~u)I +F (3-16)

These equations are applicable for incompressible as well as for compressible flow with

density and viscosity variations.

Weakly Compressible Flow

The same equations as for Compressible Flow are applied for weakly compressible flow.
The only difference is that the density is evaluated at the reference pressure. The density

may be a function of other quantities, in particular it may be temperature dependent.

The weakly compressible flow equations are valid for incompressible as well as

compressible flow with density variations independent of the pressure.
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The Mach Number Limit

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

Ma = lul
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 then have the mathematical property that pressure disturbances are
instantaneously propagated throughout the entire domain. This results in a parabolic

equation system.

The momentum equation, Equation 3-16, is parabolic for unsteady flow and elliptic for
steady flow, whereas the continuity equation, Equation 3-15, is hyperbolic for both steady
and unsteady flow. The combined system of equations is thus hybrid parabolic-hyperbolic
for unsteady flow and hybrid elliptic-hyperbolic for steady flow. An exception occurs when
the viscous term in Equation 3-16 becomes vanishingly small, such as at an outflow
boundary, in which case the momentum equation becomes locally hyperbolic. The
number of boundary conditions to apply on the boundary then depends on the number
of characteristics propagating into the computational domain. For the purely hyperbolic
system, the number of characteristics propagating from the boundary into the domain
changes as the Mach number passes through unity. Hence, the number of boundary
conditions required to obtain a numerically well-posed system must also change. The
compressible formulation of the laminar and turbulent interfaces uses the same boundary
conditions as the incompressible formulation, which implies that the compressible

interfaces are not suitable for flows with a Mach number larger than or equal to one.

The practical Mach number limit is lower than one, however. The main reason is that the
numerical scheme (stabilization and boundary conditions) of the Laminar Flow interface
does not recognize the direction and speed of pressure waves. The fully compressible
Navier-Stokes equations do, for example, start to display very sharp gradients already at
moderate Mach numbers. But the stabilization for the single-phase flow interface does not
necessarily capture these gradients. It is 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. For this reason, the
compressible formulation is referred to as Compressible flow (Ma<0.3) in COMSOL
Multiphysics. To model high Mach number flows, use on of The High Mach Number
Flow Interfaces.
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Incompressible Flow

When the temperature variations in the flow are small, a single-phase fluid can often be
assumed incompressible; that is, p is constant or nearly constant. This is the case for all
liquids under normal conditions and also for gases at low velocities. For constant p,

Equation 3-15 reduces to

pV-u =0 (3-17)
and Equation 3-16 becomes
ou T
P, +p(u-Vyu = V- [-pIl+w(Va+(Va))]+F (3-18)

In order to apply the incompressible flow formulation, the density is evaluated at the
reference pressure level, and both the density and viscosity are evaluated at the reference
temperature. However, if the density is a function of other quantities such as a
concentration field, the user has to make sure that the density is defined as constant when
the incompressible flow formulation is used.

The Reynolds Number

A fundamental characteristic in analyses of fluid flow is the Reynolds number:

Re= RUL
[

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 flow field eventually ends up in a chaotic state called turbulence.

Observe that the Reynolds number can have different meanings depending on the length
scale and velocity scale. To be able to compare two Reynolds numbers, they must be based

on equivalent length and velocity scales.

The Fluid Flow interfaces automatically calculate the local cell Reynolds number
Re® = p|uj/(2u) using the element length A for L and the magnitude of the velocity vector
u for the velocity scale U. This Reynolds number is not related to the character of the flow

field, but to the stability of the numerical discretization. The risk for numerical oscillations

CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



in the solution increases as Re® grows. The cell Reynolds number is a predefined quantity
available for visualization and evaluation (typically it is available as: spf.cellRe).

Non-Newtonian Flow: The Power Law and the Carvean Model

The viscous stress tensor is directly dependent on the shear rate tensor and can be written
as:

.2
T=uy- gu(V~u)I

T =py

using the compressible and incompressible formulations. Here ¥ denotes the strain-rate
tensor defined by:

¥ = (Vu+(Vu)T)

Its magnitude, the shear rate, is:
: . 1. .
v=1I= 577

where the contraction operator “:” is defined by

ab = ZZanmbnm
n m

For a non-Newtonian fluid, the dynamic viscosity is assumed to be a function of the shear
rate:

wo=p(y)

The Laminar Flow interfaces have the following predefined models to prescribe a

non-Newtonian viscosity—the power law and the Carreau model.

POWER LAW

The power law model is an example of a generalized Newtonian model. It prescribes
w=my" 1 (3-19)

where m and n are scalars that can be set to arbitrary values. For n > 1, the power law

describes a shear thickening (dilatant) fluid. For n < 1, it describes a shear thinning
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(pseudoplastic) fluid. A value of n equal to one gives the expression for a Newtonian fluid.

Equation 3-19 predicts an infinite viscosity at zero shear rate for n < 1. This is however
never the case physically. Instead, most fluids have a constant viscosity for shear rates
smaller than 1072 571 (Ref. 19). Since infinite viscosity also makes models using
Equation 3-19 difficult to solve, COMSOL Multiphysics implements the power law
model as

n= mmax(% ymin)n -1 (3-20)

where y, . is a lower limit for the evaluation of the shear rate magnitude. The default
value for y_ . is 1072 s"l, but can be given an arbitrary value or expression using the

corresponding text field.

CARREAU MODEL
The Carreau model defines the viscosity in terms of the following four-parameter

expression

(n-1)
Ho= o+ (o= Rip) [1+ (Ap)?] 2 (3-21)

where A is a parameter with the unit of time, L is the zero shear rate viscosity, W;,¢is the
infinite shear-rate viscosity, and n is a dimensionless parameter. This expression is able to

describe the viscosity for most stationary polymer flows.
Gravity

DEFINITION
The gravity force is defined from the acceleration of gravity vector, g, and the density, p.
Under usual conditions and in Cartesian coordinates with the z-axis in the vertical

direction,

B const

When gravity is considered, a volume force equal to pg is included in the momentum
equation. For example, for laminar weakly compressible flow, it reads:
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paa_‘tl +pu-Vu =V. (—pl +u(Va+ (Va)T) - %M(V : u)I) +F+pg (8-22)

Introducing a constant reference density p..f, and assuming that g is homogeneous, this

equation is equivalently written:

Ju
pg +pua- Vu=
(3-23)

2
V(T4 u(Va+ (Vo)D) - 20V w4 p g (r-r, ) + F+ (- pog

where r is the position vector and ro¢is an arbitrary reference position vector.

From this equation, it is convenient to define the reduced pressure which accounts for the

hydrostatic pressure, P = P =P8 (X —T,p)

Ju

p3; tPU Vu=V. (—I;I +u(Vu+ (Va)T) - gu(V : u)I) +F+(p-p.pg (3-24)

In Equation 3-24, the gravity force is written (p —p,.p)€ . Assuming that the density is a
function of the temperature only (p—p,.)g = (p(T) - p(T,.0))g - A first order Taylor
approximation gives (p — p,.p)&€ = —p(T,.p) oL, (T, .)(T-T,.p)g where

_1dp
ap(Trcf) - paT Trd

is the thermal expansion coefficient.

Using the same approach, the gravity force in Equation 3-22 can be rewritten as
pg= —P(Tref)( 1—(Xp(Tr¢f)(T - Trcf))g .

INCOMPRESSIBLE FLOW
For incompressible flow the fluid properties are assumed to be constant (Boussinesq’s
approximation). Hence it is natural to define the reference density, ppef, such that

P=Pref=P( Tret:Pref) and ther=1( T or) which makes it possible to simplify equation
Equation 3-24:

Ju ~
Prergy + Preft- VU = V- (-pT 4+, (Vu+ (Va)T)) +F
In some cases, even when the flow is modeled as incompressible, buoyancy should be

accounted for. Using the approximation of the gravity force based on the thermal

expansion coefficient (which is relevant in this case: since the density changes are small, the
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first order approximation is reasonably accurate), it is possible to rewrite the momentum

equation with constant density and a buoyancy force:

Ju

Prergy + Pref” Vu=V. (—;;I +1 (Va+(Vu) D) +F

_prcfocp ( Trcf) ( T- Trcf)g

WEAKLY COMPRESSIBLE FLOW

For weakly compressible flow the assumption is that the density depends only on the
temperature. In particular, the pressure dependency of the density is neglected, and the
density is evaluated at the reference pressure: p=p(T,p,o¢). With the relative pressure as
dependent variable, Equation 3-22 is used

paa—‘t‘+pu-Vu - V-(_p1+p(Vu+(Vu)T)_§u(V-u)I) +F+pg

With the reduced pressure as dependent variable, Equation 3-24 is used:

%—?+pu~Vu =V. (—1;I+u(Vu+(Vu)T)—§u(V . u)I) +F+(p-p. g

COMPRESSIBLE FLOW
For compressible flow the density may depend on any other variable, in particular on the

temperature and the pressure. Similar equations are used as for the Weakly Compressible

Flow case except that the density is not evaluated at the reference pressure.

NONISOTHERMAL FLOW COUPLING
For consistency, when the Nonisothermal Flow coupling is active, the assumptions made for

the single phase flow interface are also made in the heat transfer interface:

* Incompressible flow: the Boussinesq approximation implies that the thermal
conductivity and heat capacity are also constant.

* Weakly Compressible flow: the density is evaluated at p,..¢in the heat interface too.

¢ Compressible flow: no change.

PRESSURE FORMULATION

When the relative pressure is used (default option) the interface dependent variable
represents the relative pressure and the absolute pressure is defined as py = p,¢+p .
When the pressure is used to define a boundary condition (for example when p defines

the pressure condition at an outlet), it represents the relative pressure. Hence defining the
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outlet pressure as p hy = —p,.¢8 ' (r-r, ) compensates for the gravity force for

dro, approx
an ambient reference pressure of 0Pa when the density is constant, there is no external

force, and provided pef, g and ry are defined consistently.

When the reduced pressure is used, the interface dependent variable (named p by default)
represents the reduced pressure. The absolute pressure is then defined as

DA = Pref— Pref8 - (r—T ) + p . In this case when the pressure is used to define a
boundary condition (for example to define a pressure condition at an outlet), its value
corresponds to the reduced pressure. Hence, the prescribed pressure compensates for an
approximate hydrostatic pressure, Phydro, approx = ~Pref8 (X =T p) which is exact only

when the density is constant and there is no external force.

PRESSURE BOUNDARY CONDITION

For an immobile fluid the momentum equation simplifies to V - (pI) = F +pg or
V.-(-pI) = F+(p- Prep) & depending on the pressure formulation.

For incompressible flow, assuming there are no external forces, this leads respectively to
P =P g (r-r )+pyorP =Po.

For weakly compressible flow and compressible ﬂOIYV’ since the density varies, there is no
corres]%onding explicit expression. We have p, — J' pg-dr+p, and

p = J. (P—Pref)g‘dr"‘l’o' r

T . . . ..
In practice, these integrals can be problematic to evaluate. Hence, whenever possible, it is

ref

recommended to locate the pressure boundary in a region where the approximate
definition of the hydrostatic pressure is applicable, or to define a boundary that is

perpendicular to the gravity vector.

If it is not possible and if the pressure conditions cannot be determined, you can use a no

viscous stress condition (available in the Open Boundary feature).

The Boussinesq Approximation

The Boussinesq approximation is a way to treat certain simple cases of buoyant flow

without having to use the 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 a buoyancy force. The density is assigned a reference

value, pg, everywhere except in the volume force term, which is set to

F = (py+Ap)g (3-25)
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where g is the gravity vector. A further simplification is often possible. Because g can be

written in terms of a potential, @, Equation 3-25 can be written as:
F = -V(py®) + Apg

The first part can be canceled out by splitting the true pressure, p, into a hydrodynamic
component, P, and a hydrostatic component, —py®. Equation 3-17 and Equation 3-18 are
expressed in terms of the hydrodynamic pressure P = p + po®:

pV-u=0 (3-26)
poaa—l:+(p0u-V)u = -VP+V. (u(Vu+(Vu)h)) + gAp (3-27)

To obtain the Boussinesq approximation on this form, the flow must be defined as
Incompressible with the Include gravity and Use reduced pressure options selected in the flow
interface, and the Nonisothermal Flow multiphysics feature should be used to coupled the

heat transfer and fluid flow interfaces.

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

The system formed by Equation 3-26 and Equation 3-27 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, make 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. 10.

Theory for the Wall Boundary Condition

See Wall for the node settings.

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 is 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:

u-n =0, (-pI+p(Vu+(Va)T))m = 0
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The no-penetration term takes precedence over the Neumann part of the condition and

the above expression is therefore equivalent to

u-n=20, K-(K-nn =0
K = p(Vu+(Vu)DH)n

expressing that there is no flow across the boundary and no viscous stress in the tangential

direction.

For a moving wall with translational velocity uy,, u in the above equations is replaced by

the relative velocity Wpe] = u—ty,.

For turbulent flow, turbulence variables are in general subject to homogeneous Neumann

conditions. For example
VE-n =0 Ve-n =0

for the £-& model.

SLIDING WALL
The sliding wall option is appropriate if the wall behaves like a conveyor belt; that is, the
surface is sliding in its tangential direction. The wall does not have to actually move in the

coordinate system.

* In 2D, the tangential direction is unambiguously defined by the direction of the
boundary, but the situation becomes more complicated in 3D. For this reason, this

boundary condition has slightly different definitions in the different space dimensions.

* For 2D and 2D axisymmetric components, the velocity is given as a scalar Uy, and the

condition prescribes

u-n =0, u-t=U

w

where t = (n,, —n,) for 2D and t = (n,, —n,.) for axial symmetry.
* For 3D components, the velocity is set equal to a given vector u, projected onto the

boundary plane:

u,-(n-u,)n
u=——————"—-|u

The normalization makes u have the same magnitude as u,, even if uy, is not exactly

parallel to the wall.
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SLIP VELOCITY

In the microscale range, the flow at a boundary is seldom strictly no slip or slip. Instead,
the boundary condition is something in between, and there is a slip velocity at the
boundary. Two phenomena account for this velocity: violation of the continuum
hypothesis for the viscosity and flow induced by a thermal gradient along the boundary.

The following equation relates the viscosity-induced jump in tangential velocity to the

tangential shear stress along the boundary:

where p is the fluid’s dynamic viscosity (SI unit: Pa-s), a,, represents the tangential
momentum accommodation coefficient (TMAC) (dimensionless), and A is the molecules’
mean free path (SI unit: m). The tangential accommodation coefficients are typically in the
range of 0.85 to 1.0 and can be found in Ref. 15.

A simpler expression for B is

B=1

LS

where Ly, the slip length (SI unit: m), is a straight channel measure of the distance from
the boundary to the virtual point outside the flow domain where the flow profile

extrapolates to zero. This equation holds for both liquids and gases.

Thermal creep results from a temperature gradient along the boundary. The following
equation relates the thermally-induced jump in tangential velocity to the tangential

gradient of the natural logarithm of the temperature along the boundary:
Au = 6,5V logT
= Omp Ve g

where o is the thermal slip coefficient (dimensionless) and p is the density of the fluid.
The thermal slip coefficients range between 0.3 and 1.0 and can be found in Ref. 15.

Combining the previous relationships results in the following equation:
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_ I J:LV
u—-u Tn,t+GTpT tT

w, ¢ v
Relate the tangential shear stress to the viscous boundary force by

1,; = K-(n-K)n

n,

where the components of K are the Lagrange multipliers that are used to implement the
boundary condition. Similarly, the tangential temperature gradient results from the

difference of the gradient and its normal projection:

V,T = VT-(n-VT)n

Use Viscous Slip
When viscous slip is used, select Maxwell’s model to calculate Ly using:

L (Z_a")?»

s

Also see Wall for the node settings.

Prescribing Inlet and Outlet Conditions

The Navier-Stokes equations can show large variations in mathematical behavior, ranging
from almost completely elliptic to almost completely hyperbolic. This has implications
when it comes to prescribing admissible boundary conditions. There is also a discrepancy
between mathematically valid boundary conditions and practically useful boundary
conditions. See Inlet and Outlet for the node settings.

INLET CONDITIONS
An inlet requires specification of the velocity components. The most robust way to do this

is to prescribe a velocity field using a Velocity condition.

A common alternative to prescribing the complete velocity field is to prescribe a pressure
and all but one velocity component. The pressure cannot be specified pointwise because
this is mathematically over-constraining. Instead the pressure can be specified via a stress
condition:

ou

-p +2u—a—r-:—l =F, (3-28)
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where du,,/on is the normal derivative of the normal velocity component. Equation 3-28
is prescribed by the Pressure condition in the Inlet and Outlet features and the Normal
stress condition in the Open Boundary and Boundary Stress features. Equation 3-28 is
mathematically more stringent compared to specifying the pressure pointwise and at the
same time cannot guarantee that p obtains the desired value. In practice, p is close to F,
except for low Reynolds number flows where viscous effects are the only effects that
balance the pressure. In addition to Equation 3-28, all but one velocity component must
be specified. For low Reynolds numbers, this can be specified by a vanishing tangential
stress condition:

Ju,
Ha—n =

which is what the Normal stress condition does. Vanishing tangential stress becomes a less
well-posed inlet condition as the Reynolds number increases. The Pressure condition in
the Inlet feature therefore requires a flow direction to be prescribed, which provides a

well-posed condition independent of Reynolds number.

OUTLET CONDITIONS
The most common approach is to prescribe a pressure via a normal stress condition on the

outlet. This is often accompanied by a vanishing tangential stress condition:

ou,
H'a';; =

where du,/on is the normal derivative of the tangential velocity field. It is also possible to
prescribe u; to be zero. The latter option should be used with care since it can have a

significant effect on the upstream solution.

The elliptic character of the Navier-Stokes equations mathematically permit specifying a

complete velocity field at an outlet. This can, however, be difficult to apply in practice. The
reason being that it is hard to prescribe the outlet velocity so that it is consistent with the
interior solution at each point. The adjustment to the specified velocity then occurs across
an outlet boundary layer. The thickness of this boundary layer depends on the Reynolds
number; the higher the Reynolds number, the thinner the boundary layer.

ALTERNATIVE FORMULATIONS

COMSOL provides several specialized boundary conditions that either provide detailed
control over the flow at the boundary or that simulate specific devices. In practice they
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often prescribe a velocity or a pressure, but calculate the prescribed values using for

example ODEs.

& Normal Stress Boundary Condition

Laminar Inflow

In order to prescribe a fully developed inlet velocity profile, this boundary condition adds
a weak form contribution and constraints corresponding to unidirectional flow
perpendicular to the boundary. The applied condition corresponds to the situation shown
in Figure 3-2: a fictitious domain of length Lg, is assumed to be attached to the inlet of
the computational domain. The domain is an extrusion of the inlet boundary, which means
that laminar inflow requires the inlet to be flat. The boundary condition uses the
assumption that the flow in this fictitious domain is fully developed laminar flow. The
“wall” boundary conditions for the fictitious domain is inherited from the real domain, Q,
unless the option to constrain outer edges or endpoints to zero is selected in which case

the fictitious “walls” are no-slip walls.

F——_— = =
Pentr | Q
L e — —
B e ——
Lentr

Figure 3-2: An example 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 an average inlet velocity or inlet volume flow is specified instead of the pressure,
COMSOL Multiphysics adds an ODE that calculates a pressure, Pepty, such that the
desired inlet velocity or volume flow is obtained.

Laminar Outflow

In order to prescribe an outlet velocity profile, this boundary condition adds a weak form
contribution and constraints corresponding to unidirectional flow perpendicular to the
boundary. The applied condition corresponds to the situation shown in Figure 3-3:
assume that a fictitious domain of length Lgy;; is attached to the outlet of the
computational domain. The domain is an extrusion of the outlet boundary, which means
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that laminar outflow requires the outlet to be flat. The boundary condition uses the
assumption that the flow in this fictitious domain is fully developed laminar flow. The
“wall” boundary conditions for the fictitious domain is inherited from the real domain, €,
unless the option to constrain outer edges or endpoints to zero is selected in which case

the fictitious “walls” are no-slip walls.

Figure 3-3: An example of the physical situation simulated when using the Laminar outflow
boundary condition. Q is the actual computational domain while the dashed domain is a
fictitious domain.

If the average outlet velocity or outlet volume flow is specified instead of the pressure, the
software adds an ODE that calculates gyt such that the desired outlet velocity or volume

flow is obtained.

Mass Flow

The Mass Flow boundary condition constrains the mass flowing into the domain across an
inlet boundary. The mass flow can be specified in a number of ways.

POINTWISE MASS FLUX

The pointwise mass flux sets the velocity at the boundary to:
m
w = Mt
p
where myis the normal mass flux and p is the density.

MASS FLOW RATE
The mass flow rate boundary condition sets the total mass flow through the boundary

according to:
—I dy.p(u-n)dS = m
0Q

where dj,. (only present in the 2D Cartesian axis system) is the boundary thickness normal

to the fluid-flow domain and m is the total mass flow rate.
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In addition to the constraint on the total flow across the boundary, the tangential velocity
components are set to zero on the boundary

uxn=0 (3-29)

STANDARD FLOW RATE

The standard flow rate boundary condition specifies the mass flow as a standard volumetric

flow rate. The mass flow through the boundary is set by the equation:
- [ dpe-(u-m)as = Q,
YL

where dj,. (only present in the 2D component Cartesian axis system) is the boundary
thickness normal to the fluid-flow domain, pg; is the standard density, and @y is the
standard flow rate. The standard density is defined by one of the following equations:

M

Pst = "7’_1
n

_ pstMn

Pst = RTst

where M, is the mean molar mass of the fluid, V, is the standard molar volume, pg; is the
standard pressure, R is the universal molar gas constant, and Ty is the standard
temperature.

Equation 3-29 or Equation 3-30 is also enforced for compressible and incompressible
flow, respectively, ensuring that the normal component of the viscous stress and the
tangential component of the velocity are zero at the boundary.

No Viscous Stress

For this module, and in addition to the Pressure, No Viscous Stress boundary condition,

the viscous stress condition sets the viscous stress to zero:
T _2 _
w(Va+ (Vua) )—§p.(V-u)I n=20

(W(Vu+(Vw)D)n = 0
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using the compressible /weakly compressible and the incompressible formulation,

respectively.

The condition is not a sufficient outlet condition since it lacks information about the outlet
pressure. It must hence be combined with pressure point constraints on one or several

points or lines surrounding the outlet.

This boundary condition is numerically the least stable outlet condition, but can still be
beneficial if the outlet pressure is nonconstant due to, for example, a nonlinear volume
force.

Normal Stress Boundary Condition

The total stress on the boundary is set equal to a stress vector of magnitude fp, oriented in

the negative normal direction:
2
(—pl + (u(Vu +(Va)Ty - gH(V . u)IDn = —fon

(-pI+p(Vu+(Vw))n = —fon

using the compressible /weakly compressible and the incompressible formulation,

respectively.

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

condition implicitly sets a constraint on the pressure which for 2D flows is

9
p = 2u% +f, (3-30)

If du,,/dn is small, Equation 3-30 states that p = fg.

The Normal Stress condition is the mathematically correct version of the Pressure

Conditions condition (Ref. 4), but it is numerically less stable.

Pressure Boundary Condition

For single-phase flow, a mathematically correct natural boundary condition for outlets is

(—pl +u(Vu + (Vu)T)—gp.(V . u)I)n = —pyn (3-31)

(-pI+u(Vu+(Vu)T))n = pn (3-32)
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using the compressible /weakly compressible and the incompressible formulation,

respectively.

This is a normal stress condition together with a no-tangential-stress condition. When
4> 0, Equation 3-31 or Equation 3-32 can be supplemented with a tangential velocity
condition

ut=0 (3-33)

If so, the no-tangential-stress condition is overridden. An issue with Equation 3-31 or
Equation 3-32 is that it does not strongly enforce unidirectional flow on the boundary. If
the prescribed pressure on an outlet is too high, parts of the outlet can actually have inflow.
This is not as much of an issue for the Navier-Stokes equations as it is an issue for scalar
transport equations solved along with the Navier-Stokes equations. Hence, when applying
the Pressure boundary condition at an outlet or inlet you can further constrain the flow.
With the Suppress backflow option

(—pl +u(Va+ (Vu)T)—gu(V : u)1>n = —I;On

. , (3-34)
(-pI+u(Vu+(Vu)T))n = —pon
PosPg
the normal stress is adjusted to keep
u-nz0 (3-35)

Equation 3-34 effectively means that the prescribed pressure is pg if w-n > 0, but smaller
at locations where uw-n < 0. This means that Equation 3-34 does not completely prevent
backflow, but the backflow is substantially reduced. Backflow is suppressed also when

external forces are acting on the fluid, provided the magnitude of these forces are of the

same order as the dynamic pressure at the outlet.

A pressure condition can also be applied at an inlet. In this case, either the normal stress is

prescribed

nT[_pI +u(Vua + (Vu)T)—gu(V : u)I)n = —po

r . (3-36)
n (-pI+u(Va+(Va)h))m = —pg

Po2py
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together with the tangential condition in Equation 3-33, or, a general flow direction is

prescribed.

ra(—pl +u(Vua + (Vu)T)—gu(V . u)I)n = —I;O(ru -n)

rZ (- pI+ u(Vu+(Vuw)T)n = —po(r,, - n)
R (3-37)
pPo2pg

d

u
u—(u~ru)ru—0, YOS T

[l

The “>” option is used with suppress backflow to have u-n<0 or u- r,2 0.

See Inlet, Outlet, Open Boundary, and No Viscous Stress for the individual node settings.
Note that some modules have additional theory sections describing options available with

that module.

Vacuum Pump Boundary Condition

Vacuum pumps (devices) can be represented using lumped curves implemented as
boundary conditions. These simplifications also imply some assumptions. In particular, it
is assumed that a given boundary can only be either an inlet or an outlet. Such a boundary

should not be a mix of inlets /outlets nor switch between them during a simulation.

Manufacturers usually provide curves that describe the static pressure as a function of flow

rate for a vacuum pump. Also see Vacuum Pump for the node settings.

DEFINING A DEVICE AT AN OUTLET

In this case (see Figure 3-4), the device’s inlet is the interior face situated between the blue
(cube) and green (circle) domains while its outlet is an external boundary, here the circular
boundary of the green domain. The lumped curve gives the flow rate as a function of the
pressure difference between the interior face and the external boundary. This boundary
condition implementation follows the Pressure Boundary Condition for outlets with the

Suppress backflow option:

5 .
(_p1+u(Vu+(Vu)T)—§u(V - u)I)n = ~pont (3-38)

po< Pvacuum pump(VO) —Pref
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Here, Vj is the flow rate across the boundary and pyacuum pump(Vo) is the static pressure
function of flow rate for the vacuum pump. p,eris the reference pressure that ensure that
the absolute pressure is set t0 Pyacuum pump- [N vacuum pump models the reference
pressure may be set to 0 Pa since the absolute pressure is close to 0 Pa by opposition to
ambient conditions where p,..ris often set to 1 atm. Equation 3-38 corresponds to the
compressible formulation. For incompressible flows, the term —(2/3)(V - w) vanishes. In
2D the thickness in the third direction, Dz, is used to define the flow rate. Vacuum pumps

are modeled as rectangles in this case.

f%

3

Figure 3-4: A vacuum pump at the outlet. The arrvow represents the flow direction, the green
circle vepresents the vacunwm pump (that should not be part of the model), and the blue cube
represents the modeled domain with an outlet boundary condition described by a lumped curve
for the attached vacunwm pump.

Fan Defined on an Interior Boundary

In this case, the inlet and outlet of the device are both interior boundaries (see Figure 3-5).
The boundaries are called dev_in and dev_out. The boundary conditions are described
as follows:

* The inlet of the device is an outlet boundary condition for the modeled domain. For
this outlet side, on dev_in, a pressure condition is set. The value of the pressure is set
to the sum of the mean value of the pressure on dev_out and the pressure drop across
the device. The pressure drop is calculated from a lumped curve using the flow rate
evaluated on dev_in.
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* For the inlet side, on dev_out, a pressure boundary condition is defined. The pressure
value is set so that the flow rate is equal on dev_in and dev_out. An ODE is added to

compute the pressure value.

* When a turbulence model with transport equations for the turbulence quantities is

applied, the turbulent kinetic energy, &, and dissipation rate, €, specific dissipation rate,

®, or turbulent relative fluctuations, £, must be specified on the downstream side of the

fan. The turbulence conditions are specific to the design and operating conditions of the

fan. A reference velocity scale U,q¢ is available in order to set default values.

cig

1n1

Ropie = 0.015U2;, ey = I (3-39)
Ire:

[

In both cases, the boundary condition implementation follows the
Pressure Boundary Condition for outlet or inlet with the Suppress

backflow option.

See Interior Fan for node settings.

Figure 3-5: A device between two boundaries. The ved avrows represent the flow divection, the
cylindrical part vepresents the device (that should be not be part of the model), and the two
cubes ave the domain that arve modeled with a particular inlet boundary condition to account

Sfor the device.

CHAPTER 3:

SINGLE-PHASE FLOW INTERFACES



Fan and Grille Boundary Conditions

Fans, pumps, or grilles (devices) can be represented using lumped curves implemented as
boundary conditions. These simplifications also imply some assumptions. In particular, it
is assumed that a given boundary can only be either an inlet or an outlet. Such a boundary

should not be a mix of inlets /outlets, nor switch between them during a simulation.

Manufacturers usually provide curves that describe the static pressure as a function of flow

rate for a fan. See Fan and Grille for the node settings.

DEFINING A DEVICE AT AN INLET

In this case, the device’s inlet is an external boundary, represented by the external circular
boundary of the green domain on Figure 3-6. The device’s outlet is an interior face
situated between the green and blue domains in Figure 3-6. The lumped curve gives the
flow rate as a function of the pressure difference between the external boundary and the
interior face. This boundary condition implementation follows the Pressure Boundary

Condition for inlets with the Suppress backflow option:

nT(—pI +u(Va+ (Vu)T) - %u(v . u)I)n =-po

(3-40)
po 2pinput +Ap (Vo)
The Grille boundary condition sets the following conditions:
nT(—pI +u(Vu+ (Va)T) - 2u(V . u)I)n = —1;0
3 (3-41)

po= pinput +Ap grille(VO)

Here, Vy is the flow rate across the boundary, piypyt is the pressure at the deviee’s inlet,
and Apg,n(Vo) and Apgrine(Vp) are the static pressure functions of flow rate for the fan and
the grille. Equation 3-40 and Equation 3-41 correspond to the compressible formulation.
For incompressible flows, the term —(2/3)u(V - w) vanishes. When a turbulence model with
a transport equation for the turbulent kinetic energy is applied, the term —(2/3)pk appears
on the left-hand sides of Equation 3-40 and Equation 3-41. In such cases the turbulent
kinetic energy, k, the turbulent relative fluctuations, { (for the v2-f turbulence model), and
dissipation rate, €, or specific dissipation rate, ®, must be specified on the downstream side.
The turbulence conditions are specific to the design and operating conditions of the fan
or grille. For the Fan condition, a reference velocity scale U,eris available in order to set
default values according to Equation 3-39. For the Grille boundary condition the
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turbulence quantities on the downstream side are specified by defining a loss coefficient
K = 2Ap grillc/ p(u-mn)2  from which a refraction coefficient is derived using
Equation 3-54. Equation 3-47 through Equation 3-49 are then used to relate upstream

and downstream turbulence quantities.

When an algebraic turbulence model, such as the Algebraic yPlus or L-VEL model, is used,
the turbulence is only implicitly affected by the device through the change in the local
Reynolds number.

The flow direction is enforced to be normal to the boundary by default. However, it is

possible to define an arbitrary inflow velocity direction. In such case, Equation 3-40 and
Equation 3-41 are modified similarly to Equation 3-37. In 2D, the thickness in the third
direction, Dz, is used to define the flow rate. Fans are modeled as rectangles in this case.

For 3D and 2D axisymmetry when the swirl flow is included, it is possible to define a swirl
on the downstream side of the fan. It sets the following boundary conditions:

(~pT+u(Vus (Vw) - 20V wjn = pg

u-t=u

swirl = CsszEfn X(r— I'pb)

Po 2pinput + Apfan
Here, the swirl ratio ¢4 is a positive number less than 1, defining the ratio of the rotation

transferred from the fan to the flow, fis the number of revolutions per time for the fan,

and ryy, is the rotation axis base point.

V)

Figure 3-6: A device at the inlet. The arrow represents the flow divection, the green civcle
represents the device (that should not be part of the model), and the blue cube represents the
modeled domain with an inlet boundary condition described by a lumped curve for the
attached device.
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DEFINING A DEVICE AT AN OUTLET

In this case (see Figure 3-15), the fan’s inlet is the interior face situated between the blue
(cube) and green (circle) domain while its outlet is an external boundary, here the circular
boundary of the green domain. The lumped curve gives the flow rate as a function of the
pressure difference between the interior face and the external boundary. This boundary
condition implementation follows the Pressure Boundary Condition for outlets with the

Suppress backflow option:

(—pl +u(Va+ (Va)T) - %u(v . u)I)n = —l;on

(3-42)
PO SPexit— Apfan(VO)
The Grille boundary condition sets the following conditions:
(—pl +u(Va+ (Vu)T) - gu(V . u)I)n = —1;0n
3 (3-43)

pPo Spcxit - Apgrille(‘lo)

Here, V) is the flow rate across the boundary, pey;; is the pressure at the device outlet, and
Apgan(Vo) and Apgrine(Vo) are the static pressure function of flow rate for the fan and the
grille. Equation 3-42 and Equation 3-43 correspond to the compressible formulation. For
incompressible flows, the term —(2/3)u(V - w)n vanishes. When a turbulence model with a
transport equation for the turbulence kinetic energy is applied, the term —(2/3)pkn appears
on the left-hand sides of Equation 3-42 and Equation 3-43. In 2D the thickness in the

third direction, Dz, is used to define the flow rate. Fans are modeled as rectangles in this

casc.
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Figure 3-7: A fan at the outlet. The avvow vepresents the flow divection, the green civcle
represents the fan (that should not be part of the model), and the blue cube represents the
modeled domain with an outlet boundary condition described by a lumped curve for the
attached fan.

Screen Boundary Condition

The word “screen” refers to a barrier with distributed perforations such as a wire gauze,
grille, or perforated plate. The screen is assumed to have a width, which is small compared
to the resolved length-scales of the flow field and can thus be modeled as an edge (in 2D)
or surface (in 3D). This idea permits an economic implementation of the screen, where
the details of the barrier need not be resolved. The general influence of a screen on the
flow field is a loss in the normal momentum component, a change in direction (related to
a suppression of the tangential velocity component), attenuation of the turbulence kinetic
energy and preservation of the turbulence length scale (Ref. 16). The conditions across the

screen are CXpI'CSSCd as,

[pu-n]* =0 (3-44)

{p(u ‘n)2+p- nT{(u + uT)(Vu +(Va)T - %(V . u)I) - %pkl}n}

(3-45)

= —Igp.(u. -n)?
nxu, = N(nxu) (3-46)
k, =2k (3-47)

and, depending on the turbulence model in use, either,
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e, = nde. (3-48)
or,
oW, = NO_ (3-49)

—and + refer to the upstream and downstream side of the screen, whereas K and 1 are the
screen resistance and refraction coefficients. Isotropic turbulence is expected on the

downstream side of the screen, hence,
2
& =3 (3-50)

is enforced when the v2-f turbulence model is used.

The attenuation of the turbulence kinetic energy (Equation 3-47) is based on the
suppression of the tangential velocity (Equation 3-46) and the changes in € and ® are
determined by the assumption of preservation of the turbulence length-scale across the

screen.

When an algebraic turbulence model, such as the Algebraic yPlus or L-VEL model, is used,
the turbulence is only implicitly affected by the device through the change in the local

Reynolds number.

The Screen feature provides three commonly used correlations for K (Ref. 17). The

following correlation is valid for wire gauzes
K = (0.52+0.66/Rej/?)((1-06,)2-1),Re,; = [uld/v (3-51)

Here o, is the solidity (ratio of blocked area to total area of the screen) and d is the

diameter of the wires. For a square mesh, the following correlation is applied,

K =098((1-0,)2-1)1:0 (3-52)
and for a perforated plate,

K = 0.94((1-0,)2-1)128 (3-53)

The following correlation for wire gauzes (Ref. 18) gives reasonable values for n for a wide

range of applications and has been included in the implementation,
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_ K* | K
n= 4

16 (3-54)

See Screen for the node settings. Also see Theory for the Nonisothermal
@l Screen Boundary Condition for the nonisothermal- version of these

physics interfaces.

Mass Sources for Fluid Flow

There are two types of mass sources in a Single-Phase Flow interface: point sources and
line sources.

These features require at least one of the following licenses: Batteries &
Fuel Cells Module, CFD Module, Chemical Reaction Engineering
Module, Corrosion Module, Electrochemistry Module,

[

Electrodeposition Module, Microfluidics Module, Pipe Flow Module, or
Subsurface Flow Module.

POINT SOURCE

A point source is theoretically formed by taking a mass injection/ejection, Q (ST unit:
kg/(ms-s)), in a small volume 8V and then letting the size of the volume tend to zero
while keeping the total mass flux constant. Given a point source strength, q p (SI unit:
kg/s), this can be expressed as

lim  [Q =4, (3-55)
V-0
%

An alternative way to form a point source/sink is to assume that mass is injected /extracted
through the surface of a small object. Letting the object surface area tend to zero while
keeping the mass flux constant, results in the same point source. For this alternative
approach, effects resulting from the physical object volume, such as drag and fluid

displacement, need to be neglected.

The weak contribution

gptest(p)
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is added to a point in the geometry. As can be seen from Equation 3-55, € must tend to
plus or minus infinity as 8V tends to zero. This means that in theory the pressure also tends

to plus or minus infinity.

Observe that “point” refers to the physical representation of the source. A point source
can therefore only be added to points in 3D components and to points on the symmetry
axis in 2D axisymmetry components. Other geometrical points in 2D components
represent physical lines.

The finite element representation of Equation 3-55 corresponds to a finite pressure in a
point with the effect of the point source spread out over a region around the point. The
size of the region depends on the mesh and on the strength of the source. A finer mesh
gives a smaller affected region, but also a more extreme pressure value. It is important not
to mesh too finely around a point source since the resulting pressure can result in
unphysical values for the density, for example. It can also have a negative effect on the

condition number for the equation system.

LINE SOURCE

A line source can theoretically be formed by assuming a source of strength Q (ST unit:
kg/ (ms-s)), located within a tube with cross-sectional area 8S and then letting 8S tend to
zero, while keeping the total mass flux per unit length constant. Given a line source
strength, Q (SI unit: kg/(m-s)), this can be expressed as

lim [@=gq (3-56)
3S —0
S

As in the point source case, an alternative approach is to assume that mass is

injected /extracted through the surface of a small object. This results in the same mass
source, but requires that effects on the fluid resulting from the physical object volume are
neglected.

The weak contribution

qitest(p)

is added to lines in 3D or to points in 2D (which represent cut-through views of lines).
Line sources can also be added to the axisymmetry line in 2D axisymmetry components.
It cannot, however, be added to geometrical lines in 2D because they represent physical
planes.
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As with a point source, it is important not to mesh too finely around the line source.

For feature node information, see Line Mass Source and Point Mass
@ Source_in the COMSOL Multiphysics Reference Manual.

For the Reacting Flow in Porous Media, Diluted Species interface, which
is available with the CFD Module, Chemical Reaction Engineering
Module, or Batteries & Fuel Cells Module, these shared physics nodes are

renamed as follows:
n e The Line Mass Source node is available as two nodes, one for the fluid
flow (Fluid Line Source) and one for the species (Species Line Source).

¢ The Point Mass Source node is available as two nodes, one for the fluid

flow (Fluid Point Source) and one for the species (Species Point Source).

Numerical Stability — Stabilization Techniques for Fluid Flow

The momentum equation (Equation 3-16 or Equation 3-18) is a (nonlinear)
convection-diffusion equation. Such equations can easily become unstable if discretized
using the Galerkin finite element method. Stabilized finite element methods are usually
necessary in order to obtain physical solutions. The stabilization settings are found in the
main Fluid Flow interface features. To display this section, click the Show button ( = ) and

select Stabilization.

There are three types of stabilization methods available for Navier-Stokes — streamiine
diffusion, crosswind diffusion, and isotropic diffusion. Streamline diffusion and
crosswind diffusion are consistent stabilization methods, whereas isotropic diffusion is an

inconsistent stabilization method.

For optimal functionality, the exact weak formulations of and constants in the streamline
diffusion and crosswind diffusion methods depend on the order of the shape functions
(basis functions) for the elements. The values of constants in the streamline diffusion and
crosswind diffusion methods follow Ref. 5 and Ref. 6.

STREAMLINE DIFFUSION

For strongly coupled systems of equations, the streamline diffusion method must be
applied to the system as a whole rather than to each equation separately. These ideas were
first explored by Hughes and Mallet (Ref. 7) and were later extended to Galerkin

CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



least-squares (GLS) applied to the Navier-Stokes equations (Ref. 8). This is the streamline
diffusion formulation that COMSOL Multiphysics supports. The time-scale tensor is the

diagonal tensor presented in Ref. 9.

Streamline diffusion is active by default because it is necessary when convection is

dominating the flow.

The governing equations for incompressible flow are subject to the Babuska-Brezzi
condition, which states that the shape functions (basis functions) for pressure must be of
lower order than the shape functions for velocity. If the incompressible Navier-Stokes
equations are stabilized by streamline diffusion, it is possible to use equal-order
interpolation. Hence, streamline diffusion is necessary when using first-order elements for
both velocity and pressure. 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
Multiphysics supports the formulation in Ref. 8 with a shock-capturing viscosity of the
Hughes-Mallet type Ref. 7.

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

require a very fine mesh to resolve.

Crosswind diffusion is active by default as it makes it easier to obtain a solution even if the
problem is fully resolved by the mesh. Crosswind diffusion also enables the iterative solvers
to use inexpensive presmoothers. If crosswind diffusion is deactivated, more expensive

preconditioners must be used instead.

ISOTROPIC DIFFUSION
Isotropic diffusion adds diffusion to the Navier-Stokes equations. Isotropic diffusion
significantly reduces the accuracy of the solution but does a very good job at reducing

oscillations. The stability of the continuity equation is not improved.

Numerical Stabilization and Iterative_in the COMSOL Multiphysics
E}‘ Reference Manual

THEORY FOR THE SINGLE-PHASE FLOW INTERFACES

149



150 |

Solvers for Laminar Flow

The Navier-Stokes equations constitute a nonlinear equation system. A nonlinear solver
must hence be applied to solve the problem. The nonlinear solver iterates to reach the final
solution. In each iteration, a linearized version of the nonlinear system is solved using a
linear solver. In the time-dependent case, a time marching method must also be applied.

The default suggestions for each of these solver elements are discussed below.

NONLINEAR SOLVER
The nonlinear solver method depends on if the model solves a stationary or a

time-dependent problem.

Stationary Solver

In the stationary case, a fully coupled, damped Newton method is applied. The initial
damping factor is low since a full Newton step can be harmful unless the initial values are
close to the final solution. The nonlinear solver algorithm automatically regulates the

damping factor in order to reach a converged solution.

For advanced models, the automatically damped Newton method might not be robust
enough. A pseudo time-stepping algorithm can then be invoked. See Pseudo Time
Stepping for Laminar Flow Models.

Time-Dependent Solver

In the time-dependent case, the initial guess for each time step is (loosely speaking) the
previous time step, which is a very good initial value for the nonlinear solver. The
automatic damping algorithm is then not necessary. The damping factor in the Newton
method is instead set to a constant value slightly smaller than one. Also, for the same

reason, it suffices to update the Jacobian once per time-step.

It is seldom worth the extra computational cost to update the Jacobian more than once
per time step. For most models it is more efficient to restrict the maximum time step or

possibly lower the damping factor in the Newton method.

LINEAR SOLVER

The linearized Navier-Stokes equation system has saddle point character, unless the density
depends on the pressure. This means that the Jacobian matrix has zeros on the diagonal.
Even when the density depends on the pressure, the equation system effectively shares

many numerical properties with a saddle point system.

For small 2D and 3D models, the default solver suggestion is a direct solver. Direct solvers

can handle most nonsingular systems and are very robust and also very fast for small
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models. Unfortunately, they become slow for large models and their memory requirement
scales as somewhere between N1-and Nz, where N is the number of degrees of freedom
in the model. The default suggestion for large 2D and 3D models is therefore the iterative

GMRES solver. The memory requirement for an iterative solver optimally scales as N.

GMRES is accelerated by a multigrid method, per default the Smoothed Aggregation
Algebraic Mutligrid (SAAMG) method. The cost of SAAMG is typically very low
compared to the number of GMRES iterations necessary if no multigrid method is used.
As the name implies, SAAMG builds its coarser meshes algebraically, so the application
requires no additional meshes in order to employ SAAMG. In contrast, Geometric
Multigrid (GMG) requires actual meshes. If a sufficient number of multigrid levels can be
constructed, GMG is often faster than SAAMG. GMG is also superior for cluster
computations and for shared memory computations with many cores. When the default
linear solver is GMRES, an optional, but deactivated, linear solver node is available where
GMRES is accelerated by GMG.

Multigrid methods need smoothers, but the saddle point character of the linear system
restricts the number of applicable smoothers. The choices are further restricted by the
anisotropic meshes frequently encountered in fluid-flow problems. The efficiency of the
smoothers is highly dependent on the numerical stabilization. Iterative solvers perform at

their best when both Streamline Diffusion and Crosswind Diffusion are active.

The default smoother for P1+P1 elements is SCGS. This is an efficient and robust
smoother specially designed to solve saddle point systems on meshes that contain
anisotropic elements. The SCGS smoother works well even without crosswind diffusion.
SCGS can sometimes work for higher-order elements, especially if Method in the SCGS
settings is set to Mesh element lines. But there is no guarantee for this, so the default
smoother for P2+P1 elements and P3+P2 elements is an SOR Line smoother. SOR Line
handles mesh anisotropy but does not formally address the saddle point character. It does,
however, function in practice provided that streamline diffusion and crosswind diffusion

are both active.

A different kind of saddle point character can arise if the equation system contains ODE
variables. Some advanced boundary conditions, for example Laminar Inflow, can add
equations with such variables. These variables must be treated with the Vanka algorithm.
SCGS includes an option to invoke Vanka. Models with higher-order elements must apply
SCGS or use the Vanka smoother. The latter is the default suggestion for higher-order

elements, but it does not work optimally for anisotropic meshes.
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TIME-DEPENDENT SOLVERS
The default time-dependent solver for Navier-Stokes is the BDF method with maximum
order set to two. Higher BDF orders are not stable for transport problems in general nor

for Navier-Stokes in particular.

BDF methods have been used for a long time and are known for their stability. However,
they can have severe damping effects, especially the lower-order methods. Hence, if
robustness is not an issue, a model can benefit from using the generalized-o. method
instead. Generalized-o is a solver which has properties similar to those of the second-order
BDF solver but it is much less diffusive.

Both BDF and generalized-a are per default set to automatically adjust the time step.
While this works well for many models, extra efficiency and accuracy can often be gained
by specifying a maximum time step. It is also often beneficial to specify an initial time step

to make the solver progress smoothly in the beginning of the time series.

In the COMSOL Multiphysics Refevence Manual:

* Time-Dependent Solver

* Multigrid, Direct, Iterative, SCGS, SOR Line, and Vanka

Q

* Stationary Solver

Pseudo Time Stepping for Laminar Flow Models

A stationary formulation has per definition no time derivatives and Equation 3-18 reduces

to:

pu-Viu = V- [-pI+u(Vu+ (Vu)T)] +F (3-57)

Solving Equation 3-57 requires a starting guess that is close enough to the final solution.
If no such guess is at hand, the fully transient problem can be solved instead. This is,
however, a rather costly approach in terms of computational time. An intermediate

approach is to add a fictitious time derivative to Equation 3-57:

p‘-‘:—f‘—ijﬁf—(—‘-‘—) +pu-Viu = V- [-pIl+pu(Vu+(Va) )]+ F
t

where A% isa pseudo time step. Since u—nojac(u) is always zero, this term does not affect
the final solution. It does, however, affect the discrete equation system and effectively

transforms a nonlinear iteration into a step of size A% of a time-dependent solver.
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Pseudo time stepping is not active per default. The pseudo time step A% can be chosen
individually for each element based on the local CFL number:
" h
At = CFLlocH
where A is the mesh cell size. A small CFL number means a small time step. It is practical
to start with a small CFL number and gradually increase it as the solution approaches

steady state.

If the automatic expression for CFLy is set to the built-in variable CFLCMP, then the
automatic setting suggests a PID regulator for the pseudo time step in the default solver.
The PID regulator starts with a small CFL number and increases CFLy, as the solution

comes closer to convergence.

The default manual expression is

1.8gmin(niterCMP, 9)

if(niterCMP > 20, 9 - 1,3min(niterCMP -20,9) () 4 (3-58)
if(niterCMP > 40, 90 - 1.3min(niterCMP -40,9) )

The variable niterCMP is the nonlinear iteration number. It is equal to one for the first
nonlinear iteration. CFLy starts at 1.3 and increases by 30% each iteration until it reaches
1.839=10.6 . It remains there until iteration number 20 at which it starts to increase until
it reaches approximately 106. A final increase after iteration number 40 then takes it to
1060. Equation 3-58 can, for some advanced flows, increase CFL;, too slowly or too

quickly. CFLy, can then be tuned for the specific application.

For details about the CFL regulator, see Psecudo Time Stepping in the
E}‘ COMSOL Multiphysics Reference Manual.

The Projection Method for the Navier-Stokes Equations

A well-known approach to solve the Navier-Stokes equations is the pressure-correction
method. This type of method is a so-called segregated method, and it generally requires
far less memory than the COMSOL Multiphysics default formulation. Several versions of
the original method have been developed (see Ref. 12, for example). COMSOL uses
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incremental pressure-correction schemes.

This formulation is only available for time-dependent problems and
n requires the time discrete solver. It is available for the Laminar Flow and
Turbulent Flow, k-¢ interfaces.

This method reformulates the Navier-Stokes equations so that it is possible to solve for one
variable at a time in sequence. Let u and p be the velocity and pressure variables and u,
and p,, the corrected velocity and pressure variables, respectively. The pressure-correction

algorithm solves the Navier-Stokes equations using the following steps:
I Solve in sequence for all u components following equation:

" - —Vpn+V-(p(Vun+1+(Vun+1)T)—§p(V-u'”l)I) +F

where the superscript denotes the time-step index, and du is discretized using a BDF
method up to second order where the u values from previous time steps are replaced by
u, values. To first order it is discretized as:

n+1 n
u -u,
timestep

2 Solve Poisson’s equation to adjust the pressure:
timestepA(p™ *+1 -p" = - P _ V-pu (3-59)

3 Update the corrected velocity:

attl un+1_timestegv(pn+1_pn)

¢ P
For incompressible flows, the

1

20V u" "1

term in Equation 3-58 and the %‘% term in Equation 3-59 are excluded.

Due to the specific time discretization scheme, this algorithm is only available with the
time discrete solver.

Because the velocity components and the pressure are solved in a segregated way, some

boundary conditions have a different implementation or might not be available with the
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projection method. In such cases, this is mentioned in the documentation for each

boundary condition.

When the projection method is used for turbulent flows or with multiphysics couplings,
the same algorithm is used for the velocity and pressure variables. Extra steps are needed
to solve the other variables. By default the equation form used for these variables is the
time-dependent form, and the time derivative is automatically discretized using a
second-order BDF method.

Discontinnous Galevkin Formulation

Some boundary conditions are implemented using a discontinuous Galerkin formulation.

These boundary conditions include

e Wall - Slip, Sliding walls and moving walls (that is, walls with non-zero translational
velocity).

¢ Periodic Flow Condition

* Flow Continuity

The formulation used in the Fluid Flow interfaces in COMSOL Multiphysics is the
Symmetric Interior Penalty Galerkin method (SIPG). The SIPG method can be regarded
to satisfy the boundary conditions in an integral sense rather than pointwise. More

information on SIPG can be found in Ref. 13.

In particular, the SIPG formulation includes a penalty parameter that must be large
enough for the formulation to be coercive. The higher the value, the better the boundary
condition is fulfilled, but a too high value results in an ill-conditioned equation system.
The penalty parameter in COMSOL Multiphysics is implemented according to Ref. 14.

Particle Tracing in Fluid Flow

The Particle Tracing Module is available to assist with these types of modeling problems.

It is possible to model particle tracing with COMSOL Multiphysics provided that the
impact of the particles on the flow field is negligible. First compute the flow field, and
then, as an analysis step, calculate the motion of the particles. The motion of a particle is

defined by Newton’s second law

2
Ik PP
mﬁ Ft,x,dt
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where X is the position of the particle, m the particle mass, and F is the sum of all forces
acting on the particle. Examples of forces acting on a particle in a fluid are the drag force,
the buoyancy force, and the gravity force. The drag force represents the force that a fluid
exerts on a particle due to a difference in velocity between the fluid and the particle. It

includes the viscous drag, the added mass, and the Basset history term. Several empirical
expressions have been suggested for the drag force. One of those is the one proposed by
Khan and Richardson (Ref. 11). That expression is valid for spherical particles for a wide

range of particle Reynolds numbers. The particle Reynolds number is defined as

Re, = ju-u, |2rp
u

where u is the velocity of the fluid, w, the particle velocity, r the particle radius, p the fluid
density, and p the dynamic viscosity of the fluid. The empirical expression for the drag
force according to Khan and Richardson is

_ 3.45
F = nr” pju-u,|(u-wu,)[1.84Re, """ +0.293Re 000 |

The model Flow Past a Cylinder (Application Library path
COMSOL_Multiphysics/Fluid_Dynamics/cylinder_flow) demonstrates how to

il add and set up particle tracing in a plot group using the Particle Tracing
with Mass node. It uses the predefined Khan-Richardson model for the
drag force and neglects gravity and buoyancy forces.

References for the Single-Phase Flow, Laminar Flow Interfaces

1. G.G. Stokes, Trans. Camb. Phil. Soc., 8, 287-305, 1845

2. P.M. Gresho and R.L. Sani, Incompressible Flow and the Finite Element Method,
Volume 2: Isothermal Laminar Flow, John Wiley & Sons, 2000.

3. G.K. Batchelor, An Introduction To Fluid Dynamics, Cambridge University Press,
1967.

4. R.L. Panton, Incompressible Flow, 2nd ed., John Wiley & Sons, 1996.

5. I. Harari and T.J.R. Hughes, “What are C and h? Inequalities for the Analysis and
Design of Finite Element Methods,” Comp. Meth. Appl. Mech. Engrg, vol. 97, pp. 157-
192, 1992.

CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



6. Y. Bazilevs, V.M. Calo, T.E. Tezduyar, and T.J.R. Hughes, “YZ Discontinuity
Capturing for Advection-dominated Processes with Application to Arterial Drug
Delivery,” Int.J. Num. Meth. Fluids, vol. 54, pp. 593-608, 2007.

7. T.J.R. Hughes and M. Mallet, “A New Finite Element Formulation for Computational
Fluid Dynamics: III. The Generalized Streamline Operator for Multidimensional
Advective-Diftusive System,” Comp. Meth. Appl. Mech. Engry, vol. 58, pp. 305-328,
1986.

8. G. Hauke and T.J.R. Hughes, “A Unified Approach to Compressible and
Incompressible Flows,” Comp. Meth. Appl. Mech. Engryg, vol. 113, pp. 389-395, 1994.

9. G. Hauke, “Simple Stabilizing Matrices for the Computation of Compressible Flows in
Primitive Variables,” Comp. Meth. Appl. Mech. Engryg, vol. 190, pp. 6881-6893, 2001.

10. D.J. Tritton, Physical Fluid Dynamics, 2nd ed., Oxford University Press, 1988.

11. J.M. Coulson and J.F. Richardson, “Particle Technology and Separation Processes,”
Chemical Engineering, Volume 2, Butterworth-Heinemann, 2002.

12. J.L. Guermond, P. Minev, and J. Shen, “An overview of projection methods for

incompressible flows,” Comp. Meth. Appl. Mech. Engry, vol. 195, pp. 6011-6045, 2006.

13. B. Rivi¢re, Discontinuons Galerkin Methods for Solving Elliptic and Parabolic
Equations, SIAM, 2008.

14. Y. Epshteyn and B. Rivi¢re, “Estimation of penalty parameters for symmetric interior
penalty Galerkin methods,” J. Computational and Applied Mathematics, vol. 206, pp.
843-872,2007.

15. G. Kariadakis, A. Beskok, and N. Aluru, Microflows and Nanoflows, Springer Science
and Business Media, 2005.

16. G.B. Schubauer, W.G. Spangenberg, and P.S. Klebanoff, “Aerodynamic
Characteristics of Damping Screens,” NACA Technical note 2001, Jan. 1950.

17. P.E. Roach, “The Generation of Nearly Isotropic Turbulence by Means of Grids,” Int.
J. Heat and Fluid Flow, vol. 8, pp. 82-92, 1986.

18. J.C. Gibbings, “The Pyramid Gauze Diffuser,” Ing. Arch.,vol. 42, pp. 225-233,
1973.

19. R.P. Chhabra and J.F. Richardson, Non-Newtonian Flow and Applied Rhbeology, 2nd
ed., Elsevier, 2008.

THEORY FOR THE SINGLE-PHASE FLOW INTERFACES |

157



Theory for the Turbulent Flow
Interfaces

The theory for the Single-Phase Flow, Turbulent Flow interfaces is described in this
section:

e Turbulence Modeling

* The Algebraic yPlus Turbulence Model

e The L-VEL Turbulence Model

e The k-e Turbulence Model

e The k-w Turbulence Model

e The SST Turbulence Model

e The Low Reynolds Number k-e¢ Turbulence Model

¢ The Spalart-Allmaras Turbulence Model

e The v2-f Turbulence Model

* Inlet Values for the Turbulence Length Scale and Turbulent Intensity
e Theory for the Pressure, No Viscous Stress Boundary Condition

e Initial Values for Generate New Turbulence Model Interfaces

* Solvers for Turbulent Flow

¢ DPseudo Time Stepping for Turbulent Flow Models

e References for the Single-Phase Flow, Turbulent Flow Interfaces

@l Theory for the Single-Phase Flow Interfaces

Turbulence Modeling

Turbulence is a property of the flow field and it is characterized by a wide range of flow
scales: the largest occurring scales, which depend on the geometry, the smallest, quickly
fluctuating scales, and all the scales in between. The propensity for an isothermal flow to
become turbulent is measured by the Reynolds number
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Re = UL (3-60)
u
where p is the dynamic viscosity, p the density, and U and L are velocity and length scales
of the flow, respectively. Flows with high Reynolds numbers tend to become turbulent.
Most engineering applications belong to this category of tlows.

The Navier-Stokes equations can be used for turbulent flow simulations, although this
would require a large number of elements in order to capture the wide range of scales in
the flow. An alternative approach is to divide the flow quantities into mean values and
fluctuations. When solving for the mean-flow quantities, the effect of the fluctuations is
modeled using a turbulence closure. The idea behind this approach is that solving the
model for the turbulence closure is numerically less expensive than resolving all the
turbulence scales. Different turbulence closures invoke different assumptions on the

modeled fluctuations, resulting in various degrees of accuracy for different flow cases.

This module includes Reynolds-averaged Navier-Stokes (RANS) models which is the

model type most commonly used in industrial flow applications.

REYNOLDS-AVERAGED NAVIER-STOKES (RANS) EQUATIONS
The following assumes that the fluid is incompressible and Newtonian in which case the

Navier-Stokes equations take the form:

Ju

P57 +p(u-Vyu=V- [_pI+u(Vu+(Vu)T)] +F

(3-61)
pV-u =0

Once the flow has become turbulent, all quantities fluctuate in time and space. Itis seldom
worth the extreme computational cost to obtain detailed information about the
fluctuations. An averaged representation often 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,
-~ ’
o=0+0
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 3-8, 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 >> At; has been applied, there is a

fluctuating part, ©’;, and an average part, U;. Because the flow field also varies on a time
g part, U, ge part, U;
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scale longer than Aty, U, is still time-dependent but is much smoother than the unfiltered

velocity u;.

A

— w(xt) = Uxt) + #(xt)

- Uyx)

Y

Figure 3-8: The unfiltered velocity component u;, with a time scale Atq, and the averaged
velocity component, Uy, with time scale Ato.

Decomposition of the flow field into an averaged part and a fluctuating part, followed by
insertion into the Navier-Stokes equation, and averaging, gives the Reynolds-averaged
Navier-Stokes (RANS) equations:

U U VUV pu ®u) = -VP+V-u(VU+ (VU) )+ F

ot (3-62)

pV-U =0

where U is the averaged velocity field and ® is the outer vector product. A comparison
with Equation 3-61 indicates that the only difference is the appearance of the last term on
the left-hand side of Equation 3-62. This term represents the interaction between the
fluctuating parts of the velocity field and is called the Reynolds stress tensor. This means
that to obtain the mean flow characteristics, information about the small-scale structure of
the flow is needed. In this case, that information is the correlation between fluctuations in
all three directions.

EDDY VISCOSITY
The most common way to model turbulence is to assume that the turbulence is of a purely

diffusive nature. The deviating part of the Reynolds stress is then expressed as

p(Udu) - gtrace(u' ®u)l = (VU +(VU))
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where ppis the eddy viscosity, also known as the turbulent viscosity. The spherical part can

be written

= 2
Etrace(u' ®@u)l = Spk
3 3
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 included.

TURBULENT COMPRESSIBLE FLOW

If the Reynolds average is applied to the compressible form of the Navier-Stokes equations,

terms of the form

’ .’

pu

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; = Sjllian I p(X,Du,;(X,7) dt (3-63)
t
It follows from Equation 3-63 that
pui = pu, (3-64)

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

component, u;”, according to

u;, = u;+u;” (3-65)

13

Using Equation 3-64 and Equation 3-65 along with some modeling assumptions for

compressible flows (Ref. 7), Equation 3-16 and Equation 3-17 can be written on the form

%, 9 5uy =0

ot " ox,
FY o 5 ;i o wp.  —— (3-60)
Soui o~ oup  op 9 [ |Oui Ouj| 2 OUks | E
Pt TP, T axi+8xj[u[8xj+8xi] 3Hax, O P ”J*F’

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

incompressible flows:
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U = “T[aij'axJ‘s(”Taxk+pkj5if

where & is the turbulent kinetic energy. Comparing Equation 3-66 to its incompressible
counterpart (Equation 3-62), it can be seen that except for the term
~(2/3)pk3;;

the compressible and incompressible formulations are exactly the same, except that the

free variables are u; instead of

More information about modeling turbulent compressible flows can be found in Ref. 1
and Ref. 7.

The turbulent transport equations are used in their fully compressible formulations
(Ref. 8).

The Algebraic yPlus Turbulence Model

The algebraic yPlus turbulence model is an algebraic turbulence model based on the
distance to the nearest wall. The model is based on Prandtl’s mixing-length theory and is
suitable for internal flows. It is less mesh sensitive than transport-equation models like
Spalart-Allmaras or the k-€ model. In what follows, let y be the coordinate normal to the
wall, and U the velocity parallel to the wall. Using a mixing length formulation, the balance
for the shear stress in the wall layer may be approximated as

(H +pl2;, %]D%g = pu?

which, expressed on dimensionless form, reduces to

du’

ay*

(“llﬁx ]QL‘. -1 (3-67)

ay*

where y* = yu v, u* = Ulu, and u, = J‘r“,—/;) is the friction velocity. Close to the wall,
the mixing length must be zero such that u* = y*, and far away from the wall, l;nx ~xy"
such that ut = (1/K)log(y+) + B. To obtain the correct behavior, the mixing length is
chosen to be
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o210 y sy (3-68)
+ * + *
Ky -y) ¥y >y

where y* is to be determined. Inserting Equation 3-68 into Equation 3-67

du 1/—2 = (3-69)
" 1+4K2(y+*—y*; -1 Yy
2¢%(y" ~y")
Integrating Equation 3-69
' y <y’
e y*+1_A/1+41<2(y*_y*)2 (3-70)

2x2(y" -y")

1 2 + * 2 + * + *
+;log(vl+4l< O -y) " +2x(y" -y7)) ¥y >y

For large values of y*, Equation 3-70 reduces to
+ 1 + 1 *
u = =log(y )+=(log(4x)-1)+y

K K

Comparing the above expression with the logarithmic law of the wall
+ 1 +
u = =log(y')+B
K
the value of the constant y* is obtained as
* 1
y =B- E(log(41<) -1

The dimensionless effective viscosity can be evaluated from
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1 y <y

vh = PR (8-71)
20t oa2lu’ 1+ 1+4x%(y" -5 P
1+x%(y -y°) J = 5 y >y

This requires the local value of y*, which is obtained from the Reynolds number

+2 + *

sy
(3-72)

A R B T AR Ry .
y*{y + =Y )4 dog(/1+ 4K2(y" -y + 2607 -3
2¢%(y" -y")
+ *
y >y

The nonlinear algebraic Equation 3-72 has to be solved at each node point to evaluate the
effective viscosity from Equation 3-71. The local Reynolds number Re = Uy/v is formed
with the local absolute value of the velocity and the distance to the nearest wall. This

implicitly assumes that the main flow direction is parallel to the wall.

WALL DISTANCE

The wall distance, y is provided by a mathematical Wall Distance interface that is included
when using the Algebraic yPlus model. The solution to the wall distance equation is
controlled using the parameter [ ¢. The distance to objects larger than ¢ is represented
accurately, while objects smaller than /¢ are effectively diminished by appearing to be
farther away than they actually are. This is a desirable feature in turbulence modeling since
small objects would get too large an impact on the solution if the wall distance were

measured exactly.

The most convenient way to handle the wall distance variable is to solve for it in a separate
study step. A Wall Distance Initialization study type is provided for this purpose and should
be added before the actual Stationary or Transient study step.

WALL BOUNDARY CONDITION

Low Reynolds Number Wall Treatment
The Algebraic yPlus turbulence model is consistent with a no slip boundary condition, that

is u=0. Since the turbulence model is algebraic, no additional boundary condition is
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needed. This boundary conditions is applied for Wall Treatment equal to Low Re.

The low-Reynolds-number formulation of the Algebraic yPlus model can be considered
to be well resolved at a wall if [} is of order unity. [} is the distance, measured in viscous
units, from the wall to the center of the wall adjacent cell and can be evaluated as the

boundary variable: Iplus_cc.

Automatic Wall Treatment

The default boundary treatment for Algebraic yPlus is the Automatic wall treatment. The
automatic wall treatment assumes that there is a small gap, 8y, = h/2, between the
computational domain and the physical wall. Here, Ay, is the height of the mesh cell
adjacent to the wall. wall (see Figure 3-9).

Mesh cells

A
Sy

\J

Solid wall

Figure 3-9: The computational domain is located n distance Sy, from the wall.

The boundary conditions for the velocity is a no-penetration condition u - n = 0 and a

shear stress condition

n-c-(n-c-n)n = puz—l-l—
- |

where
o = u(Vu+ (Vu)7)

and

The automatic wall treatment tends to the low-Reynolds-number formulation when Ay,

tends to zero, and it becomes a wall function formulation when the resolution in viscous
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units, Ayt increases. The resolution in viscous units is available as a postprocessing
variable, Delta_wPlus.

See also Wall for boundary condition details.

In the COMSOL Multiphysics Reference Manual:

¢ The Wall Distance Interface

Q@

* Stationary with Initialization, Transient with Initialization, and Wall

Distance Initialization

The L-VEL Turbulence Model

The L-VEL (Length-VELocity) turbulence model is an algebraic turbulence model often
used in electronic cooling applications. It is less mesh sensitive than transport-equation
models like Spalart-Allmaras or the k-& model. It was developed by Agonafer et al.

(Ref. 22) for internal flows and uses an extension of the logarithmic law of the wall which

applies all the way down to the wall

. +.2 +.3 +
+ 1(eKu_1_Ku+_(K’u) C(xu )" (ku)

.
y =v*g 6 24 (3-73)

where y* = yu /v, ut = U/u.,Uis thelocal flow speed, y is the distance to the nearest
wall, v is the kinematic viscosity and u is the friction velocity. K is the von Karman
constant and E=8.6 is another constant needed to fit the logarithmic law of the wall. The
shear stress in the wall layer is given by

p(V+v )-a-—l—jzpu2:1+\-/2=u—12 L _ 1 =
79y T v vaU/dy  o(U/uy)/d(yu/v)
+ 1
vV = —
ou"/dy”

Differentiating Equation 3-73 with respect to y*, the dimensionless effective viscosity is

obtained as

2 +
+ K( xu' + (Ku+) (xu )3)
vV = 1+E(e -1-xu —""'"""""‘2 —""""'"""6 (3_74)

If the local value of u* is known, the effective viscosity can be evaluated from

Equation 3-74. The value of u* is obtained by forming a local Reynolds number
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RC =— = — = =

vVooug v (3.75)
o+ l xu'® + (Ku+)2 (Ku+)3 (Ku+)
—u(u +E(e -1-xu - 5 "6 od )

where the last expression follows from Equation 3-73. Hence, the nonlinear algebraic
Equation 3-75 has to be solved at each node point to evaluate the effective viscosity. The
local Reynolds number Re = Uy/v is formed with the local absolute value of the velocity
and the distance to the nearest wall. This implicitly assumes that the main flow direction
is parallel to the wall.

WALL DISTANCE

The wall distance, y is provided by a mathematical Wall Distance interface that is included
when using the L-VEL model. The solution to the wall distance equation is controlled
using the parameter [,..¢. The distance to objects larger than [,..¢is represented accurately,
while objects smaller than [,..¢ are effectively diminished by appearing to be farther away
than they actually are. This is a desirable feature in turbulence modeling since small objects

would get too large an impact on the solution if the wall distance were measured exactly.

The most convenient way to handle the wall distance variable is to solve for it in a separate
study step. A Wall Distance Initialization study type is provided for this purpose and should
be added before the actual Stationary or Transient study step.

WALL BOUNDARY CONDITION

Low Reynolds Number Wall Treatment
The L-VEL turbulence model is consistent with a no slip boundary condition, that is u=0.
Since the turbulence model is algebraic, no additional boundary condition is needed. This

boundary conditions is applied for Wall Treatment equal to Low Re.

The L-VEL model can be considered to be well resolved at a wall if I} is of order unity.
1} is the distance, measured in viscous units, from the wall to the center of the wall

adjacent cell and can be evaluated as the boundary variable: Iplus_cc.

Automatic Wall Treatment

The default boundary treatment for Algebraic yPlus is the Automatic wall treatment. The
details are described in Wall boundary condition for The Algebraic yPlus Turbulence
Model.
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See also Wall for boundary condition details.

@

In the COMSOL Multiphysics Refevence Manual:

e The Wall Distance Interface

* Stationary with Initialization, Transient with Initialization, and Wall

Distance Initialization

The k- Turbulence Model

The k-€ model is one of the most used turbulence models for industrial applications. This

module includes the standard £-€ model (Ref. 1). The model introduces two additional

transport equations and two dependent variables: the turbulent kinetic energy, &, and the

turbulent dissipation rate, €. The turbulent viscosity is modeled as

where Cu is a model constant.

The transport equation for % reads:

where the production term is

The transport equation for € reads:

k2
}.LT = pCu? (3-76)

ok B Ut
p-é?+pu-Vk—V-((u+6—k)Vk)+Pk—p£ (3-77)

- : Ty_2 2| _2
P, = p| Va:(Vu + (Vu) )—g(V~u) —gka~u (3-78)
de B Hr € g2

pg+pu~VE—V~((p_+ 8;>VE) +C£1EPk—ngpz (3-79)

The model constants in Equation 3-76, Equation 3-77, and Equation 3-79 are

determined from experimental data (Ref. 1) and the values are listed in Table 3-3.

TABLE 3-3: MODEL CONSTANTS

CONSTANT

VALUE

Csl

0.09
1.44
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TABLE 3-3: MODEL CONSTANTS

CONSTANT VALUE
Ceo 1.92
Ok 1.0
C¢ 1.3

MIXING LENGTH LIMIT

Equation 3-77 and Equation 3-79 cannot be implemented directly as written. There is, for
example, nothing that prevents division by zero. The equations are instead implemented
as suggested in Ref. 10. The implementation includes an upper limit on the mixing length,

lim .
mix *

3/2 .
lmix = maX(CMkT lhm) (3-80)

> “mix

The mixing length is used to calculated the turbulent viscosity. /i should not be active

in a converged solution but is merely a tool to obtain convergence.

REALIZABILITY CONSTRAINTS

The eddy-viscosity model of the Reynolds stress tensor can be written
— 2
puu; = — 2uTSij + gkaij

where §;; is the Kronecker delta and S; is the strain-rate tensor. The diagonal elements of
the Reynolds stress tensor must be nonnegative, but calculating pp from Equation 3-76
does not guarantee this. To assert that

puu; 20 Vi

the turbulent viscosity is subjected to a realizability constraint. The constraint for 2D and

2D axisymmetry without swirl is:

wps RS2 (3-81)
3./5,5,

and for 3D and 2D axisymmetry with swirl flow it reads:

p<—Lk (3-82)

JRGNCASH
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Combining equation Equation 3-81 with Equation 3-76 and the definition of the mixing

length gives a limit on the mixing length scale:

=k (3:89)

lmix < ,\/2
3,088,
Equivalently, combining Equation 3-82 with Equation 3-76 and Equation 3-80 gives:

P /2 (3-84)

lmix =
/6./8,;S;;

This means there are two limitations on I ;,: the realizability constraint and the imposed

limit via Equation 3-80.

The effect of not applying a realizability constraint is typically excessive turbulence
production. The effect is most clearly visible at stagnation points. To avoid such artifacts,
the realizability constraint is always applied for the RANS models. More details can be
found in Ref. 4, Ref. 5, and Ref. 6.

MODEL LIMITATIONS

The k-¢ turbulence model relies on several assumptions, the most important of which is
that the Reynolds number is high enough. It is also important that the turbulence is in
equilibrium in boundary layers, which means that production equals dissipation. These
assumptions limit the accuracy of the model because they are not always true. It does not,
for example, respond correctly to flows with adverse pressure gradients and can result in
under-prediction of the spatial extent of recirculation zones (Ref. 1). Furthermore, in
simulations of rotating flows, the model often shows poor agreement with experimental
data (Ref. 2). In most cases, the limited accuracy is a fair trade-off for the amount of

computational resources saved compared to using more complicated turbulence models.

WALL FUNCTIONS

The flow close to a solid wall is for a turbulent flow very different from the free stream.
This means that the assumptions used to derive the k-& model are not valid close to walls.
While it is possible to modify the £-& model so that it describes the flow in wall regions
(see The Low Reynolds Number k-¢ Turbulence Model), this is not always desirable
because of the very high resolution requirements that follow. Instead, analytical
expressions are used to describe the flow near the walls. These expressions are known as

wall functions.
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The wall functions in COMSOL Multiphysics are such that the computational domain is
assumed to be located a distance &, from the wall as shown in Figure 3-9. The distance
dy, is automatically computed so that

o) = pud,/u

w

where uT=CM1/ 4\k is the friction velocity, is 11.06. This corresponds to the distance from
the wall where the logarithmic layer meets the viscous sublayer (or to some extent would
meet it if there were no buffer layer in between). dy, is limited from below so that it never
becomes smaller than half the height of the boundary mesh cell. This means that &7, can

become larger than 11.06 if the mesh is relatively coarse.

Always investigate the solution to check that 8y, is small compared to the dimensions of
the geometry. Also check that &, is 11.06 on most of the walls. If 8¢, is much larger than
11.06 over a significant part of the walls, the accuracy might become compromised. Both
the wall lift-off, 8, and the wall lift-oft in viscous units, 8 , are available as results and
analysis variables.

The boundary conditions for the velocity is a no-penetration condition u - n = 0 and a
shear stress condition

u
n-c-(n-o-n)n=-pu—
u+

where
6 = u(Vu+ (Vu)7)

is the viscous stress tensor and

u
N M R
—Ind; + B
K,
where in turn, ¥, is the von Karman constant (default value 0.41) and B is a constant that
by default is set to 5.2.

The turbulent kinetic energy is subject to a homogeneous Neumann conditionn - V& = 0
and the boundary condition for € reads:

C3/41,3/2
g = L —— 5
KV w
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See Ref. 10 and Ref. 11 for further details.

WALL FUNCTIONS FOR ROUGH WALLS
The physics interfaces: Wall, Interior Wall, Rotating Wall, and Rotating Interior Wall have
an option to apply wall roughness by modifying the wall functions. Cebeci (Ref. 20)

suggested a model which adjusts the friction velocity for surface roughness,

yo= — (3-85)

where

0 ki <225

AB = +Csk;Jsin[O.ALZSS(lnk;—0.811)] 2.25<k# <90

1, rki-2.25
X, n[ 87.75

1 . .
—In(1+Cky) k¢ 290

AY
k¢ is the roughness height in viscous units,
cl4./p
. PO,
N H S

The roughness height, &g, is the peak-to-peak value of the surface variations and the wall

is relocated to their mean level.

Figure 3-10: Definitions of the roughness height and the modified wall location.

Hence, when Equation 3-85 is used the lift-oft is modified according to,
+
8y = max{11.06,k}/2, h"/2}

where 2% is the height of the boundary mesh cell in viscous units. Cy is a parameter that
depends on the shape and distribution of the roughness elements. When the turbulence

parameters K, and B have the values 0.41 and 5.2, respectively, and Cg = 0.26, kg
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corresponds to the equivalent sand roughness height, kgeq, as introduced by Nikuradse
(Ref. 21). A few characteristic values of the equivalent sand roughness height are given in
Table 3-4 below,

TABLE 3-4: EQUIVALENT SAND ROUGHNESS HEIGHTS kseq

SURFACE TYPE EQUIVALENT SAND ROUGHNESS HEIGHT
Steel, new 50 um
Galvanized steel 0.13 mm
Riveted steel 0.9-9 mm
Cast iron, new 0.25 mm
Galvanized iron 0.15-0.30 mm
Cast iron, rusted 1.0-1.5 mm
Bituminized steel or iron, new 30-50 um
Glass 0.3 um

Drawn tubing 1.5 um
Wood, new 0.5 mm
Concrete, new 0.3-3 mm

Use other values of the roughness parameter Cg and roughness height & to specify generic

surface roughnesses.

INITIAL VALUES

The default initial values for a stationary simulation are (Ref. 10),

u=0
p=0
:( 10 - >)2
p(0.1 - lim
3/2
_ it
€701 fim

mix

where [lim s the mixing length limit. For time-dependent simulations, the initial value for

k is instead
k= (—“—))2
p(0.1 - 7lim

mix
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SCALING FOR TIME-DEPENDENT SIMULATIONS

The k-€ equations are derived under the assumption that the flow has a high enough
Reynolds number. If this assumption is not fulfilled, both & and & have very small
magnitudes and behave chaotically in the manner that the relative values of £ and € can
change by large amounts due to small changes in the flow field.

A time-dependent simulation of a turbulent flow can include a period when the flow is not
fully turbulent. A typical example is the startup phase when for example an inlet velocity
or a pressure difference is gradually increased. To sort out numerical fluctuations in & and
€ during such periods, the default time-dependent solver for the £-€ model employs
unscaled absolute tolerances for £ and €. The tolerances are set to

kscalc = (O'OlUscale)2
=0.09k312 /(L. -1

sclae

(3-86)
)

sscale bb, min

where Ugegle and L, ¢ are input parameters available in the Advanced Settings section of
the physics interface node. Their default values are 1 m/s and 0.035 respectively. Iy, mip, is
the shortest side of the geometry bounding box. Equation 3-86 is closely related to the

expressions for £ and € on inlet boundaries (see Equation 3-142).

The practical implication of Equation 3-86 is that variations in & and € smaller than kg g1

and &g, respectively, are regarded as numerical noise.

The k- Turbulence Model

The k- model solves for the turbulent kinetic energy, &, and for the dissipation per unit
turbulent kinetic energy, o. @ is also commonly know as the specific dissipation rate. The
CFD Module has the Wilcox revised 2-o model (Ref. 1)

k, pu-Vk=P,-pp'ko+V-((u+0c'nup)VEk)

pe
ot (3-87)
p-aa-(;-) +pu-Vo = oc%)Pk -pBw2+ V- ((n+ oup)Vo)
where
Br = pg (3-88)
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(I:% Bzﬁofﬁ B =|30fﬁ 0=§ o =3

13 1+70y%, Q.0.,8,.

B():__ =——"C 5 = ‘l*lk ki

125 "B~ 1+80y, " By

1 X <0
9 - - L. 3-89
Bo =105 fp-=| 1+680%7 ’a >0 X = —5(Vk - Vo) (3-89)
1+400%2 *

where in turn €;; is the mean rotation-rate tensor

Q. = Yfou %y
ij_28xj_8xi

and S;; is the mean strain-rate tensor

_ 1f0u;
Sij - 2[8xj+ ox;

Py is given by Equation 3-78. The following auxiliary relations for the dissipation, €, and

the turbulent mixing length, ., are also used:

e=B ok I JE (3-90)

mix o)

MIXING LENGTH LIMIT AND REALIZABILITY CONSTRAINTS
The implementation of the 2-® model relies on the same concepts as the k- model

(Ref. 10). This means that the following approximations have been used:
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@
k max(u, eps)

/\/E lmix =1 . (plmix) ~ lI%liXp
mix\ /T max(py, eps)

= min(% [lim lr>

> “mix?

where [, is the limit given by the realizability constraints (Equation 3-83 and
Equation 3-84).

WALL BOUNDARY CONDITIONS

Automatic Wall Treatment

The automatic wall treatment is a way to obtain an accurate low-Reynolds-number
formulation when the mesh allows it, and to fall back on a wall function formulation when
the mesh is coarse. It is a blending between the solutions in the linear sublayer and the

logarithmic layer respectively. For the specific dissipation, these solutions read

6v _ Ue
Oyigc = BOSxZV (")log - B*K 5 (3-91)
0™

w

The corresponding expressions for the velocity is

vU U,
visc — og —I_I_
uyise = ———-”8 ulog = (3-92)

w ! llog(S*) +B
K w

v

where 3, is the distance to the nearest wall, x, is the von Kdrman constant (default value
0.41), U is the velocity parallel to the wall and B is a constant that by default is set to 5.2.
Menter et al. (Ref. 9) suggested the following smooth blending expressions for @ and u.:

® = Jof +of, (3-93)

and

u, = 4wyt + (ulog)4 (3-94)

These expression can be combined with the lift-off concept shown in Figure 3-9 which

gives 8y, = hy,/2. The wall condition for o is given by Equation 3-93 and the conditions
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for the momentum equations are a no-penetration condition u - n = 0 and a shear stress

condition
u
n-o-(n-c-n)n=-pu — (3-95)
u+

The k-equation formally fulfills V& -n = 0 both at the wall and in the log-layer, so this

condition is applied for all 5,

The system given byEquation 3-85 through Equation 3-95 are however non-linear in u.
and not very stable. To circumvent this, a variable z™ 10 5 introduced (see Ref. 10 and
Ref. 11) such that

utlog — %\/ESA/]; (3-96)

This is then used in an alternative expression for the friction velocity:

u’ = 4yt + (uh e (3-97)

Equation 3-97 is in turn is used to calculate an alternative dimensionless wall distance

& = = (3-98)

Equation 3-97 is used instead of &, in the expression for ®}, and Equation 3-98 is used
instead of 8, in the expression for urlog. The traction condition in Equation 3-95 is
replaced by

u

no-(n-6-n)n=-pu"— (3-99)
u+

Observe that the variable z™ is calculated using equation Equation 3-94.

The resulting wall resolution, 8, is available as the postprocessing variable
Delta_wPlus.

Wall Functions

When Wall Treatment is set to Wall functions, wall boundaries are treated with the same
type of boundary conditions as for the k-€ model (see Wall Functions) with C,, replaced
by By and the boundary condition for ® given by

- ok (3-100)
LM

w
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Low Reynolds Number

The k- turbulence model can be integrated all the way down to the wall and is consistent
with the no-slip condition u = 0. Since all velocities must disappear on the wall, so must k.
Hence, £=0 on the wall.

The corresponding boundary condition for o is

lim o = —O8_ (3-101)
l,—>0 pﬁol‘%

To avoid the singularity at the wall, ® is not solved for in the cells adjacent to a solid wall.
Instead, its value is prescribed by Equation 3-101 (using the variable o, which only exists

in those cells). Accurate solutions in the near-wall region require that,

Iy =pul,/u~1 (3-102)

w

where u. is the friction velocity which is calculated from the wall shear-stress Ty,

Uy = J1,/p (3-103)

The boundary variable Distance to cell center in viscous units, 1plus_cc, is available to
ensure that the mesh is fine enough. According to Equation 3-102, [} should be about

0.5. Observe that very small values of [} can reduce the convergence rate.

Since the oy, requires the wall distance, a wall distance equation must be solved prior to
solving a k- model with low-Reynolds-number wall treatment.

INITIAL VALUES
The default initial values are the same as for the £-& model (see Initial Values) but with the

initial value of ® given by

® _ /\/kinit
init — 0.1 7lim

mix

SCALING FOR TIME-DEPENDENT SIMULATIONS
The k-0 model applies absolute scales of the same type as the £-& model (see Scaling for
Time-Dependent Simulations) except that the scale for o is given by

k

scale

Ogeale =

LfﬂCt ’ lbb, min
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MODEL PROPERTIES

The £-® model can in many cases give results that are superior to those obtained with the
k-g¢ model (Ref. 1). It behaves, for example, much better for flat plate flows with adverse
or favorable pressure gradients. However, there are two main drawbacks. The first is that
the -0 model can display a relatively strong sensitivity to free stream inlet values of ®. The

other is that the k-0 model is numerically less robust than the %-& model.

The SST Turbulence Model

To combine the superior behavior of the £-® model in the near-wall region with the
robustness of the 2-& model, Menter (Ref. 17) introduced the SST (Shear Stress
Transport) model which interpolates between the two. The version of the SST model in
the CED Module includes a few well-tested (Ref. 16, Ref. 18) modifications, such as
production limiters for both & and , the use of S instead of Q in the limiter for pup and a

sharper cut-off for the cross-diffusion term.

It is also a low Reynolds number model, that is, it does not apply wall functions. “Low
Reynolds number” refers to the region close to the wall where viscous effects dominate.
The model equations are formulated in terms & and o,

ok +pu-Vk=P-pBiko+V - ((L+0,up)VEk)

Por
5 (3-104)
pg—(’-J +pu-Vo = BYp_ pPOZ+V - ((u+ o, U Vo) +2(1 —fvl)p 92y - Vk
ot [T ®
where,

P = min(P,, 10pByko) (3-105)

and Py, is given in Equation 3-78. The turbulent viscosity is given by,

ak

= — (3-106)

max(a; o, Sf,,)

where S is the characteristic magnitude of the mean velocity gradients,

S = 25,5, (3-107)

The model constants are defined through interpolation of appropriate inner and outer

values,
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O=f 19+ A -Ff, Do, for ¢=p,v0,0, (3-108)

The interpolation functions fy,1 and f, are defined as,

f.1 = tanh(6%)

4pc, ,k
0, = min{max( :/E , 5005], P sz}
B00‘)lw pwlw CDk(Dlw

296032

(3-109)

€Dy, = max(==22Vw - VE, 10-10)

and,

f., = tanh(63)

Bool, pwl2

0y = max[

where [, is the distance to the closest wall.

Realizability Constraints are applied to the SST model.

WALL DISTANCE

The wall distance variable, I, is provided by a mathematical Wall Distance interface that
is included when using the SST model. The solution to the wall distance equation is
controlled using the parameter /,r. The distance to objects larger than [ ¢ is represented
accurately, while objects smaller than [,..¢ are effectively diminished by appearing to be
farther away than they actually are. This is a desirable feature in turbulence modeling since
small objects would get too large an impact on the solution if the wall distance were

measured exactly.

The most convenient way to handle the wall distance variable is to solve for it in a separate
study step. A Wall Distance Initialization study type is provided for this purpose and should
be added before the actual Stationary or Transient study step.

The default model constants are given by,
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B,= 0.075, v,= 5/9, 6j;= 0.85, 6,,= 0.5
By= 0.0828, Yo= 0.44, G,o= 1.0, G,,= 0.856 (3-111)
By =009, a,=031

WALL BOUNDARY CONDITIONS

Automatic Wall Treatment

When Wall Treatment is set to Automatic the same type of formulation described for the
k- model is applied at the boundary but with B; instead of . See Automatic Wall
Treatment for more details.

Low Reynolds Number

The SST model is low-Reynolds-number model, so the equations can be integrated all the
way through the boundary layer to the wall, which allows for a no slip condition to be
applied to the velocity, that is u=0.

Since all velocities must disappear on the wall, so must k2. Hence, £=0 on the wall.

The corresponding boundary condition for o is

im o = 6“2 (3-112)
l,—0 pBllw

To avoid the singularity at the wall, o is not solved for in the cells adjacent to a solid wall.
Instead, its value is prescribed by Equation 3-101 (using the variable y, which only exists

in those cells). Accurate solutions in the near-wall region require that,

Ir =pul,/n~1 (3-113)

TW

where u is the friction velocity which is calculated from the wall shear-stress Ty,

u, = J1,/p (8-114)

The boundary variable Distance to cell center in viscous units, 1plus_cc, is available to
ensure that the mesh is fine enough. According to Equation 3-102, [} should be about
0.5. Observe that very small values of [} can reduce the convergence rate.

INLET VALUES FOR THE TURBULENCE LENGTH SCALE AND INTENSITY
The guidelines given in Inlet Values for the Turbulence Length Scale and Turbulent
Intensity for selecting the turbulence length scale, L, and the turbulence intensity, Ir,
apply also to the SST model.
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FAR-FIELD BOUNDARY CONDITIONS
The SST model was originally developed for exterior acrodynamic simulations. The

recommended far-field boundary conditions (Ref. 17) can be expressed as,

10502 0102
< <
ReL ReL (3_115)

-I:—<m°°<10—f

where L is the approximate length of the computational domain.

INITIAL VALUES
The SST model has the same default initial guess as the standard -0 model (see Initial
Values) but with I replaced by ..

mix
The default initial value for the wall distance equation (which solves for the reciprocal wall

distance) is 2/l ef.

SCALING FOR TIME-DEPENDENT SIMULATIONS
The SST model applies absolute scales of the same type as the k- model (see Scaling for

Time-Dependent Simulations).

In the COMSOL Multiphysics Refevence Manunal:

¢ The Wall Distance Interface

Q@

* Stationary with Initialization, Transient with Initialization, and Wall

Distance Initialization

The Low Reynolds Number k- Turbulence Model

When the accuracy provided by wall functions in the k-& model is not enough, a so called
low Reynolds number model can be used. “Low Reynolds number” refers to the region

close to the wall where viscous effects dominate.

Most low Reynolds number &-& models adapt the turbulence transport equations by
introducing damping functions. This module includes the AKN model (after the inventors
Abe, Kondoh, and Nagano; Ref. 12). The AKN k-& model for compressible flows reads
(Ref. 8 and Ref. 12):
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(3-116)
p%? +pu-Ve=V. ((u + t;—-—f) Ve) + Cslsz —fscszp%;
where
Py = o Vu:(Vu + (Vu)T)—g(V 2] —%ka ‘u
= pfuC“]%2
fo=(1 _e /142, (1 + Ef;_/zef(Rr/Qoof) (3-117)
f.=(1 _el/3.1)2 (1_0.3e"(R/6.5)")
I" = (puly,)/n R, =pk?/(ne) u,=(pe/p)l/
and
Co=15 Cpp=19 €,=0.09 o,=1.4 oc,=14 (3-118)

l 1s the distance to the closest wall.

Realizability Constraints are applied to the low Reynolds number k-& model.

WALL DISTANCE

The wall distance variable, I, is provided by a mathematical Wall Distance interface that
is included when using the low Reynolds number &-& model. The solution to the wall
distance equation is controlled using the parameter /. The distance to objects larger than
lyef is represented accurately, while objects smaller than /¢ are effectively diminished by
appearing to be farther away than they actually are. This is a desirable feature in turbulence
modeling since small objects would get too large an impact on the solution if the wall

distance were measured exactly.

The most convenient way to handle the wall distance variable is to solve for it in a separate
study step. A Wall Distance Initialization study type is provided for this purpose and should
be added before the actual Stationary or Transient study step.
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WALL BOUNDARY CONDITIONS

Automatic Wall Treatment

The automatic wall treatment is a way to obtain an accurate low-Reynolds-number
formulation when the mesh allows it, and to fall back on a wall function formulation when
the mesh is coarse. It is a blending between the solutions in the linear sublayer and the
logarithmic layer respectively. A formulation for w-based methods was described by
Menter et al. in Ref. 9. The Low-Reynolds number model uses a similar formulation and
defines

vU
u%'isc — __g_ll u*log = 4A/Ci},l“/l;’ (3-119)

w

and

u* =4 (u%'isc")4+(u*, log)4 (3-120)

dy, is the distance to the closest wall. The boundary conditions for the momentum

equations are a no-penetration condition u - n = 0 and a shear stress condition

n-c-(n-o-n)n = —pu*1 (3-121)
u+

In Equation 3-121, u* = Uyfu, with

u, = 4 (u¥isc)4+ (u‘lrog)4 (3-122)

where in turn

I
u%"g =7 (3-123)
K—log(S{;) +B

AY

Here, %, is the von Kdrman constant (default value 0.41), U” is the velocity parallel to the
wall and B is a constant that by default is set to 5.2.

These expression can be combined with the lift-off concept shown in Figure 3-9 which
gives 8y, = hy/2. The k-equation formally fulfills V& -n = 0 both at the wall and in the
log-layer, so this condition is applied for all 8.

The conditions for the turbulent dissipation, €, is given by the Wolfshtein model which is

commonly employed in two-layer £-& implementations (Ref. 13):
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ZS
I.=C,5,(1 _efkcf,“,/AE) C, = chﬁ3/4 (3-124)
Sk
A, =2C Re, = —~

The resulting wall resolution, 8%, is available as the postprocessing variable.
Delta_wPlus.

Low Reynolds Number Wall Treatment
The damping terms in the equations for & and € allow for a no slip condition to be applied
to the velocity, that is u=0 which is the case when Wall Treatment is set to Low Re.

Since all velocities must disappear on the wall, so must 2. Hence, £=0 on the wall.

The correct wall boundary condition for € is

2(1/p)(9k/In)?

where n is the wall normal direction. This condition is however numerically very unstable.
Therefore, € is not solved for in the cells adjacent to a solid wall and instead the analytical

relation

e = oB% (3-125)

is prescribed in those cells (using the variable €, which only exists in those cells).

Equation 3-125 can be derived as the first term in a series expansion of
2(u/p)(dk/on)?
For the expansion to be valid, it is required that
1}<0.5

1} is the distance, measured in viscous units, from the wall to the center of the wall
adjacent cell. The boundary variable Distance to cell center in viscous units 1plus_cc, is
available to ensure that the mesh is fine enough. Observe that it is unlikely that a solution
is obtained at all if

lc+ » 0.5

THEORY FOR THE TURBULENT FLOW INTERFACES

185



186 |

INLET VALUES FOR THE TURBULENCE LENGTH SCALE AND INTENSITY
The guidelines given in Inlet Values for the Turbulence Length Scale and Turbulent
Intensity for selecting the turbulence length scale, Ly, and the turbulence intensity, I,
apply also to the low-Reynolds number %-& model.

INITIAL VALUES

The low-Reynolds number k-& model has the same default initial guess as the standard k-
model (see Initial Values) but with Zim replaced by /¢

The default initial value for the wall distance equation (which solves for the reciprocal wall
distance) is 2/1 et

In some cases, especially for stationary solutions, a fast way to convergence is to first solve
the model using the ordinary £-€ model and then to use that solution as an initial guess
for the low-Reynolds number k-& model. The procedure is then as follows:

I Solve the model using the k-& model.

2 Switch to the low-Reynolds number £-& model.

3 Add a new Stationary with Initialization study.
4

In the Wall Distance Initialization study step, sct Values of variables not solved for to
Solution from the first study. This is to propagate the solution from the first study down

to the second step in the new study.

5 Solve the new study.

SCALING FOR TIME-DEPENDENT SIMULATIONS
The low-Reynolds number %-& model applies absolute scales of the same type as the k-¢
model (see Scaling for Time-Dependent Simulations).

In the COMSOL Multiphysics Reference Manual:

e The Wall Distance Interface

Stationary with Initialization, Transient with Initialization, and Wall

Distance Initialization

The Spalart-Allmaras Turbulence Model

The Spalart-Allmaras turbulence model is a one-equation turbulence model designed

mainly for acrodynamic applications. It is a low Reynolds number model, that is, it does
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not utilize wall functions. “Low Reynolds number” refers to the region close to the wall

where viscous effects dominate.

The model gives satisfactory results for many engineering applications, in particular for
airfoil and turbine blade applications for which it is calibrated. It is however not
appropriate for applications involving jet-like free shear regions. It also has some
nonphysical properties. For example, it predicts zero decay rate for the eddy viscosity in a

uniform free-stream (Ref. 1).

Compared to the low Reynolds number k- model, the Spalart-Allmaras model is generally
considered more robust and is often used as a way to obtain an initial solution for more
advanced models. It can give reasonable results on relatively coarse meshes for which the

low Reynolds number %-& model does not converge or even diverges.

This module includes the standard version of the Spalart-Allmaras model without the trip
term (see Ref. 1 and Ref. 14). The model solves for the undamped turbulent kinematic

viscosity, V:

.o e 21 - e Cps e
E+u.Vv = cb1Sv—cwlfw(l:) +5V . ((v+v)Vv)+?Vv~Vv (3-126)

The model includes the following auxiliary variables

1+c6,\Y6
=1-—& =gl — =r+c,(r8-r
fv2 1+ val’ fw g[EG + cgg] » 8 wZ( )
r= min(~ Y , 10), S = maX(Q +Cy,,min(0,S - Q) + --ZY-Z—fVZ, 0.39)
K22 k2]
VoW vV W

S = /2Sijsij Q= 2Q;;Q;;

where

Sij=0.5(Vu+VuT) Qij=0.5(Vu—VuT)
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are the mean strain rate and mean rotation rate tensors, Ly, is the distance to the closest

wall and v=p/p is the kinematic viscosity. The turbulent viscosity is calculated by
Hp = pVfy g
The default values for the modeling parameters are:

Cb1=0.1355 Cb2=0'622 Cv2=7'1 c=2/3
CW2=0.3 Cw3=2 KV=O'41 CR0t=2'0

The implementation of the production term S includes the rotation correction suggested
in Ref. 14. See also Ref. 15. The terms r and S are furthermore regularized according to
Ref. 14.

Pseudo Time Stepping for Turbulent Flow Models is by default applied to the stationary
form of the Spalart-Allmaras model.

WALL BOUNDARY CONDITIONS

Automatic Wall Treatment
For the Spalart-Allmaras turbulence model, the following relation is valid from the wall all
the way through the log layer (Ref. 24):

- ~+ vy KO.u
- PV _vwit_ st (3-127)
v=xd.u & v = vy - K0,

8y, from Equation 3-127 can be used in Equation 3-92 to calculate u.tlog which in turn
gives u; through Equation 3-94. With u., the boundary condition for v is given by

v =K,0,U,.

These relations are applied to the lift-oft concept shown in Figure 3-9 which gives
8y, = hy/2. The boundary conditions for the momentum equations are a no-penetration

condition, u-n = 0 and the traction condition given by Equation 3-95.

The resulting wall resolution, 8", is available as the postprocessing variable.
Delta_wPlus.

Low Reynolds Number Wall Treatment
The Spalart-Allmaras model is consistent with a no slip boundary condition, that is u=0.
Since, there can be no fluctuations on the wall, the boundary condition for v is v = 0.
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The Spalart-Allmaras model can be considered to be well resolved at a wall if I is of order
unity. [ is the distance, measured in viscous units, from the wall to the center of the wall
adjacent cell and can be evaluated as the boundary variable:

Distance to cell center in viscous units, 1plus_cc. See also Wall for boundary condition
details.

INITIAL VALUES

The default initial values for the Spalart-Allmaras version of the physics interface are:

<9 g
I 1l
DIE O o

SCALING FOR TIME-DEPENDENT SIMULATIONS

The Spalart-Allmaras model applies absolute scales of the same type as the k-8 model (see
Scaling for Time-Dependent Simulations) except that the scale for v s given directly by
the Vgeale parameter available in the advanced section of the physics interface node. The

is 51076 m%ss.

default value for vgaie

The v2-f Turbulence Model

For the v2-f model, the turbulent viscosity is based on the velocity fluctuations, v? R

normal to the streamlines. This makes it possible to model turbulence anisotropy, and to
separate between low-Reynolds number effects and wall blockage. Non-local effects of the
pressure fluctuations on the turbulent fields are included by applying elliptic relaxation to
the pressure strain term (Ref. 25, Ref. 26). The formulation implemented in COMSOL,

solves for the normalized velocity fluctuations,

(3-128)

ux
I
|l

and an elliptic blending function, o, which is used to combine near-wall effects with those
in the far-field. The complete model for compressible flow reads,
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P, tPU: Ve=V. ((u + 08\'2) Ve) + T(CglPk - C'sype)
¢ R Bp 2( 3 Mt v (3-129)
5, T Pu =V ((p + G_C\Q) V(;) + k(oc W+ G_kvz) VE - Vi
- I%Pk + ocsfh +(1- 0(3)fw
2 o-1
Vi = —+
12

where

P, = uT(Vu:(Vu +(Vu)T) - %(V . u)Q) - %ka ‘u

= pCoapklt
P
-_P _k 2
T “1(01‘1+C2pe)(c‘3) (3-130)
_ 6
fw=-PzE
32

L= CLmax[kT, Cn(\g) 1/4J T= max[}g, CTA/S

where v = u/p . The modified coefficients in the e-equation are given by

] 3. 1

Cer = Copp 1+4;(1-0*) L)

NS
(3-131)

5 " v25l3/2
C'£2 = 082V2f+ o (1 - 082\721‘) tanh Tpe
with the default turbulence parameters
Corvar=144 Coppp=1.83 C5¢=022 Opypp=0ppe=1

6, =122 Cc,=17 C,=12 Cn =86 (3-132)

C.=6 A, =0.04
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Realizability Constraints are applied to the turbulent viscosity.

WALL DISTANCE

The wall distance variable, I, is provided by a mathematical Wall Distance interface that
is included when using the v2-f model. The solution to the wall distance equation is
controlled using the parameter /,.r. The distance to objects larger than /. is represented
accurately, while objects smaller than ¢ are effectively diminished by appearing to be
farther away than they actually are. This is a desirable feature in turbulence modeling since
small objects would get too large an impact on the solution if the wall distance were

measured exactly.

The most convenient way to handle the wall distance variable is to solve for it in a separate
study step. A Wall Distance Initialization study type is provided for this purpose and should
be added before the actual Stationary or Transient study step.

WALL BOUNDARY CONDITIONS

Automatic Wall Treatment

The automatic wall treatment is a way to obtain an accurate low-Reynolds-number
formulation when the mesh allows it, and to fall back on a wall function formulation when
the mesh is coarse. It is a blending between the solutions in the linear sublayer and the
logarithmic layer respectively. A formulation for w-based methods was described by
Menter et al. in Ref. 9. The v2-f model uses a similar formulation and defines

) vU,
uévlsc — __S_J_I u*log — mﬂ (3-133)

w

and

*

u’ = %\/(u}r*iscyi_f_(u*, log)4 (3_134)

dy is the distance to the closest wall. The boundary conditions for the momentum

equations are a no-penetration condition u - n = 0 and a shear stress condition

n-c-(n-o-n)n = —pu*—l-l— (3-135)
u+

In Equation 3-135, u" = Uyfu, with

u, =4 (u¥iSC)4+ (uql:og)‘l (3-136)
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where in turn

U
wog = ——1L (3-137)

Klvlog(S\j,) +B

Here, %, is the von Kdrman constant (default value 0.41), U” is the velocity parallel to the
wall and B is a constant that by default is set to 5.2.

These expression can be combined with the lift-off concept shown in Figure 3-9 which
gives 8y, = hy/2. The k-equation formally fulfills V& -n = 0 both at the wall and in the
log-layer, so this condition is applied for all 8.

The conditions for the turbulent dissipation rate, €, is similar to that in the Wolfshtein

model which is commonly employed in two-layer &-& implementations (Ref. 13):

3/4,3/2
(Cyv266o) o
€= ——-“——-————-—-—l

€

I, = L(1 - e Re(./L))? (3-138)

_ (Caibo) VRL

Rey 2v

where

Co = 2(1— c, 1 Cz) (3-139)

The boundary conditions applied on { and o are given by

2
)
(=Cy5y a=1-¢>" (3-140)
o, +L

The resulting wall resolution, 8", is available as the postprocessing variable.
Delta_wPlus.

Low Reynolds Number Wall Treatment
The no slip condition, that is u = 0 is applied when Wall Treatment is set to Low Re.

Since all velocities must disappear on the wall, so must & and { (since & ~ y2 and v” ~ y4 ).
Hence, £ =0 and £ =0 on the wall. By definition, 0. = 0 on the wall.

CHAPTER 3: SINGLE-PHASE FLOW INTERFACES



The correct wall boundary condition for € is

2(1/p)(9k/In)?

where n is the wall normal direction. This condition is however numerically very unstable.
Therefore, € is not solved for in the cells adjacent to a solid wall and instead the analytical

relation

g = oHLE (3-141)

is prescribed in those cells (using the variable €, which only exists in those cells).

Equation 3-125 can be derived as the first term in a series expansion of

2(1/p)(9k/dn)?

For the expansion to be valid, it is required that
1}<0.5

1} is the distance, measured in viscous units, from the wall to the center of the wall
adjacent cell. The boundary variable Distance to cell center in viscous units 1plus_cc, is
available to ensure that the mesh is fine enough. Observe that it is unlikely that a solution
is obtained at all if

lc+ » 0.5

INLET VALUES FOR THE TURBULENCE LENGTH SCALE AND INTENSITY
The guidelines given in Inlet Values for the Turbulence Length Scale and Turbulent
Intensity for selecting the turbulence length scale, L, and the turbulence intensity, I,

apply also to the v2-f model.

INITIAL VALUES

The v2-f model has the same default initial guess as the standard k-€ model (see Initial
Values) but with i replaced by [ ep. The default initial values for { and o are 2/3 and 1
respectively.

The default initial value for the wall distance equation (which solves for the reciprocal wall

distance) is 2/ qf.
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In some cases, especially for stationary solutions, a fast way to convergence is to first solve
the model using the ordinary k-€ model and then to use that solution as an initial guess
for the v2-f model. The procedure is then as follows:

I Solve the model using the k- model.

2 Switch to the v2-f model.

3 Add a new Stationary with Initialization study.

4

In the Wall Distance Initialization study step, sct Values of variables not solved for to
Solution from the first study. This is to propagate the solution from the first study down
to the second step in the new study.

5 Solve the new study.

SCALING FOR TIME-DEPENDENT SIMULATIONS
The v2-f model applies absolute scales of the same type as the k£-€ model (see Scaling for

Time-Dependent Simulations).

In the COMSOL Multiphysics Reference Manual:

'ﬁl e The Wall Distance Interface

 Stationary with Initialization, Transient with Initialization, and Wall
Distance Initialization

Inlet Values for the Turbulence Length Scale and Turbulent Intensity

Ifinlet data for the turbulence variables are not available, crude approximations for &, €, ®

and { can be obtained from the following formulas:

3 2
k= E(‘UUT)

_ (3/4k32
woLo

k

©= *{4
(Bo)*“Lip

(-2

(3-142)

where I is the turbulent intensity and L is the turbulence length scale.
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A value of 1073 (0.1%) is a low turbulent intensity I. Good wind tunnels can produce
values as low as 5.107 (0.05%). Fully turbulent flows usually have intensities between 0.05
(5%) and 0.1 (10%).

The turbulence length scale L is a measure of the size of the eddies that are not resolved.
For free-stream flows these are typically very small (on the order of centimeters). The
length scale cannot be zero, however, because that would imply infinite dissipation. Use
Table 3-5 as a guideline when specifying Ly (Ref. 3) where [, is the wall distance, and

=1,/

TABLE 3-5: TURBULENCE 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) Kl (1- exp(—l;/26))

— Viscous sublayer and log-layer Boundary layer
— Outer layer 0.09L thickness

Pipes and channels 0.07L Pipe diameter or

hydraulic diameter

fully developed flows
(fully P ) or channel width

Theory for the Pressure, No Viscous Stress Boundary Condition

For this module, the turbulent intensity I, turbulence length scale Ly, and reference

velocity scale U values are related to the turbulence variables via

3

3/4 2\ 2
k=§(1 U )2 g:C 3(ITl]ref) 2 wzﬁ ITUref ng
T ref/ » LT 2 > 2(36)1/4LT7 3

For recommendations of physically sound values see Inlet Values for the
& Turbulence Length Scale and Turbulent Intensity.

Also see Inlet and Outlet for the node settings.
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Initial Values for Generate New Turbulence Model Interfaces

A major advantage with the Generate New Turbulence Model Interface feature is that it can

express initial values for the new turbulence model in terms of the original model. This

makes it possible to first solve a problem using a simple, but robust, turbulence model,

such as the k-& model, and then switch to a more advanced model.

Unless the Initial value from study is not None, the Generate New Turbulence Model Interface

initial values for velocity and pressure are taken directly from the solution of the parent

model. The initial values of turbulent dependent variables are estimated by using the

solution from the selected study:

CHAPTER 3:

When the parent model is a Laminar Flow model, or when Initial value from study is not

None, turbulent dependent variables get their default initial values.

Initial values of dependent variables that exist in both the parent model and the

generated model are taken directly from the selected study.
When the parent model is Turbulent Flow, &-& or Turbulent Flow, Low Reynolds %-¢
and the generated model is Turbulent Flow, k- or SST, the initial value for o is

;. = 1/(max(eps, ny))pk

When the parent model is 2-® or SST, and the generated model is £-€ or Low Reynolds
k-g or v2f, the initial value of € is

= 1/(max(eps, np))pk’e,

init

When the parent model is Algebraic yPlus, and the generated model is k-€ or Low
Reynolds k-¢, the initial values of & and € are:

2
kinit = DT /(A/CTLLT)

3/2

3/4
€init = (C“ /LT)k

where Lp = max(x,y,(y*v)/up) and up = [ul/(max(eps, u)).

When the parent model is Algebraic yPlus and the generated model is £-o or SST, the

initial value of £ and ® are
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2
kinit = DT/(f\I B*OLT)

1/4
Oy = R/ (B0 L)

where Ly = max(K,y,(y*v)/up) and up = |ul/(max(eps,u")).

* When the parent model is L-VEL, and the current model is k-& or Low Reynolds &-¢,

the initial value of £ and € are
2
kinit = DT /(//cTILT)

e Cu3/4/LT)k3/2

init = (

where Lp = max(iy,(kx0E;)/ uyp) .
¢ When the parent model is L-VEL, and the generated model is £-® and SST, the initial

values of & and omega are
2 *
Rinic = V1 / (JB*oLT)

Oy = (VB (B0 “Lyp)

* When the parent model is Spalart-Allmaras and the current model is k-€ or Low
Reynolds k-¢, the initial value of & and € are:

Rt = (Fyr"/ (JC) - min((v/(max(xy.eps)))”vI)

= /08 + )Yy - min((L/v)(v/ (max(x,y.eps))  vIQ))

€init

e When the parent model is Spalart-Allmaras and the generated model is £-® or SST the

initial values of £ and ® are
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Boie = (Fo1/ (JB¥0)) - min(v/ (max(x,y.eps))”.vI€)

0. = (/oGP +¢2)%) - min((1/v)(v/ (max(x,y.eps)))”.vIQl)

e When the generated model is Spalart-Allamas turbulent mode, and the parent model

any turbulence model but Spalart-Allamas, the initial value of the dependent variable is
Vinit = Wp/P -

Solvers for Turbulent Flow

The nonlinear system that the Navier-Stokes (RANS) and turbulence transport equations
constitute can become ill-conditioned if solved using a fully coupled solver. Turbulent
flows are therefore solved using a segregated approach (Ref. 19): Navier-Stokes in one

group and the turbulence transport equations in another.

For each iteration in the Navier-Stokes group, two or three iterations are performed for
the turbulence transport equations. This is necessary to make sure that the very nonlinear
source terms in the turbulence transport equations are in balance before performing

another iteration for the Navier-Stokes group.

The default iterative solver for the turbulence transport equations is a damped Newton
method with constant damping factor. In each iteration, a linearized version of the
nonlinear system is solved using GMRES accelerated by Smoothed Aggregated Algebraic
Multigrid (SAAMG). The default smoother is SOR Line.

As the name implies, SAAMG builds its coarser meshes algebraically, so the application
requires no additional meshes in order to employ SAAMG. In contrast, Geometric
Multigrid (GMG) requires actual meshes. If a sufficient number of multigrid levels can be
constructed, GMG is often faster than SAAMG. GMG is also superior for cluster
computations and for shared memory computations with many cores. When the default
linear solver is GMRES, an optional, but deactivated, linear solver node is available where
GMRES is accelerated by GMG.

* Pscudo Time Stepping for Turbulent Flow Models

'ﬂ * Multigrid, Stationary Solver, Iterative, and SOR Line in the COMSOL
Multiphysics Reference Manual
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Pseudo Time Stepping for Turbulent Flow Models

The default stationary solver applies pseudo time stepping for both 2D and 3D models.
This improves the robustness of the nonlinear iterations as well as the condition number
for the linear equation system. The latter is especially important for large 3D models where
iterative solvers must be applied. The turbulence equations use the same At as the

momentum equations .

The default manual expression for CFLy is, for 2D models:

1.8 min(niterCMP-1, 9) +

if(niterCMP > 25, 9 - 1, 3min(niterCMP - 25,9) () 1.
if(niterCMP > 50, 90 - 1.3min(niterCMP -50,9) ()

and for 3D models:

1.gmin(niterCMP-1,9) 4

if(niterCMP > 30, 9 - 1,3min(niterCMP - 30,9) 0y 4.
if(niterCMP > 60, 90 - 1.3min(niterCMP - 60,9) ()
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Theory for the Rotating Machinery
Interfaces

Both the Rotating Machinery, Laminar Flow and Rotating Machinery, Turbulent Flow
interfaces model flow in geometries with rotating parts. For example, stirred tanks, mixers,
and pumps.

The Navier-Stokes equations formulated in a rotating coordinate system read (Ref. 1 and
Ref. 2)

%g +V.(pv) = 0 (3-143)

p%—;'+p(v~V)v+2pQ><v =
(3-144)
0Q

V-[—pI+T]+F—p(§XI‘+QX(QXI‘))

where v is the velocity vector in the rotating coordinate system, r is the position vector,
and Q is the angular velocity vector. The relation between v and the velocity vector in the
stationary coordinate system is

u=v+=—
ot
The Rotating Machinery, Fluid Flow interfaces solve Equation 3-143 and
Equation 3-144, but reformulated in terms of a non-rotating coordinate system; that is,
they solve for u. This is achieved by invoking the Arbitrary Lagrangian-Eulerian
Formulation (ALE) machinery. In rotating domains, x = x(Q, ¢) as prescribed in the

Rotating Domain features. The Navier-Stokes equations on rotating domains then read

Jdp _0x . - -
3T 9T Vp+V-(pu) =0 (3-145)
a_ll a_X. . -V. 3-146
p(aT 5T Vu)+p(u Viu=V . [-pI+1]+F ( )
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The derivative operator dp/dT is the mesh time derivative of the density and appears in
the equation view as d (rmspf.rho, TIME). Analogously, du/dT is the mesh time
derivative of the velocity. The variable TIME replaces ¢ as the variable for time.

The user input for a rotating domain prescribes the angular frequency, w. To calculate Q,
the physics interfaces set up an ODE variable for the angular displacement ®. The equation
for o is

do

— =uw (3-147)

dt
Q is defined as w times the normalized axis of rotation. In 2D, the axis of rotation is the
z direction while it in 3D is specified in the Rotating Domain features. If the model
contains several rotating domains, each domain has its own angular displacement ODE
variable.

In non-rotating domains, the ordinary Navier-Stokes equations are solved. The rotating
and fixed parts need to be coupled together by an identity pair, where a continuity
boundary condition is applied.

Boundary conditions in the rotating parts must be specified correctly. For example, walls
that rotate must be prescribed as rotating walls. Walls in rotating domains can also be
prescribed as non-rotating, but in that case, Q X n , where n is the wall normal, must be
tangential to the wall.

Arbitrary Lagrangian-Eulerian Formulation (ALE) in the COMSOL
E}‘ Multiphysics Reference Manual

Frozen Rotor

Equation 3-145 through Equation 3-147 must be solved using a Time Dependent study.
This can be computationally expensive. The Rotating Machinery, Fluid Flow interfaces
therefore support the so-called frozen rotor approach. The frozen rotor approach assumes
that the flow in the rotating domain, expressed in the rotating coordinate system, is fully
developed. Equation 3-143 then reduces to

V-(pv) = 0 (3-148)

and Equation 3-144 to
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pP(V-V)V+2pQxV = (3-149)
V- [-pI+1]+F-pQx(Qxr)

Frozen rotor is both a study type and an equation form. When solving a rotating
machinery model using a Frozen Rotor study step, the Rotating Machinery, Fluid Flow
interfaces effectively solve Equation 3-149 and Equation 3-149 in a “rotating” domain,
but “rotating” domains do not rotate at all. Boundary conditions remain transformed as
if the domains were rotating, but the domains remain fixed, or frozen, in position. As in
the time-dependent case, the Rotating Machinery, Fluid Flow interfaces solve for the

velocity vector in the stationary coordinate system, w, rather than for v.

To make Equation 3-145 and Equation 3-146 equivalent to Equation 3-148 and
Equation 3-149, the Frozen Rotor study step defines a parameter TIME, which by default
is set to zero (TIME appears in the Parameters node under Global Definitions).

Equation 3-147 is replaced by
o = wTIME

Since TIME is a parameter and X is a function of TIME, dx/9dT evaluates to its correct value.
Finally, dp/dT = 0 and the mesh time derivative of the velocity is replaced by

In nonrotating domains, the ordinary, stationary Navier-Stokes equations are solved. The

Frozen Rotor study step invokes a stationary solver to solve the resulting equation system.

The frozen rotor approach can in special cases give the same solution as solving
Equation 3-145 through Equation 3-147 to steady state. This is the case if, for example,
the whole geometry is rotating, or if the model is invariant with respect to the position of
the rotating domain relative to the nonrotating domain. The latter is the case for a fan
placed in the middle of a straight, cylindrical duct.

In most cases, however, there is no steady-state solution to the rotating machinery
problem. Only a pseudo-steady state where the solution varies periodically around some
average solution. In those cases, the frozen rotor approach gives an approximate solution
to the pseudo-steady state. The approximation depends on the position in which the rotor
is frozen, and the method cannot capture transient effects (see Ref. 3 and Ref. 4). An
estimate of the effect of the rotor position can be obtained by making a parametric sweep
over TIME.
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The frozen rotor approach is very useful for attaining initial values for time-dependent
simulations. Starting from a frozen rotor solution, the pseudo-steady state can be reached
within a few revolutions, while starting from u = 0 can require tens of revolutions. See, for
example, Ref. 5.

Only interfaces that explicitly support frozen rotors are included in a Frozen Rotor study

step.

@l Studies and Solvers in the COMSOL Multiphysics Reference Manual

Setting Up a Rotating Machinery Model

The Rotating Machinery, Fluid Flow interfaces primarily handle two types of geometries

with rotating parts.

The first type is where the whole geometry rotates. Typical examples are individual parts
in turbo machinery and lab-on-a-chip devices. For such cases, apply a Rotating Domain

feature to all domains in the geometry.

The other type is geometries where it is possible to divide the modeled device into
rotationally invariant geometries. The operation can be, for example, to rotate an impeller

in a baffled tank, as in Figure 3-11 where the impeller rotates from position 1 to 2.

The first step to set up these type of models is to divide the geometry into two parts, as

shown in Step la. Draw the geometry using separate domains for fixed and rotating parts.
If you intend to do a time-dependent simulation, activate the assembly (using an assembly
instead of a union, see Geometry Modeling and CAD Tools in the COMSOL Multiphysics
Reference Manual) and create identity pairs, which makes it possible to treat the domains

as separate parts in an assembly.

The second step is to specity the parts to model using Rotating Domain features and the

ones to model using a fixed frame (Step 1b).

Once this is done, proceed to the usual steps of setting the fluid properties, boundary
conditions. Apply a Flow Continuity to assembly pairs (Step 2a). Then mesh and solve the
problem.
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b

la | 2a

Figure 3-11: The modeling procedure in the Rotating Machinery, Fluid Flow interface.
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Heat Transfer and Nonisothermal Flow
Interfaces

There are several physics interfaces included in the CFD Module to model heat
transfer and nonisothermal flow. This chapter describes the physics interfaces found
under the Heat Transfer branch ( (|| ) as well as those under the

Fluid Flow>Nonisothermal Flow branch (). The Modeling Heat Transfer in the
CFD Module section helps you choose the best physics interface to start with.

* Modeling Heat Transfer in the CFD Module

¢ The Nonisothermal Flow and Conjugate Heat Transfer, Laminar Flow and

Turbulent Flow Interfaces
¢ Theory for the Nonisothermal Flow and Conjugate Heat Transfer Interfaces
The documentation of all features in the Heat Transfer in Porous Media interface
is now found in the Heat Transfer Module User’s Guide, specifically in the
following sections:
e The Heat Transfer Module Interfaces
e The Heat Transfer in Porous Media Interface
e Theory for the Heat Transfer Module

¢ Theory for Heat Transfer in Porous Media
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Modeling Heat Transfer in the CFD
Module

Heat transfer is an important phenomenon in many industrial processes. Often, a fluid
plays a major role in transporting the heat and a detailed description of the flow field
is necessary to accurately describe such processes. Typical examples are heating and
cooling operations. Chemical reactions and phase changes are other commonly
occurring phenomena. The temperature, in turn, affects the fluid properties and can

alter the flow field. Natural convection is an example of this.
In this section:

* Selecting the Right Physics Interface

¢ Coupling to Other Physics Interfaces

Selecting the Right Physics Interface

The Heat Transfer branch ( {|{ ) included with this module has a number of physics

interfaces that can be used to model energy transport. One or more of these can be
added; either by themselves or together with other physics interfaces, typically flow
physics interfaces.

While the standard COMSOL Multiphysics package includes physics interfaces for
simulating heat transfer through conduction and convection, this module provides
extra functionality within the standard Heat Transfer interfaces. The CED Module also
includes additional Heat Transfer interfaces such as The Heat Transfer in Porous

Media Interface.

For heat transfer in single-phase flows, the CFD Module provides the Nonisothermal
Flow (~-) (located under the Fluid Flow branch) and Conjugate Heat Transfer (|~ )
(located under the Heat Transfer branch) interfaces. There are several versions of these
interfaces that combine heat transfer with either laminar or turbulent flow. The
multiphysics interfaces automatically couple the flow and heat equations and they also
provide functionality, such as support for turbulent heat transfer, that is not readily
available when adding the interfaces separately.
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HEAT TRANSFER IN SOLIDS OR FLUIDS, AND JOULE HEATING
The Heat Transfer in Solids ( ([F) ), Heat Transfer in Fluids ((~ ) (general convection and

conduction), and Electromagnetic Heating>Joule Heating interfaces ( | % ), all belong to
the COMSOL Multiphysics base package.

HEAT TRANSFER IN POROUS MEDIA

The Heat Transfer in Porous Media interface ( |8 ) is an extension of a the generic heat
transfer interface that includes modeling heat transfer through convection, conduction
and radiation, conjugate heat transfer, and nonisothermal flow. The ability to define
material properties, boundary conditions, and more for porous media heat transfer is
also activated by selecting the Heat transfer in porous media check box on any heat

transfer interface.

NONISOTHERMAL FLOW AND CONJUGATE HEAT TRANSFER
The Nonisothermal Flow (~:-) and Conjugate Heat Transfer (|~ ) interfaces solve the
Navier-Stokes equations together with an energy balance. They can also solve for heat

transfer in solids.

Nonisothermal Flow and Conjugate Heat Transfer differ by their default features. The
default heat transfer domain feature for Nonisothermal Flow is a Heat Transfer in
Fluids node while Conjugate Heat Transfer has a Heat Transfer in Solids node as its

default domain feature.

The Laminar Flow versions of the physics interfaces are used primarily to model slowly
flowing fluids in environments where energy transport is also an important part of the
system and application, and must be coupled or connected to the fluid flow in some
way. Stokes’ law (creeping flow) can be activated from the Nonisothermal Flow,
Laminar Flow and Conjugate Heat Transfer, Laminar Flow interfaces if wanted. If you
expect the flow to become turbulent, select one of the versions of the turbulent flow
interfaces. Each physics interface includes a RANS turbulence model to calculate the

turbulence and algebraic models for the turbulent Prandtl number.

The Nonisothermal Flow and Conjugate Heat Transfer interfaces can solve the fully
compressible form of the Navier-Stokes equations. But boundary conditions and
stabilizations are provided for Mach numbers less than 0.3. If you expect the Mach
number in your model to become higher than 0.3, use The High Mach Number Flow

Interfaces.

MODELING HEAT TRANSFER IN THE CFD MODULE
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* Theory for the Heat Transter Module in the Heat Transfer Module
User’s Guide

ﬁl * The Joule Heating Interface in the COMSOL Multiphysics Reference
Mannal

Coupling to Other Physics Interfaces

Often, you are simulating applications that couple heat transfer in turbulent flow to
another type of phenomenon described by another physics interface. This can, for
example, include chemical reactions and mass transport, as covered by the physics

interfaces in the Chemical Species Transport branch.

Furthermore, the Chemical Reaction Engineering Module includes, not only support
for setting up and simulating chemical reactions, but also for simulating reaction
kinetics through the temperature-dependent Arrhenius Expression and Mass Action
Law. This physics interface also includes support for including and calculating
thermodynamic data as temperature-dependent expressions, for both reaction kinetics
and fluid-flow.

In addition, if you also have the Heat Transfer Module, it includes more detailed
descriptions and tools for simulating energy transport, such as surface-to-surface and

participating media radiation.

Fluid Damper: Application Library path
CFD_Module/Nonisothermal_Flow/fluid_damper

A variety of modeling techniques are discussed in the following sections of the Heat
Transfer Module User’s Guide:

e Heat Transfer Variables

* Using the Boundary Conditions for the Heat Transfer Interfaces

e Handling Frames in Heat Transfer

* Heat Transfer and Fluid Flow Coupling

* Solver Settings
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Also see The Heat Transfer Module Interfaces and Theory for the Heat Transfer
Module.
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The Nonisothermal Flow and
Conjugate Heat Transfer, Laminar
Flow and Turbulent Flow Interfaces

In this section:

* Advantages of Using the Multiphysics Interfaces

¢ The Nonisothermal Flow, Laminar Flow and Turbulent Flow Interfaces

¢ The Conjugate Heat Transfer, Laminar Flow and Turbulent Flow Interfaces
» Settings for Physics Interfaces and Coupling Features

¢ Coupling Features

* Physics Interface Features

¢ Nonisothermal Flow

¢ Flow Coupling

e Marangoni Effect

Advantages of Using the Multiphysics Interfaces

The Nonisothermal Flow and Conjugate Heat Transfer interfaces combine the heat
equation with either laminar flow or turbulent flow and use either a Heat Transfer in
Fluids or Heat Transfer in Solids domain model. The advantage of using the multiphysics
interfaces is that predefined couplings are available in both directions. In particular,
physics interfaces use the same definition of the density, which can therefore be a
function of both pressure and temperature. Solving this coupled system of equations
usually requires numerical stabilization accounting for the couplings, which the
predefined multiphysics interfaces also set up.

See also Heat Transfer and Fluid Flow Coupling in the Heat Transfer
@ Module User’s Manual for more information.
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The Nonisothermal Flow, Laminar Flow and Turbulent Flow
Interfaces

When a multiphysics interface is added from the Fluid Flow>Nonisothermal Flow branch
of the Model Wizard or Add Physics windows, one of the Single-Phase Flow interfaces

(laminar or turbulent flow) and Heat Transfer are added to the Model Builder.

In addition, the Multiphysics node is added, which automatically includes the

multiphysics coupling feature Nonisothermal Flow.

The Multiphysics Node in the COMSOL Multiphysics Reference
Q, Manual.

e The Laminar Flow interface (—:) combines a Heat Transfer in Fluids interface with

a Laminar Flow interface.

e The Turbulent Flow, Algebraic yPlus interface () combines a Heat Transfer in

Fluids interface with a Turbulent Flow, Algebraic yPlus interface.

¢ The Turbulent Flow, L-VEL interface (=7~ ) combines a Heat Transfer in Fluids

interface with a Turbulent Flow, L-VEL interface.

¢ The Turbulent Flow, k-€ interface (- ) combines a Heat Transfer in Fluids interface

with a Turbulent Flow, k-€ interface.

¢ The Turbulent Flow, k-0 interface (~7~ ) combines a Heat Transfer in Fluids interface

with a Turbulent Flow, k- interface.

* The Turbulent Flow, SST interface (-7 ) combines a Heat Transfer in Fluids interface
with a Turbulent Flow, SST interface.

* The Turbulent Flow, Low Re k-g interface (-7 ) combines a Heat Transfer in Fluids

interface with a Turbulent Flow, Low Re k-¢ interface.

* The Turbulent Flow, Spalart-Allmaras interface (=) combines a Heat Transfer in

Fluids interface with a Turbulent Flow, Spalart-Allmaras interface.

The Conjugate Heat Transfer, Laminar Flow and Turbulent Flow
Interfaces

When a multiphysics interface is added from the Heat Transfer>Conjugate Heat Transfer
branch of the Model Wizard or Add Physics windows, Heat Transfer and one of the

Single-Phase Flow interfaces (laminar or turbulent flow) are added to the Model Builder.

THE NONISOTHERMAL FLOW AND CONJUGATE HEAT TRANSFER, LAMINAR FLOW AND TURBULENT FLOW INTERFACES



In addition, the Multiphysics node is added, which automatically includes the

multiphysics coupling feature Nonisothermal Flow.

The Multiphysics Node in the COMSOL Multiphysics Reference
ﬂ Mannal.

¢ The Laminar Flow interface ( (=) combines a Heat Transfer in Solids interface with

a Laminar Flow interface.

* The Turbulent Flow, Algebraic yPlus interface (| ) combines a Heat Transfer in

Solids interface with a Turbulent Flow, Algebraic yPlus interface.

* The Turbulent Flow, L-VEL interface ({—) combines a Heat Transfer in Solids
interface with a Turbulent Flow, L-VEL interface.

* The Turbulent Flow, k-€ interface ( (= ) combines a Heat Transfer in Solids interface

with a Turbulent Flow, k-¢ interface.

* The Turbulent Flow, k-0 interface ( | = ) combines a Heat Transfer in Solids interface

with a Turbulent Flow, k-® interface.

* The Turbulent Flow, Low Re k-¢ interface (| = )combines a Heat Transfer in Solids

interface with a Turbulent Flow, Low Re k-¢ interface.

* The Turbulent Flow, SST interface ( |— ) combines a Heat Transfer in Solids interface
with a Turbulent Flow, SST interface.

* The Turbulent Flow, Spalart-Allmaras interface (| ) combines a Heat Transfer in

Solids interface with a Turbulent Flow, Spalart-Allmaras interface.

Settings for Physics Interfuces and Coupling Features

When physics interfaces are added using the predefined couplings, specific settings are

included with the physics interfaces and the coupling features.

However, if physics interfaces are added one at a time, followed by the coupling

features, these modified settings are not automatically included.

For example, if single Heat Transfer in Fluids and Laminar Flow interfaces are added,
COMSOL Multiphysics adds an empty Multiphysics node. When you right-click this
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node, you can choose from the available coupling features, Nonisothermal Flow,
Temperature Coupling, and Flow Coupling, but the modified settings are not included.

TABLE 4-1: MODIFIED SETTINGS FOR THE NONISOTHERMAL FLOW INTERFACES

PHYSICS OR COUPLING INTERFACE MODIFIED SETTINGS (IF ANY)

Heat Transfer in Solids Discretization order from temperature Lagrange
shape function is |.

A Heat Transfer in Fluids feature is added with a
default editable selection set to All domains.
Heat Transfer in Fluids none

Nonisothermal Flow The Fluid flow and Heat transfer interfaces are
preselected
The Compressibility option of the fluid flow
interface is set to Weakly Compressible

Coupling Features

The Nonisothermal Flow and Flow Coupling multiphysics coupling nodes are
described in this section. See Temperature Coupling in the COMSOL Multiphysics

Reference Manual.

Use the online help in COMSOL Multiphysics to locate and search all the
documentation. All these links also work directly in COMSOL
Multiphysics when using the Help system.

Physics Interface Features

Physics nodes are available from the Physics ribbon toolbar (Windows users), Physics
context menu (Mac or Linux users), or right-click to access the context menu (all

users).

In general, to add a node, go to the Physics toolbar, no matter what

= operating system you are using.
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HEAT TRANSFER IN FLUIDS (NONISOTHERMAL FLOW)

The available physics features for The Heat Transfer in Fluids Interface are listed in the
section Feature Nodes for the Heat Transfer in Fluids Interface. Also see Fluid for
details about that feature.

HEAT TRANSFER IN SOLIDS (CONJUGATE HEAT TRANSFER)

The available physics features for The Heat Transfer in Solids Interface are listed in the
section Feature Nodes for the Heat Transfer in Solids Interface. Also see Solid for
details about that feature.

LAMINAR FLOW
The available physics features for The Laminar Flow Interface are listed in the section
Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, ALGEBRAIC YPLUS
The available physics features for The Turbulent Flow, Algebraic yPlus Interface are
listed in the section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, L-VEL
The available physics features for The Turbulent Flow, L-VEL Interface are listed in
the section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, k-&
The available physics features for The Turbulent Flow, k-e Interface are listed in the
section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, k-0
The available physics features for The Turbulent Flow, k-w Interface are listed in the
section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, SST
The available physics features for The Turbulent Flow, SST Interface are listed in the
section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, LOW RE k-g
The available physics features for The Turbulent Flow, Low Re k-e Interface are listed
in the section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.
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TURBULENT FLOW, SPALART-ALLMARAS
The available physics features for The Turbulent Flow, Spalart-Allmaras Interface are

listed in the section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

Nonisothermal Flow

Use the Nonisothermal Flow (~: ) multiphysics coupling to simulate fluid flows where
the fluid properties depend on temperature. Models can also include heat transfer in
solids or in porous media as well as surface-to-surface radiation and radiation in
participating media, with the Heat Transfer Module. The physics interface supports
low Mach numbers (typically less than 0.3).

The Nonisothermal Flow, Laminar Flow interface solves for conservation of energy,
mass and momentum in fluids and porous media and for conservation of energy in
solids. It synchronizes the features from the Heat Transfer and Fluid Flow interfaces
when a turbulent flow regime is defined. It also complements the Screen and Interior

Fan feature from the flow interface to account for thermal effects.

When the Nonisothermal Flow is used, there is no need to add Flow
Coupling or Temperature Coupling. Indeed, Nonisothermal Flow combines
the effects of both of them. In addition it also accounts for the
multiphysics stabilization terms and for the heat transfer changes in the
turbulent regime (for example, thermal wall functions), for work due to
pressure forces and viscous dissipation, and for natural convection,

including Boussinesq approximation.
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The multiphysics stabilizations (streamline diffusion and crosswind
diffusion) are controlled by the Fluid Flow interface. For example, the
multiphysics streamline diffusion can be disabled in a Laminar Flow physics
node, in the Stabilization section. The stabilization selected in the Heat
Transfer physics interface has no effect if the multiphysics coupling

stabilization is active, but remains active if not. However, the isotropic

[

diffusion is not a multiphysics stabilization and is controlled by each

physics interface.

Finally, when one of the physics interfaces or the multiphysics coupling is
not solved in a study step, then the stabilization of each solved physics is
used instead of the coupled stabilization, and the solver suggestions are

uncoupled.

SETTINGS

The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>.In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers, and underscores (_)

are permitted in the Name field. The first character must be a letter.

The default Name (for the first multiphysics coupling feature in the model) is nitf1.

DOMAIN SELECTION
When nodes are added from the context menu, you can select Manual (the default)
from the Selection list to choose specific domains to define the nonisothermal flow, or

select All domains as needed.

HEAT TRANSFER TURBULENCE MODEL
Select an option from the Heat transport turbulence model list: Kays-Crawford (the

default), Extended Kays-Crawford, or User-defined turbulent Prandtl number.
For Extended Kays-Crawford, enter a Reynolds number at infinity Re;, ¢ (dimensionless).

For User-defined turbulent Prandtl number, enter a Turbulent Prandtl number pro

(dimensionless).

When the flow interface uses a RANS turbulence model, the conductive heat flux is
defined as
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q = ~(k+kp)VT

with the turbulent thermal conductivity defined as

oy = M2
T Prq

where pp is defined by the flow interface, and Prp depends on the Heat transport

turbulence model. See Turbulent Conductivity for details.

MATERIAL PROPERTIES
Select an option from the Specify density list — From heat transfer interface (the

default), From fluid flow interface, or Custom.

For Custom, linearized density, enter the Reference density p,..¢ (SI unit: kg/m3) and the
Coefficient of thermal expansion o1,(SI unit:1/K), or select From material, or sclect a
variable in the list if available. When Custom, linearized density is sclected, regardless
how the properties are defined they should be constant. If material properties are not

constant you should consider using any of the other options to define the density.
For Custom, enter a Density p (SI unit: kg/ms), or select a density in the list if available.

The density definition in the Nonisothermal Flow node ensure that the same definition
of the density is used on the fluid flow and heat transfer interfaces. When the fluid flow
compressibility setting is set to Incompressible then the thermal conductivity and the
heat capacity are evaluated at the Reference temperature defined in the fluid flow
interface. When Include gravity is sclected and the Compressibility is set to
Incompressible flow in the fluid interface properties, the gravity forces are defined using
the coefficient of thermal expansion. Along with the fact that the material properties
are evaluated for a constant temperature and pressure, this gravity force definition
corresponds to Boussinesq approximation. Unless the density is defined as Custom,
linearized density the coefficient of thermal expansion is evaluated from the fluid
density.

FLOW HEATING
Select the Include work done by pressure changes check box to account for the heat

source due to pressure changes:

Qp = ocp(% +u~Vp)
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By default this option is not selected, however it should be selected for compressible

fluids as soon as significant pressure gradients occur.

Select the Include viscous dissipation check box to account for the heat source

corresponding to viscous heating. This option is not selected by default. Because it may
induce an extra computational cost it should be only selected in application where such
effect is expected. If no information on this is available, selecting the option ensure that

energy balance for the heat and the flow equation is respected.

COUPLED INTERFACES
This section defines the physics involved in the multiphysics coupling. The Fluid flow

and Heat transfer lists include all applicable physics interfaces.
The default values depend on how this coupling node is created.

e Ifitis added from the Physics ribbon (Windows users), Physics contextual toolbar
(Mac and Linux users), or context menu (all users), then the first physics interface

of each type in the component is selected as the default.

e Ifitis added automatically when a multiphysics interface is chosen in the Model
Wizard or Add Physics window, then the two participating physics interfaces are

selected.

You can also select None from either list to uncouple the node from a physics interface.
If the physics interface is removed from the Model Builder, for example Heat Transfer in

Fluids is deleted, then the Heat transfer list defaults to None as there is nothing to couple

to.
When an interface is selected from the Heat transfer list, some of its model
inputs are forced with values from the Nonisothermal Flow node. In
addition, it defines how the turbulence has to be accounted for,
depending on the Fluid flow interface’s turbulence settings. Therefore,
ﬂ- cach heat transfer or fluid flow interface should be used in at most one

Nonisothermal Flow node. In cases where multiple fluid flow interfaces are
used, an equal number of heat transfer interfaces and Nonisothermal Flow

nodes are needed to define proper multiphysics couplings.
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If a physics interface is deleted and then added to the model again, then
in order to reestablish the coupling, you need to choose the physics

interface again from the Fluid flow or Heat transfer lists. This is applicable

I

to all multiphysics coupling nodes that would normally default to the
once present interface. See Multiphysics Modeling Approaches in the
COMSOL Multiphysics Reference Manual.

Flow Coupling

The Flow Coupling multiphysics coupling (=T ) defines u and p variables in order to set
the model inputs in the Heat Transfer interface (or when applicable, a chemical species
transport interface). In addition it provides all the fluids quantities that may be needed
by the Heat Transfer interface (for example, viscosity, turbulence parameters, and so

on).

SETTINGS

The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>.In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers and underscores (_)

are permitted in the Name field. The first character must be a letter.

The default Name (for the first multiphysics coupling feature in the model) is fc1.
COUPLED INTERFACES

This section defines the physics involved in the multiphysics coupling. By default, the

applicable physics interface is selected in the Source list to apply the Destination to its

physics interface to establish the coupling.

You can also select None from either list to uncouple the node from a physics interface.

If the physics interface is removed from the Model Builder, for example Heat Transfer in
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Solids is deleted, then the Destination list defaults to Nene as there is nothing to couple
to.

When the Destination interface is a heat transfer interface, the
Nonisothermal Flow coupling node should be preferred to Flow Coupling.
Indeed, Nonisothermal Flow brings an optimized stabilization; supports
g natural convection, including Boussinesq approximation; supports
turbulent flow (wall functions, effective thermal conductivity); and

handles work due to the pressure forces and viscous dissipation.

When the Destination interface is a chemical species transport interface, a
Reacting Flow coupling node should be used instead of Flow Coupling. See

The Reacting Flow Multiphysics Interfaces for more details.

If a physics interface is deleted and then added to the model again, and in
order to re-establish the coupling, you need to choose the physics

interface again from the lists. This is applicable to all multiphysics

[

coupling nodes that would normally default to the once present physics
interface. See Multiphysics Modeling Approaches in the COMSOL
Multiphysics Reference Manual.

Marangoni Effect

The Marangoni Effect multiphysics coupling ( /@) ) accounts for Marangoni convection.
Marangoni convection occurs when the surface tension of an interface (generally
liquid-air) depends on the concentration of a species or on the temperature
distribution. In the case of temperature dependence, the Marangoni effect is also called
thermo-capillary convection. It is of primary importance in the fields of welding,

crystal growth, and electron beam melting of metals.

The Marangoni effect is a shear stress which depends on the tangential temperature
gradient and should be implemented as such. It has the following contribution
described by forces induced on the fluid /fluid interface:

[P uvVus (Vo)) -2V wiln = 49,7
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where 7 is the temperature derivative of the surface tension ¢ (N/(m-K)). Note that

this formulation is intended for laminar flow regimes only.

SETTINGS

The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>. In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers and underscores (_)

are permitted in the Name field. The first character must be a letter.

The default Name (for the first multiphysics coupling feature in the model) is me1.

SURFACE TENSION
Select a Surface tension coefficient type — Library coefficient, liquid/gas interface or User

defined (the default).

* For Library coefficient, liquid/gas interface choose an option from the Library surface

tension coefficient list.

* For User defined enter a Surface tension coefficient o (SI unit: N/m).

MARANGONI EFFECT
This section defines the physics involved in the multiphysics coupling. The Fluid flow
and Heat transfer lists include all applicable physics interfaces.

The default values depend on how this coupling node is created.

e Ifitis added from the Physics ribbon (Windows users), Physics contextual toolbar
(Mac and Linux users), or context menu (all users), then the first physics interface

of each type in the component is selected as the default.

e Ifit is added automatically when a multiphysics interface is chosen in the Model
Wizard or Add Physics window, then the two participating physics interfaces are

selected.

You can also select None from either list to uncouple the node from a physics interface.

If the physics interface is removed from the Model Builder, for example Heat Transfer in
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Fluids is deleted, then the Heat transfer list defaults to None as there is nothing to couple

to.

If a physics interface is deleted and then added to the model again, then
in order to re-establish the coupling, you need to choose the physics

interface again from the Fluid flow or Heat transfer lists. This is applicable

L

to all multiphysics coupling nodes that would normally default to the
once present interface. See Multiphysics Modeling Approaches in the
COMSOL Multiphysics Reference Manual.
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Theory for the Nonisothermal Flow
and Conjugate Heat Transfer
Interfaces

In this section:

* The Nonisothermal Flow and Conjugate Heat Transfer Equations
e Turbulent Nonisothermal Flow Theory

e Theory for the Nonisothermal Screen Boundary Condition

* Theory for the Interior Fan Boundary Condition

* References for the Nonisothermal Flow and Conjugate Heat Transfer Interfaces

The Nonisothermal Flow and Conjugate Heat Transfer Equations

In industrial applications it is common that the density of a process fluid varies. These
variations can have a number of different sources but the most common one is the
presence of an inhomogeneous temperature field. This module includes the
Nonisothermal Flow predefined multiphysics coupling to simulate systems in which

the density varies with temperature.

Other situations where the density might vary includes chemical reactions, for instance

where reactants associate or dissociate.

The Nonisothermal Flow and Conjugate Heat Transfer interfaces contain the fully

compressible formulation of the continuity and momentum equations:

%g +V.-(pu)=0
(4-1)
p%—';+pu -Vu=-Vp+V. (M(Vu+ (Vu)T)—gu(V . u)I) +F

where

* pis the density (SI unit: kg/mg)
e uis the velocity vector (SI unit: m/s)

* pis the pressure (SI unit: Pa)
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* uis the dynamic viscosity (SI unit: Pa-s)

e F is the body force vector (SI unit: N/m3)

It also solves the heat equation, which for a fluid is given by

aT _ s_LIp| (2, .
pCp(—a?+(u-V)T>_—(V~q)+t.S—pan(at+(u Vip)+Q

where in addition to the quantities above

* Cy s the specific heat capacity at constant pressure (SI unit: J/(kgK))
e T is the absolute temperature (SI unit: K)

e q is the heat flux by conduction (SI unit: W/mz)

e 1 is the viscous stress tensor (SI unit: Pa)

e S is the strain-rate tensor (SI unit: 1/s)

S = %(Vu+ (Va)T)

¢ @ contains heat sources other than viscous heating (SI unit: W/ ms)

The work done by pressure changes term

Py ' - _1dp
ocpT(at+u Vp) with o, = pan'

and the viscous heating term
T:S

are not included by default because they are usually negligible. These terms can,
however, be added by selection corresponding check-boxes in the Nonisothermal Flow
feature. For a detailed discussion of the fundamentals of heat transfer in fluids, see
Ref. 3.

The physics interface also supports heat transfer in solids:

oC oT

vy =~ (V@) +Q *Qu
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where Qycq is the thermoelastic damping heat source (SI unit: W/ (ms)). This term is
not included by default but must be added by selecting corresponding check-box.

e Theory for Heat Transfer in Fluids in the Heat Transfer Module
User’s Manual.

{E}‘ e Turbulent Nonisothermal Flow Theory

e References for the Nonisothermal Flow and Conjugate Heat Transfer

Interfaces

Turbulent Nonisothermal Flow Theory

Turbulent energy transport is conceptually more complicated than energy transport in

laminar flows since the turbulence is also a form of energy.

Equations for compressible turbulence are derived using the Favre average. The Favre
average of a variable T is denoted T' and is defined by

S

T =5
p

where the bar denotes the usual Reynolds average. The full field is then decomposed as
T=T+T"
With this notation the equation for total internal energy, e, becomes

(4-2)
a T" —" pu'"u-"u‘" a o . T"
é};(_ qj-puh" + 1 u" - ——1-5—‘———‘—) + 5—;j(ui(1,~j— pu;"u")
where A is the enthalpy. The vector
oT
q] - _}\'axj (4'3)

is the laminar conductive heat flux and
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Tij = ZHSU_§“E6U

is the laminar, viscous stress tensor. Notice that the thermal conductivity is denoted A.

The modeling assumptions are in large part analogous to those for incompressible
turbulence modeling. The stress tensor

"no,n
—pu;"u";
is modeled using the Boussinesq approximation:

—w _ = a.. 1 a;k 2-

nono_ T. _— Le_ = il -
-pu; u] =pTiy = 2HT[SU SakaiJ] 3pk8LJ (4-4)
where & is the turbulent kinetic energy, which in turn is defined by

pk =2

" "
gPUi U

(4-5)
The correlation between u " and A" in Equation 4-2 is the turbulent transport of
heat. It is modeled analogously to the laminar conductive heat flux

— or _ wCpar
pu; h" = qu = —KTax- = __—I;;‘-BE—);C— (4-6)
J T
The molecular diffusion term,
Tijui"

and turbulent transport term,

pujuuinuin/z

are modeled by a generalization of the molecular diffusion and turbulent transport
terms found in the incompressible & equation

z _ui.._E_.z_._l___l_ _ (Lt + ‘_L_Z) Ik 4-7)
Inserting Equation 4-3, Equation 4-4, Equation 4-5, Equation 4-6 and Equation 4-7
into Equation 4-2 gives
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g—t(ﬁ(é + uizui + k)) + g—xj(ﬁz;J(iL + % + k)) =

(4-8)
d WMok d -~ — =
'a';(— qj-qT;+ (M + 5‘) 3;) + o (Wit + ptli)
J L) J
The Favre average can also be applied to the momentum equation, which, using
Equation 4-4, can be written
9 Sareua = ~ L+ 9 (74 54T -
at(pul) + axj(pujul) = ax, + axj('fz] +pTy) (4-9)

Taking the inner product between u; and Equation 4-9 results in an equation for the
resolved kinetic energy, which can be subtracted from Equation 4-8 with the following

result:

9~ 0 Suierh)) = p2l
7P+ B+ G (puj(e+ k) = —p ¢

(4-10)
9 T Hr\ok) 9 ~ — -1
axj(_ qj_q J + (“’ + Gk) axj) + axj(uL(TU +pT L]))
where the relation
h=e+p/p
has been used.

According to Wilcox (Ref. 1), it is usually a good approximation to neglect the
contributions of & for flows with Mach numbers up to the supersonic range. This gives

the following approximation of Equation 4-10 is

O 5ore ey =54 42 g aTya e pily) @D
at(pe)+axj(puje) =-p axj+axj(_qj_q J)+axj(ul(’tij+pr LJ))

Larsson (Ref. 2) suggests to make the split

T = ge.aTn
T = Tt T

Since
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‘NCLJ » F?J"
for all applications of engineering interest, it follows that
Ty= T
and consequently
O Y 1 Tor (4-12)
a7 (Pe)+ g (Puje) = ~P 5+ ((x +Ap)5= ] 3 )

where

20u
'cg"t = (u+uT)[2SU— 7, =ks. ]

Equation 4-12 is completely analogous to the laminar energy equation and can be
expanded using the same theory (see for example Ref. 3):

pCp(QI NaT] ((x L ]HuéU—T—E

at iy 57 [at ”zj'aa'%)

p
which is the temperature equation solved in the turbulent Nonisothermal Flow and

Conjugate Heat Transfer interfaces.

TURBULENT CONDUCTIVITY

Kays-Crawford

This is a relatively exact model for Prp, while still quite simple. In Ref. 4, it is compared
to other models for Prp and found to be a good approximation for most kinds of
turbulent wall bounded flows except for turbulent flow of liquid metals. The model is

given by

c, C 2 -1
PI‘T _ ( 1 0.3 “‘T_(OS p“’T) (1_ex/(0~3CpuT/\/Prlm))j (4-13)

2P " frp. n

where the Prandtl number at infinity is Prp,, = 0.85 and A is the conductivity.
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Extended Kays-Crawford
Weigand and others (Ref. 5) suggested an extension of Equation 4-13 to liquid metals
by introducing

100

Pry. = 0.85+——r
o0 0.888
C,1Re?

where Re,,, the Reynolds number at infinity must be provided either as a constant or
as a function of the flow field. This is entered in the Model Inputs section of the Fluid

feature.

TEMPERATURE CONDITION FOR AUTOMATIC WALL TREATMENT AND
WALL FUNCTIONS

Both automatic wall treatment and wall functions introduce a theoretical gap between
the solid wall and the computational domain for the fluid and temperature fields. See
Wall Boundary Conditions described for the The Algebraic yPlus Turbulence Model
and The k-e Turbulence Model). This theoretical gap applies also to the temperature

fields but is most often ignored when the computational geometry is drawn.

The heat flux between the fluid with temperature Trand a wall with temperature T, is:

Ayt = T+

where p is the fluid density, Cp, is the fluid heat capacity, u is the friction velocity given

by the wall treatment. 7™ is the dimensionless temperature and is given by (Ref. 6):

Prd, for 8% <87
T = (15I’r2/3 - 2?2) for 8%, <87 < 8%,
w
Prr 5+ S+, <&+
Tln W +B for w2 — Yw

where in turn
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1/2
5+ = d,pJC %k _
w m wl Prl/3

C,u
+ —_ LS -
8, =10 /10PrT Pr=—=

B = 15Pr2/3_ I;——rg@ + 1n[100017‘;—T))

A is the thermal conductivity, and « is the von Karman constant equal to 0.41.

The distance between the computational fluid domain and the wall, 8y, is always A,/2
for automatic wall treatment where A, is the hight of the mesh cell adjacent to the wall.
h/2 is almost always very small compared to any geometrical quantity of interest, at
least if a boundary layer mesh is used. For wall function, 8, is at least s,/2 and can be
bigger if necessary to keep 8, " higher than 11.06. So the computational results for wall
functions should be checked so that the distance between the computational fluid
domain and the wall, 3, is everywhere small compared to any geometrical quantity of

interest. The distance J, is available for evaluation on boundaries.

Theory for the Nonisothermal Scveen Boundary Condition

When the Nonisothermal Flow multiphysics coupling feature is active, the conditions

that apply across a screen in isothermal flow are complemented by:
[Hyl* =0 (4-14)

where H)y is the total enthalpy.

e See Screen for the feature node details.

ﬁl e Also see Screen Boundary Condition described for the single-phase

flow interfaces.

Theory for the Interior Fan Boundary Condition

When the Nonisothermal Flow multiphysics coupling feature is active, the conditions

that apply across an interior fan are complemented by:

e Ifdirection is Along normal vector, the outlet temperature is T_avg where T_avg is

the weighted averaged temperature defined as:

232 ‘ CHAPTER 4: HEAT TRANSFER AND NONISOTHERMAL FLOW INTERFACES



I(down(u . anpT))dS
Tavg = v
max(s, I(down(u . anpT))dS]
r

 Ifthe direction is opposite to normal vector, the outlet temperature is T_avg where

T avgis:
I(up(u . anpT))dS

T. .. = L
avg
max(s, I(up(u . anpT))dS]
r
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Multiphase Flow Interfaces

This chapter discusses the physics interfaces found under the Fluid Flow>Multiphase

Flow branch ( = ). The section Modeling Multiphase Flow helps you choose the best

physics interface to start with.

In this chapter:

The Two-Phase Flow, Level Set and Phase Field Interfaces
The Three-Phase Flow, Phase Field Interface

The Bubbly Flow Interfaces

The Mixture Model Interfaces

The Euler-Euler Model Interfaces

Theory for the Two-Phase Flow Interfaces

Theory for the Three-Phase Flow Interface

Theory for the Bubbly Flow Interfaces

Theory for the Mixture Model Interfaces

Theory for the Euler-Euler Model Interfaces
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Modeling Multiphase Flow

In this section:

¢ Seclecting the Right Physics Interface

¢ The Multiphase Flow Interface Options

* The Relationship Between the Physics Interfaces

¢ Coupling to Other Physics Interfaces

Certain types of multiphase flow can be described using the Phase Field
and Level Set interfaces found under the Mathematics>Moving Interface

[

branch ([{). In this module these physics features are already integrated

into the relevant Fluid Flow interfaces.

* The Physics Interfaces in the COMSOL Multiphysics Refervence
,@l Mannal

* Mathematics, Moving Interface Branch

Selecting the Right Physics Interface

The Multiphase Flow branch ( ~_ ) included with this module has a number of subbranches
to describe momentum transport for multiphase flow. One or more physics interfaces can
be added; either singularly or in combination with other physics interfaces for applications

such as mass transfer and energy (heat) transfer.

Difterent types of flow require different equations to describe them. If you know the type
of flow to model, then select it directly. However, when you are not certain of the flow
type, or when it is difficult to obtain a solution, you can instead start with a simplified
model and add complexity as you build the model. Then you can successively advance

forward, comparing models and results.

The Bubbly Flow, Mixture Model and Euler-Euler Model interfaces are appropriate when
you want to simulate a flow with many particles, droplets, or bubbles immersed in a liquid.
With these physics interfaces, you do not track each particle in detail. Instead you solve for

the averaged volume fraction. If you are interested in the exact motion of individual
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bubbles, including how the fluid interface deforms due to, for instance, surface tension,

use any of the Two-Phase Flow interfaces.

To model the detailed dynamics of fluid interfaces, either use the level set method or the
phase field method. In general, it is not obvious which one of these to use when the flow
is convection-dominating. However when the flow is diffusion-dominating, for example,

phase-separation, only phase field should be used.

Three-phase flow can be simulated using the Laminar Three-Phase Flow, Phase Field

interface.

The Multiphase Flow Interface Options

For any of the Multiphase Flow interfaces, you can assume either laminar or turbulent flow
as the starting point. This enables you to make the appropriate mathematical model
assumptions required to solve the flow. Turbulence is modeled using the standard &-¢

model

The Relationship Between the Physics Interfaces

Several of the interfaces vary only by one or two default settings (see Table 5-1, Table 5-2,
and Table 5-4) in the Physical Model section, which are selected either from a check box
or a list. For the Multiphase Flow branch, the Bubbly Flow (bf), Mixture Model (mm) and
Euler-Euler Model (ee) subbranches have two physics interfaces each and both have the same
Name. All the Two-Phase Flow interfaces contain a multiphysics coupling feature with a
name as (tpf). The Three-Phase Flow, Phase Field branch contains a single interface for

laminar flow.

BUBBLY FLOW

TABLE 5-1: BUBBLY FLOW PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE LABEL NAME  LOW GAS TURBULENT  SOLVE FOR
CONCENTRATION MODEL TYPE  INTERFACIAL AREA

Laminar Bubbly Flow bf Yes None No

Turbulent Bubbly Flow  bf Yes RANS, k-e  No

The Bubbly Flow (e ) branch interfaces are used primarily to model two-phase flow where
the fluids are gas-liquid mixtures, and gas content is less than 10%. The Laminar Bubbly
Flow Interface (=) and The Turbulent Bubbly Flow Interface (227 ) solve the flow

equations, whether described by the Navier-Stokes equations or the RANS equations with

the k-¢ turbulence model, and where the momentum equation is corrected by a term
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induced by the slip velocity. The slip velocity can be described by the
Hadamard-Rybczynski drag law for small spherical bubbles, a nonlinear drag law taking

surface tension into account for larger bubbles, or by defining it on your own.

By default, the physics interfaces assume that the volume fraction of the gas is less than 0.1.
It is then valid to approximate the liquid velocity as incompressible. This is significantly
easier to solve numerically. It is possible, though, to use the complete continuity equation.

The physics interfaces also allow you to define your own relations for the density of both
phases and for the dynamic viscosity of the gas phase. Definitions of non-Newtonian fluid
flow through the power law and Carreau models are however not possible. You can also
model mass transfer between the two phases, using the two-film theory or your own

expression for interfacial mass transfer.

MIXTURE MODEL INTERFACES

TABLE 5-2: MIXTURE MODEL PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE  NAME  DISPERSED  SLIP MODEL TURBULENCE ~ SOLVE FOR

LABEL PHASE MODEL TYPE  INTERFACIAL
AREA

Mixture Model, mm Solid Homogeneous  None No

Laminar Flow particles  flow

Mixture Model, mm Solid Homogeneous  RANS, k-e ~ No

Turbulent Flow particles  flow

The Mixture Model ( =) branch interfaces are similar to the Bubbly Flow interfaces except
that both phases are assumed to be incompressible. Examples include solid particles
dispersed in a liquid, and liquid droplets dispersed in another liquid when the two liquids

are immiscible.

Like the Bubbly Flow interfaces, The Mixture Model, Laminar Flow Interface (=%.) and
The Mixture Model, Turbulent Flow Interface (25 ) solve the flow equations, whether
described by the Navier-Stokes equations or the RANS equations with the &-€ turbulence
model, and where the momentum equation is corrected by a term induced by the slip
velocity. The slip velocity can be described by the Hadamard-Rybczynski,

Schiller-Naumann or Haider-Levenspiel method, or by defining it on your own.

These physics interfaces also allow you to define your own relations for the dynamic
viscosity and density of both phases. Definitions of non-Newtonian fluid flow through the
power law and Carreau models are however not possible. The dynamic viscosity of the
mixture can either be of Krieger type (which uses a maximum packing concentration),

volume-averaged (for gas-liquid, liquid-liquid systems), or a user-defined expression.
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You can also describe other material properties such as density by entering equations that
describe this term as a function of other parameters like material concentration, pressure,
or temperature. The physics interfaces also enable you to model mass transfer between the

two phases, using the two-film theory or your own expression for interfacial mass transfer.

EULER-EULER MODEL INTERFACES

TABLE 5-3: EULER-EULER MODEL PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE LABEL NAME  DIPERSED DRAG MODEL TURBULENCE
PHASE MODEL TYPE

Euler-Euler Model, ee Solid Schiller-Naumann  None

Laminar Flow particles

Euler-Euler Model, ee Solid Schille-Naumann  RANS, k-¢

Turbulent Flow particles

The Euler-Euler Model (= ) branch interfaces are used to model the flow of two
continuous and fully intcrﬁcnctrating phases. For both phases the conservation equations
are averaged over volumes, which are small compared to the computational domain, but
large compared to the dispersed phase particles, droplets or bubbles. The Euler-Euler
Model, Laminar Flow interface solves two sets of conservation equations, one for each
phase. The Euler-Euler Model, Turbulent Flow Interface additionally solves transport
equations for the turbulence quantities, either using a mixture averaged turbulence models
or solving separate transport equations for the turbulence quantities of each phase. The
drag model can be described by the Hadamard-Rybczynski, Schiller-Naumann,

Haider-Levenspiel or Gidaspow method, or by defining it on your own.

These physics interfaces also allow you to define your own relations for the dynamic
viscosity and density of both phases. Definitions of non-Newtonian fluid flow through the
power law and Carreau models are however not possible. Predefined expressions for the
dynamic viscosity of Krieger type (which uses a maximum packing concentration), are

available.

You can also describe other material properties such as density by entering equations that
describe this term as a function of other parameters like material concentration, pressure,

or temperature.
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TWO-PHASE FLOW AND THREE-PHASE FLOW INTERFACES

TABLE 5-4: TWO-PHASE FLOW AND THREE-PHASE FLOW PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS NAME  MULTIPHASE COMPRESSIBILITY TURBULENCE  NEGLECT

INTERFACE LABEL FLOW MODEL MODEL TYPE  INERTIAL
TERM
(STOKES
FLOW)

Laminar, - Two-phaseflow, Incompressible None False

Two-Phase Flow, level set flow

Level Set

Turbulent, - Two-phaseflow, Incompressible RANS, k-¢ False

Two-Phase Flow, level set flow RANS, k-0

Level Set

Laminar, - Two-phaseflow, Incompressible None False

Two-Phase Flow, phase field flow

Phase Field

Turbulent, - Two-phaseflow, Incompressible RANS, k-€ False

Two-Phase Flow, phase field flow RANS. k-6

Phase Field

Laminar - Three-phase Incompressible  None False

Three-Phase

flow, phase field

flow

Flow, Phase Field

Two-Phase Flow, Level Set

The Laminar Two-Phase Flow, Level Set Interface (=) and The Turbulent Two-Phase
Flow, Level Set Interface (), found under the Two-Phase Flow, Level Set branch =),
are used primarily to model two fluids separated by a fluid interface. The moving interface
is tracked in detail using the level set method. Surface tension acting on the fluid interface
is automatically included in the fluid-flow equations.

Like for other Fluid Flow interfaces, compressible flow is possible to model for speeds less
than Mach 0.3 in the Two-Phase Flow, Level Set interface. You can also choose to model

incompressible flow, and simplify the equations to be solved. Stokes’ law is an option.

Specify the density and viscosity for each of the two fluids. For any of the two fluids, you
can easily use non-Newtonian models based on the power law or Carreau model, or by

using an arbitrary user-defined expression.

Two-Phase Flow, Phase Field
The Laminar Three-Phase Flow, Phase Field Interface (53) and The Turbulent
Two-Phase Flow, Phase Field Interface (=) found under the Two-Phase Flow, Phase Field

branch (=), also model two fluids separated by a fluid interface. You can casily switch
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between the physics interfaces, which can be useful if you are not sure which physics
interface provides the best description. Library surface tension coefficients between a

number of common substances are also available.

Like for other Fluid Flow interfaces, compressible flow is possible to model for speeds less
than Mach 0.3 in the Two-Phase Flow, Phase Field interfaces. You can also model
incompressible flow and simplify the equations to be solved. Stokes flow is also an option.

Specify the density and viscosity for each of the two fluids. For any of the two fluids, you
can easily use non-Newtonian models based on the power law or Carreau model, or by

using an arbitrary user-defined expression.

Three-Phase Flow, Phase Field
The Laminar Three-Phase Flow, Phase Field Interface found under the Three-Phase Flow,
Phase Field branch (=) models flows of three incompressible fluids separated by sharp

interfaces. Library surface tension coefficients between a number of common substances

are also available.

Specify the density and viscosity for each of the three fluids. For any of the fluids, you can
casily use non-Newtonian models based on the power law or Carreau model, or by using

an arbitrary user-defined expression.

Coupling to Other Physics Interfaces

Often, you are simulating applications that couple fluid flow to another type of
phenomenon described in another physics interface. Although this is not often another
type of flow, it can still involve physics interfaces supported in the CEFD Module or in the
COMSOL Multiphysics base package. This typically occurs in cases where applications
include chemical reactions and mass transport, as included in Chemical Species Transport
Interfaces, or energy transport, found in the Heat Transfer and Nonisothermal Flow

Interfaces chapter.

More extensive descriptions of heat transfer, such as those involving radiation, can be
found in the Heat Transfer Module, while tools for modeling chemical reactions and mass

transport are available in the Chemical Reaction Engineering Module.
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The Two-Phase Flow, Level Set and
Phase Field Interfaces

The following sections list all the physics interfaces and the physics features associated with
them under the Multiphase Flow branch ( ~. ). The descriptions follow a structured order
as defined by the order in the branch. Because many of the physics interfaces are integrated

with each other, some nodes described also cross reference to other physics interfaces.

@l Selecting the Right Physics Interface

This section includes the following topics:

¢ The Laminar Two-Phase Flow, Level Set Interface

¢ The Turbulent Two-Phase Flow, Level Set Interface

e Two-Phase Flow, Level Set Coupling Features

* The Wetted Wall Coupling Feature

¢ The Laminar Two-Phase Flow, Phase Field Interface

¢ The Turbulent Two-Phase Flow, Phase Field Interface
* The Two-Phase Flow, Phase Field Coupling Features

¢ Domain, Boundary, Point, and Pair Nodes for the Laminar and Turbulent Flow,
Two-Phase, Level Set and Phase Field Interfaces

@l e Mathematics, Moving Interface Branch

The Laminar Two-Phase Flow, Level Set Interface

The Laminar Two-Phase Flow, Level Set interface (<3,)) found under the Multiphase
Flow>Two-Phase Flow, Level Set branch (=), is a mﬁltiphysics interface designed to track
the interface between two immiscible fluids. The flow is assumed to be laminar, that is, to
be of low to moderate Reynolds number. The fluids can be incompressible or

compressible.
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When adding the Laminar Two-Phase Flow, Level Set multiphysics interface, a Laminar Flow
and a Level Set interface are added to the Model Builder. In addition the Multiphysics node,
a multiphysics coupling feature Two-Phase Flow, Level Set is added automatically. Another

multiphysics coupling feature Wetted Wall can be added when needed.

Simulations using the Laminar Two-Phase Flow, Level Set interface are always

time-dependent since the position of an interface is almost always dependent of its history.

INTERFACE PROPERTIES

Turbulence Model
By default the Turbulence model type sclected is None. If RANS is selected, the property
Turbulence model will be activated, and allow to select k-€ or k- turbulent model.

Multiphysics Coupling Option

Laminar Flow interface coupled to a Laminar Two-Phase Flow, Level Set interface
contains a Multiphysics coupling option property to control the form of the continuity
equation. Adding the Laminar Two-Phase Flow, Level Set interface Multiphysics coupling
option is automatically set to Level Set. In this case the following form of the continuity

equation, appropriate for high density difference mixtures is used
V-u=0 (5-1)

When Multiphysics coupling option is set to Nene, the form of the continuity equation

follows the definitions in Theory for the Single-Phase Flow Interfaces.

e Theory for the Two-Phase Flow Interfaces

* Theory for the Single-Phase Flow Interfaces

The Turbulent Two-Phase Flow, Level Set Interface

The Turbulent Two-Phase Flow, Level Set interface (=) found under the Multiphase
Flow>Two-Phase Flow, Level Set branch (=), is a mul_tiphysics interface designed to track
the interface between two immiscible fluids. The flow is assumed to be laminar, that is, to
be of low to moderate Reynolds number. The fluids can be incompressible or

compressible.

When adding the Turbulent Two-Phase Flow, Level Set multiphysics interface, a Laminar Flow
and a Level Set interface are added to the Model Builder. In addition the Multiphysics node,
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a multiphysics coupling feature Two-Phase Flow, Level Set is added automatically. Another

multiphysics coupling feature Wetted Wall can be added when needed.

Simulations using the Turbulent Two-Phase Flow, Level Set interface are always

time-dependent since the position of an interface is almost always dependent of its history.

INTERFACE PROPERTIES

Turbulence Model
By default the Turbulence model type sclected is RANS. The property Turbulence model will
be activated, and allow to select k-g or k-@ turbulent model. If None is selected for

Turbulence model type, it becomes a laminar model.

Multiphysics coupling option

Laminar Flow interface coupled to a Laminar Two-Phase Flow, Level Set interface
contains a Multiphysics coupling option property to control the form of the continuity
equation. Adding the Laminar Two-Phase Flow, Level Set interface Multiphysics coupling
option is automatically set to Level Set. In this case the following form of the continuity
equation, appropriate for high density difference mixtures is used

V-u=0 (5-2)

When Multiphysics coupling option is set to Nene, the form of the continuity equation
follows the definitions in Theory for the Single-Phase Flow Interfaces.

* Theory for the Two-Phase Flow Interfaces

* Theory for the Single-Phase Flow Interfaces

Two-Phase Flow, Level Set Coupling Features

The Laminar Two-Phase Flow, Level Set, (=J;() and Turbulent Two-Phase Flow, Level Set,

(:.-:-\7__.!/") interfaces contain a multiphysics couf)ling feature, Two-Phase Flow, Level Set, which
is added automatically.

The multiphysics coupling feature Two-Phase Flow, Level Set defines density and dynamic
viscosity of the flow used in the Laminar Flow and Turbulent Flow interfaces, and defines the
surface tension on the interface in form of a volume force used in momentum equation.
It also enable the Level set interface use the velocity field calculated from Laminar Flow or

Turbulent Flow interfaces to convect the interface.
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SETTINGS

The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>. In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers, and underscores (_) are
permitted in the Name field. The first character must be a letter.

The default Name (for the first multiphysics coupling feature Two-Phase Flow, Level Set in
the model) is tpf1.

DOMAIN SELECTION

When nodes are added from the context menu, you can select All domains (the default) or

select Manual from the Selection list to choose specific domains.

FLUID PROPERTIES

Use the corresponding section to specify the properties of the two fluids. The fluids are
denoted Fluid 1 and Fluid 2 respectively.

To specify the properties of Fluid Ifrom a material, select the appropriate material in the
Fluid 1 list. Also make sure that the Density of fluid 1, and Dynamic viscosity of fluid 14

are both set to From Material.

The non-Newtonian power-law and Carreau models can alternatively be used to specify

the dynamic viscosities of the two fluids.

To instead apply a variable or expression for the density or dynamic viscosity for Fluid A,
select User defined in the Density of fluid | p; or the Dynamic viscosity of fluid 1 11 drop
down list and enter the expression in the corresponding edit field.

Similarly, the properties of Fluid 2 can be specified.

Care should be taken when using the Domain Material setting for the
a material properties for Fluid 1 and Fluid 2.

The material properties are obtained from the domain irrespective of the location of the
interface. If two different materials are selected in domains 1 and 2, with the phase
boundary initially coincident with the domain boundary, the model has convergence issues
once the phase boundary moves away from the domain boundary. This is because a density

discontinuity and a viscosity discontinuity occurs at the boundary separating the two
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fluids. For this reason selecting the material directly is reccommended when setting the

material properties for Fluid 1 and Fluid 2.

SURFACE TENSION
Select the Neglect surface tension in momentum equation check box to neglect surface

tension.
Select a Surface tension coefficient 6 (SI unit: N/m):

¢ To use a predefined expression, select Library coefficient, liquid/gas interface or Library
coefficient, liquid/liquid interface. Then select an option from the list that displays below

(for example, Water/Air, Glycerol/Air and so forth).

* For User defined enter a value or expression for the surface tension coefficient ¢ (SI unit:
N/m).

COUPLED INTERFACES

This section controls which individual interfaces are coupled by the current coupling
feature. If a physics interface is deleted and then added to the model again, then in order
to reestablish the coupling, you need to choose the correct physics interface again from

the Fluid flow or Moving interfaces lists.

The Wetted Wall Coupling Feature

The Laminar Two-Phase Flow, Level Set, (::;-\;.1) and Turbulent Two-Phase Flow, Level Set,
(=) interfaces contain an optional multipHysics coupling boundary feature, Wetted Wall.
It is an exclusive feature which overrides the Wall feature of Laminar Flow or Turbulence
Flow interfaces together with the No Flow feature of Level Set interface.

The Wetted wall boundary condition is suitable for walls in contact with the fluid-fluid
interface. If this boundary condition is used, the fluid-fluid interface can move along the

wall.

This boundary condition enforces the no-penetration condition u - g, =0 and adds a

frictional force of the form

where B is the slip length. For numerical calculations it is suitable to set f =k, where A is
the mesh element size. The boundary condition does not set the tangential velocity
component to zero; however, the extrapolated tangential velocity component is 0 at a
distance B outside the wall (see Figure 5-1).
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Finally, the boundary condition adds the following weak boundary term:

I test(u) - [c(n
Q

(ncos8,,))d1dS

wall —

The boundary term results from the partial integration of the surface tension force in the
momentum equation. Define the contact angle 0y, (that is, the angle between the fluid

interface and the wall). Figure 5-1 illustrates the definition of the contact angle.

T~
Fluid | A

A
Wall u Wall

Fluid 2

B

Figure 5-1: Definition of the contact angle © at interface/wall contact points (left) and an
tlustration of the slip length B (vight).

SETTINGS

The Label is the default multiphysics coupling feature name.

The default Name (for the first multiphysics coupling feature Wetted Wall in the model) is

wwi.

WALL MOVEMENT
This section contains controls to describe the wall movement relative to the lab (or spatial)

frame.

The Translational velocity setting controls the translational wall velocity, ug,.. The list is per
default set to Automatic from frame. The physics automatically detects if the spatial frame
moves. This can for example happen if an ALE interface is present in the model
component. If there is no movement uy,. = 0. If the frame moves, u,. becomes equal to
the frame movement. uy, is accounted for in the actual boundary condition prescribed in

the Boundary condition section.

Select Manual from Translational velocity selection list in order to manually prescribe
Velocity of moving wall, u;,.. This can for example be used to model an oscillating wall
where the magnitude of the oscillations are very small compared to the rest of the model.

Specifying translational velocity manually does not automatically cause the associated wall
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to move. An additional Moving Mesh interface needs to be added to physically track the

wall movement in the spatial reference frame.

DOMAIN SELECTION
When nodes are added from the context menu, you can select All domains (the default) or

select Manual from the Selection list to choose specific domains.

WETTED WALL
Here define the following two properties for the wetted wall:
* Enter a value or expression for the Contact angle 0. The default is pi/2 (n/2) rad.

¢ Enter a value or expression for the Slip length B (ST unit: m). The default is h, which is
the variable for the local mesh element size A.

* Theory for the Two-Phase Flow Interfaces

The Laminar Two-Phase Flow, Phase Field Interface

The Laminar Two-Phase Flow, Phase Field interface (=3;)) found under the Multiphase
Flow>Two-Phase Flow, Phase Field branch (=), isa muitiphysics interface designed to track
the interface between two immiscible fluids. The flow is assumed to be laminar, that is, to
be of low to moderate Reynolds number. The fluids can be incompressible or

compressible.

When adding the Laminar Two-Phase Flow, Phase Field multiphysics interface, a Laminar
Flow and a Phase Field interface are added to the Model Builder. In addition the
Multiphysics node, a multiphysics coupling feature Two-Phase Flow, Phase Field is added
automatically. Note that unlike the Two-Phase Flow, Level Set interfaces, the wetted wall
function here is not implemented as a separated multiphase coupling boundary feature,
but as the default Wetted Wall feature of Phase Field interface.

@t Wetted Wall

Simulations using the Laminar Two-Phase Flow, Phase Field interface are always

time-dependent since the position of an interface is almost always dependent on its history.
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INTERFACE PROPERTIES

Turbulence Model
By default the Turbulence model type selected is None. If RANS is selected, the property

Turbulence model will be activated, and allow to select k-g or k-@ turbulent model.

Multiphysics Coupling Option

Laminar Flow or Turbulent Flow interface coupled to a Laminar or Turbulent Two-Phase
Flow, Phase Field interface contains a Multiphysics coupling option property to control the
form of the continuity equation. Adding the Laminar or Turbulent Two-Phase Flow,
Phase Field interface, a Multiphysics coupling option is automatically set to Phase Field. In
this case the following form of the continuity equation, appropriate for high density

difference mixtures is used
Vu=0 (5-3)

When Multiphysics coupling option is set to Nene, the form of the continuity equation

follows the definitions in Theory for the Single-Phase Flow Interfaces

& Theory for the Two-Phase Flow Interfaces

The Turbulent Two-Phase Flow, Phase Field Interface

The Turbulent Two-Phase Flow, Phase Field interface (=3;) found under the Multiphase
Flow>Two-Phase Flow, Phase Field branch (=), isa lelt{physics interface designed to track
the interface between two immiscible fluids. The flow is assumed to be laminar, that is, to
be of low to moderate Reynolds number. The fluids can be incompressible or

compressible.

When adding the Turbulent Two-Phase Flow, Phase Field multiphysics interface, a Turbulent
Flow and a Phase Field interface are added to the Model Builder. In addition the
Multiphysics node, a multiphysics coupling feature Two-Phase Flow, Phase Field is added
automatically. Note that unlike the Two-Phase Flow, Level Set interfaces, the wetted wall
function here is not implemented as a separated multiphase coupling boundary feature,
but as the default Wetted Wall feature of Phase Field interface.

ﬁ}‘ Wetted Wall
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Simulations using the Laminar Two-Phase Flow, Phase Field interface are always

time-dependent since the position of an interface is almost always dependent on its history.

INTERFACE PROPERTIES

Turbulence Model
By default the Turbulence model type sclected is RANS. The property Turbulence model
allows the user to select k-g or k- turbulent model If RANS is selected. When None is

selected for Turbulence model type, it will become a laminar model.

Multiphysics Coupling Option

Laminar Flow or Turbulent Flow interface coupled to a Laminar or Turbulent Two-Phase
Flow, Phase Field interface contains a Multiphysics coupling option property to control the
form of the continuity equation. Adding the Laminar or Turbulent Two-Phase Flow,
Phase Field interface, a Multiphysics coupling option is automatically set to Phase Field. In
this case the following form of the continuity equation, appropriate for high density

difference mixtures is used
V-u=0 (5-4)

When Multiphysics coupling option is sct to None, the form of the continuity equation
follows the definitions in Theory for the Single-Phase Flow Interfaces

@l Theory for the Two-Phase Flow Interfaces

The Two-Phase Flow, Phase Field Coupling Features

The Laminar Two-Phase Flow, Phase Field, (.-:;-\;.1) and Turbulent Two-Phase Flow, Phase Field,

(%)) interfaces contain a multiphysics coupling feature, Two-Phase Flow, Phase Field, which

is added automatically.

The multiphysics coupling feature Two-Phase Flow, Phase Field defines density and dynamic
viscosity of the flow used in the Laminar Flow and Turbulent Flow interfaces, and defines the
surface tension on the interface in form of a volume force used in momentum equation.

It also enable the Phase Field interface use the velocity field calculated from Laminar Flow

or Turbulent Flow interfaces to convect the interface.

SETTINGS
The Label is the default multiphysics coupling feature name.

CHAPTER 5: MULTIPHASE FLOW INTERFACES



The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>. In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers, and underscores (_) are

permitted in the Name field. The first character must be a letter.

The default Name (for the first multiphysics coupling feature Two-Phase Flow, Phase Field
in the model) is tpf1.

DOMAIN SELECTION
When nodes are added from the context menu, you can select All domains (the default) or

select Manual from the Selection list to choose specific domains.

FLUID PROPERTIES

Use the corresponding section to specify the properties of the two fluids. The fluids are
denoted Fluid 1 and Fluid 2, respectively.

To specify the properties of Fluid Ifrom a material, select the appropriate material in the
Fluid | list. Also make sure that the Density of fluid 10, and Dynamic viscosity of fluid 14
are both set to From Material.

The non-Newtonian power-law and Carreau models can alternatively be used to specify

the dynamic viscosities of the two fluids.

To instead apply a variable or expression for the density or dynamic viscosity for Fluid A,
select User defined in the Density of fluid | p; or the Dynamic viscosity of fluid 1 1; drop

down list and enter the expression in the corresponding edit field.

Similarly, the properties of Fluid 2 can be specified.

Care should be taken when using the Domain Material setting for the
-ﬁ material properties for Fluid 1 and Fluid 2.

The material properties are obtained from the domain irrespective of the location of the
interface. If two different materials are selected in domains 1 and 2, with the phase
boundary initially coincident with the domain boundary, the model has convergence issues
once the phase boundary moves away from the domain boundary. This is because a density
discontinuity and a viscosity discontinuity occurs at the boundary separating the two
fluids. For this reason selecting the material directly is recommended when setting the

material properties for Fluid 1 and Fluid 2.
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The fluid defined as Fluid 1 affects the wetting characteristics on wetted walls. See the
Wetted Wall node for details.

SURFACE TENSION

Select the Neglect surface tension in momentum equation check box to neglect surface
tension.

Select a Surface tension coefficient 6 (SI unit: N/m):

¢ To use a predefined expression, select Library coefficient, liquid/gas interface or Library
coefficient, liquid/liquid interface. Then select an option from the list that displays below
(for example, Water/Air, Glycerol/Air and so forth).

* For User defined enter a value or expression for the surface tension coefficient ¢ (SI unit:
N/m).

COUPLED INTERFACES

This section controls which individual interfaces are coupled by the current coupling
feature. If a physics interface is deleted and then added to the model again, then in order
to reestablish the coupling, you need to choose the correct physics interface again from

the Fluid flow or Moving interfaces lists.

* Theory for the Two-Phase Flow Interfaces

Domain, Boundary, Point, and Pair Nodes for the Laminar and
Turbulent Flow, Two-Phase, Level Set and Phase Field Interfaces

The Two-Phase Flow, Level Set and Phase Field Interfaces are multiphysics interfaces
combining Laminar Flow or Turbulent Flow interfaces together with Level Set or Phase
Field interfaces.

LAMINAR FLOW
The available physics features for the Laminar Flow interface are listed in Domain,

Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW
The available physics features for The Turbulent Flow Interface are also listed in Domain,

Boundary, Pair, and Point Nodes for Single-Phase Flow.
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LEVEL SET
The available physics features for the Level Set Interface are listed in Domain, Boundary,

and Pair Nodes for the Level Set Interface.

PHASE FIELD
The available physics features for the Phase Field Interface are listed in Domain, Boundary,

and Pair Nodes for the Phase Field Interface.

All domain, boundary, point, and pair nodes are available from the Physics ribbon toolbar
(Windows users), Physies context menu (Mac or Linux users), or by right-clicking to access

the context menu (all users).
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The Three-Phase Flow, Phase Field
Interface

This section includes the following topics:

¢ The Laminar Three-Phase Flow, Phase Field Interface
e The Three-Phase Flow, Phase Field Coupling Feature

¢ Domain, Boundary, Point, and Pair Nodes for the Laminar Three-Phase Flow, Phase
Field Interface

@l e Mathematics, Moving Interface Branch

The Laminar Three-Phase Flow, Phase Field Interface

The Laminar Three-Phase Flow, Phase Field interface (=), found under the Multiphase
Flow>Three-Phase Flow, Phase Field branch (=y;)), is a rrﬁ;ltiphysics interface designed to
track the interfaces between three immiscible and incompressible fluids. The flow is
assumed to be laminar, that is, to be of low to moderate Reynolds number. The density of
each fluid is assumed to be constant, but the there is no restriction on the density

differences between the separate fluids.

When adding the Laminar Three-Phase Flow, Phase Field multiphysics interface, a Laminar
Flow and a Ternary Phase Field interface are added to the Model Builder. In addition the
Multiphysics node, including the multiphysics coupling feature Three-Phase Flow, Phase
Field is added.

The Multiphysics Node in the COMSOL Multiphysics Reference
ﬁl Manual.

Simulations using the Laminar Three-Phase Flow, Phase Field interface are always

time-dependent since the position of an interface is almost always dependent of its history.
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INTERFACE PROPERTIES

Turbulence Model
Since the Three-Phase Flow, Phase Field interface assumes laminar flow, the Turbulence
Model property in the Laminar Flow interface is deactivated when the interface is added

as a part of a multiphysics interface.

Multiphysics Coupling Option

Laminar Flow interfaces coupled to a Three-Phase Flow, Phase Field interface contains a
Multiphysics coupling option property to control the form of the continuity equation.
Adding the Three-Phase Flow, Phase Field interface Multiphysics coupling option is
automatically set to Ternary Phase Field. In this case the following form of the continuity

equation, appropriate for high density difference mixtures is used
81%9+V-u+u-V10gp=0 (5-5)

When Multiphysics coupling option is set to Nene, the form of the continuity equation
follows the definitions in Theory for the Single-Phase Flow Interfaces.

The Three-Phase Flow, Phase Field Coupling Feature

Use the Three-Phase Flow, Phase Field (<j,) multiphysics coupling to simulate the flow of

a three immiscible fluids while explicitly tracking the interface separating each pair of the
fluids.

The Three-Phase Flow interface solves Navier-Stokes equations for the conservation of
momentum, and a continuity equation for the conservation of mass. The positions of the
interfaces separating the fluid phases are tracked by solving four additional transport
equations: two equations governing phase field variables and two equations for the
corresponding generalized chemical potentials. The movement of the fluid-fluid interfaces

is determined by minimization of free energy.

SETTINGS

The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>. In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers, and underscores (_) are

permitted in the Name field. The first character must be a letter.
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The default Name (for the first multiphysics coupling feature in the model) is tfpf1.

DOMAIN SELECTION
When nodes are added from the context menu, you can select Manual (the default) from
the Selection list to choose specific domains to define the three-phase flow, or select All

domains as needed.

FLUID PROPERTIES
Use the corresponding section to specify the properties of all three fluids. The fluids are
denoted Fluid A, Fluid B, and Fluid C, respectively.

To specify the properties of Fluid A from a material, select the appropriate material in the
Fluid A list. Also make sure that the Density of fluid A p4 and Dynamic viscosity of fluid A 14
are both set to From Material.

The non-Newtonian power-law and Carreau models can alternatively be used to specify
the dynamic viscosities of the three fluids.

To instead apply a variable or expression for the density or dynamic viscosity for Fluid A,
select User defined in the Density of fluid A p4 or the Dynamic viscosity of fluid A 14 drop

down list and enter the expression in the corresponding edit field.

COUPLED INTERFACES

This section controls which individual interfaces are coupled by the current coupling
feature. If a physics interface is deleted and then added to the model again, then in order
to reestablish the coupling, you need to choose the correct physics interface again from

the Fluid flow or Moving interfaces lists.

* Theory for the Two-Phase Flow Interfaces

Q

Domain, Boundary, Point, and Pair Nodes for the Laminar Three-Phase
Flow, Phase Field Interfuce

The Three-Phase Flow, Phase Field Interface is a multiphysics interface combining The

Laminar Flow Interface and the The Ternary Phase Field Interface.
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LAMINAR FLOW
The available physics features for The Laminar Flow Interface are listed in Domain,

Boundary, Pair, and Point Nodes for Single-Phase Flow

TERNARY PHASE-FIELD
The available physics features for The Ternary Phase Field Interface are listed in Domain,

Boundary, and Pair Nodes for the Ternary Phase Field Interface.

All domain, boundary, point, and pair nodes are available from the Physics ribbon toolbar
(Windows users), Physies context menu (Mac or Linux users), or by right-clicking to access

the context menu (all users).
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The Bubbly Flow Interfaces

In this section:

e The Laminar Bubbly Flow Interface
e The Turbulent Bubbly Flow Interface

* Domain and Boundary Nodes for the Laminar and Turbulent Bubbly Flow Interfaces

The Laminar Bubbly Flow Interface

The Laminar Bubbly Flow (bf) interface (=2- ), found under the Multiphase Flow>Bubbly Flow
branch (=e<) when adding a physics interface, is used to model the flow of liquids with

dispersed bubbles at low and moderate Reynolds numbers.

It is assumed that the bubbles only occupy a small volume fraction and that they always
travel with their terminal velocity. It is thereby possible to solve only one set of
Navier-Stokes equations for the liquid phase and to let the velocity of the bubbles be
guided by a slip model. The pressure distribution is computed from a mixture-averaged
continuity equation. The volume fraction of bubbles is tracked by solving a transport

equation for the effective gas density.

The physics interface can also model the distribution of the number density, that is, the
number of bubbles per unit volume which in turn can be used to calculate the interfacial

area, useful when simulating chemical reactions in the mixture.

The main physics node is the Fluid Properties feature, which adds the equations for
laminar bubbly flow and provides an interface for defining the fluid materials for the liquid

and the gas and the slip velocity model to use.

When this physics interface is added, the following default physics nodes are also added in
the Model Builder — Laminar Bubbly Flow, Fluid Properties, Wall (the default boundary types
are No slip for the liquid and Ne gas flux for the gas), and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions and
volume forces. You can also right-click Laminar Bubbly Flow to select physics features from

the context menu.

SETTINGS
The Label is the default physics interface name.
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The Name is used primarily as a scope prefix for variables defined by the physics interface.
Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is bf.

PHYSICAL MODEL

Specify if the gas concentration is low and whether or not to solve for the interfacial area.

Low Gas Concentration

The Low gas concentration check box is selected by default. This approximation is valid if
the gas volume fraction is low and its density does not have any significant effects on the
continuity equation in The Bubbly Flow Equations (Equation 5-22 becomes

Equation 5-23).

Turbulence Model Type
By default no turbulence model is used.

Solve For Interfacial Area
To add a transport equation for the bubble density in order to determine the interfacial

area, select the Solve for interfacial area check box.

Reference Pressure Level

Enter a Reference pressure level p,q¢ (SI unit: Pa). The default value is 1[atm].

Swirl Flow

For 2D axisymmetric models, select the Swirl flow check box to include the swirl velocity
component — that is, the velocity component u,, in the azimuthal direction. While u,,
can be nonzero, there can be no gradients in the ¢ direction. Also see General

Single-Phase Flow Theory (2D Axisymmetric Formulations).

DEPENDENT VARIABLES

The dependent variables (field variables) are the Velocity field, liquid phase u (SI unit:
m/s), the Pressure p (SI unit: Pa), the Effective gas density rhogeff (SI unit: kg/m3), and
the Number density, gas phase nd (SI unit: l/m3). The names can be changed but the

names of fields and dependent variables must be unique within a component.
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CONSISTENT STABILIZATION AND INCONSISTENT STABILIZATION

To display this section, click the Show button ("a ) and select Stabilization. This section

contains the settings for stabilization of the momentum transport (the fluid flow) in the
Momentum transport arca and stabilization of the equation for the dispersed phase in the

Gas phase transport arca.

Consistent streamline and crosswind diffusion is applied by default to both gas and
momentum transport. Additional inconsistent stabilization terms may be added when
required, either as isotropic diffusion or in the streamline direction only. Isotropic
diffusion (shock capturing, O(hz)) requires a scale for the effective gas density. An

appropriate scale is the maximum value.

ADVANCED SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.

Normally these settings do not need to be changed.

Select the Use pseudo time stepping for stationary equation form check box to add pseudo
time derivatives to the equation when the Stationary equation form is used. When selected,
also choose a CFL number expression—Automatic (the default) or Manual. Automatic scts the
local CFL number (from the Courant-Friedrichs—Lewy condition) to the built-in variable
CFLCMP which in turn triggers a PID regulator for the CFL number. For Manual enter a
Local CFL number CFL; . (dimensionless).

* Pseudo Time Stepping for Laminar Flow Models in this guide and
Pseudo Time Stepping in the COMSOL Multiphysics Refervence
Manunal

.a * Domain and Boundary Nodes for the Laminar and Turbulent Bubbly

Flow Interfaces
* Theory for the Bubbly Flow Interfaces

* The Turbulent Bubbly Flow Interface

The Turbulent Bubbly Flow Interface

The Turbulent Bubbly Flow (bf) interface (2% ), found under the Multiphase Flow>Bubbly

Flow branch (“e.) when adding a physics interface, is used to model the flow of liquids

with dispersed bubbles at high Reynolds numbers.

It is assumed that the bubbles only occupy a small volume fraction and that they always

travel with their terminal velocity. It is thereby possible to solve only one set of

CHAPTER 5: MULTIPHASE FLOW INTERFACES



Navier-Stokes equations for the liquid phase and to let the velocity of the bubbles be
guided by a slip model. The pressure distribution is calculated from a mixture-averaged
continuity equation. The volume fraction of bubbles is tracked by solving a transport
equation for the effective gas density. Turbulence effects are modeled using the standard
two-equation k-& model with realizability constraints and bubble-induced turbulence

production. Flow close to walls is modeled using wall functions.

The physics interface can also model the distribution of the number density (that is, the
number of bubbles per unit volume), which in turn can be used to calculate the interfacial

area, useful when simulating chemical reactions in the mixture.

The main physics node is the Fluid Properties feature, which adds the equations for
turbulent bubbly flow and provides an interface for defining the fluid materials for the

liquid and the gas and the slip velocity model to use.

When this physics interface is added, the following default physics nodes are also added in
the Model Builder — Turbulent Bubbly Flow, Fluid Properties, Wall (the default boundary
types are Wall functions for the liquid and No gas flux for the gas), and Initial Values.

Then, from the Physics toolbar, add other nodes that implement, for example, boundary
conditions and volume forces. You can also right-click Turbulent Bubbly Flow to select

physics features from the context menu.

Except where indicated below, the nodes settings for this physics interface are the same as

for The Laminar Bubbly Flow Interface.

PHYSICAL MODEL

Specify if the gas concentration is low and whether or not to solve for the interfacial area.

Low Gas Concentration

Select the Low gas concentration check box if the gas volume fraction is low (¢, less than
a few percent). It is then generally valid to replace the continuity equation in The Bubbly
Flow Equations see Equation 5-23 with Equation 5-26). This option is selected by
default.

Turbulence Model Type
By default a k-g turbulence model is used.

DEPENDENT VARIABLES
The dependent variables (field variables) are the Velocity field, liquid phase u (SI unit:
m/s), the Pressure p (SI unit: Pa), the Effective gas density rhogeff (SI unit: kg/m3), the
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Turbulent dissipation rate ep (SI unit: m2/53), the Turbulent kinetic energy k (SI unit:
m2/s2), and the Number density, gas phase nd (SI unit: 1/m3).

The names of variables can be changed but the names of fields and dependent variables

must be unique within a component.

CONSISTENT AND INCONSISTENT STABILIZATION

To display this section, click the Show button (‘& ) and select Stabilization. The settings
for this section are the same as for The Laminar Bubbly Flow Interface with the addition

of this section: stabilization for the turbulence variables in the Turbulence equations area.

When using a turbulence model, streamline and crosswind diffusion are by default applied

to the turbulence equations.

DISCRETIZATION

P1+PI is not permitted unless streamline diffusion is active for the momentum transport.

* Pseudo Time Stepping for Laminar Flow Models in this guide and
Pseudo Time Stepping in the COMSOL Multiphysics Reference
Manunal

El- * Domain and Boundary Nodes for the Laminar and Turbulent Bubbly

Flow Interfaces

* Theory for the Bubbly Flow Interfaces

Flow in an Airlift Loop Reactor: path
[ﬂ]] CFD_Module/Multiphase_Benchmarks/airlift_loop_reactor

Domain and Boundary Nodes for the Laminar and Turbulent Bubbly
Flow Interfaces

For both The Laminar Bubbly Flow Interface and The Turbulent Bubbly Flow Interface
these domain and boundary nodes are available from the Physics ribbon toolbar (Windows
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users), Physics context menu (Mac or Linux users), or right-click to access the context

menu (all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.

DOMAIN

e Fluid Properties
e Gravity

e Initial Values

e Mass Transfer

* Volume Force (described for The Laminar Flow Interface)

BOUNDARY

The sections describe the available boundary conditions for the liquid and
n the gas. In all equations, n denotes the outward pointing unit vector

normal to the boundary.

The boundary types for the liquid flow variables, described in this section, are:

e Inlet
¢ Qutlet

e Symmetry

Wall (the default boundary condition)

In addition to the boundary conditions for the liquid, the following boundary conditions
for the gas are available for all boundary condition types except symmetry:

* Gas Concentration (the default condition for inlets)
e Gas Flux

* Gas Outlet (the default condition for outlets)
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¢ No Gas Flux (the default condition for walls)

e Symmetry

@l Gas Boundary Condition Equations

For 2D axisymmetric components, COMSOL Multiphysics takes the axial
&= symmetry boundaries (at 7 = 0) into account and automatically adds an

Axial Symmetry node that is valid on the axial symmetry boundaries only.

Fluid Properties

The Fluid Properties node contains the material properties for the liquid and the gas. It also

contains settings for the slip model.

MATERIALS

Select the materials to use for the material properties of the liquid and the gas (when they
are set to take their value from the material). The default is to use the Domain material for
both the Liquid and the Gas. Select another material to use that material’s properties for
the liquid or gas as needed.

LIQUID PROPERTIES
The default Density, liquid phase pj (SI unit: kg/ms) uses values From material. For User

defined enter another value or expression.

The default Dynamic viscosity, liquid phase £ (SI unit: Pa-s) uses values From material; the
value is then defined for the material selected in the Materials section for the continuous

phase. For User defined enter another value or expression.

The dynamic viscosity describes the relationship between the shear stresses and the shear
rate in a fluid. Intuitively, water and air have a low viscosity, and substances often described
as thick, such as oil, have a higher viscosity.

GAS PROPERTIES
The default Density, gas phase pg (SI unit: kg/mg) uses values From material. For User

defined enter another value or expression.

Enter the Bubble diameter d}, (SI unit: m). The default value is 1073 m (1 mm).
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SLIP MODEL

Select a Slip model—Homogeneous flow (the default), Pressure-drag balance, or User defined.

Homogencous flow assumes that the velocity of the two phases are equal; that is, ug;, = 0.
For User defined enter different values or expressions for the components of the Slip velocity
Ugj;p (SI unit: m/s).

For Pressure-drag balance it uses a model based on the assumption that the pressure forces

on a bubble are balanced by the drag force:

3Cy

Zd_b p1|uslip| Uyip = -Vp

Here dy, (ST unit: m) is the bubble diameter, and Cy (dimensionless) is the drag coefficient.

Select a Drag coefficient model:

* Small spherical bubbles (Hadamard-Rybczynski) for bubbles with a diameter smaller than
2 mm.

* Large bubbles for gas bubbles with a diameter larger than 2 mm. Then enter the Surface
tension coefficient ¢ (SI unit N/m). The default is 0.07 N/m.

* Air bubbles in tap water (Schwarz-Turner) for air bubbles of 1-10 mm mean diameter in

water.

* User defined to enter a different value or expression for the Drag coefficient C;;

(dimensionless). The default value is 1.

@l. See the Slip Model theory section.

MIXING LENGTH LIMIT

This section is available for The Turbulent Bubbly Flow Interface.

When the Mixing length limit /;);, 1;, is set to Automatic, the mixing length limit is
evaluated as the shortest side of the geometry bounding box. If the geometry is, for
example, a complicated system of slim entities, this measure can be too high. In such cases,
it is reccommended that the mixing length limit is defined manually. Select Manual to enter

a different value or expression.
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Gravity

The Gravity node adds the force pg to the right-hand side of the momentum transport
equation. Gravity nodes are mutually exclusive, that is, there can only be one active Gravity

node per domain.

GRAVITY

Enter the components of the Gravity vector, g (SI unit: m/sz). For 2D components the
default Gravity vector is defined as (0, —g_const). Here g_const is a physical constant equal
to 9.8066 m/! s2. For 3D and 2D axisymmetric components, the gravity acts in the
negative z direction by default.

Mass Transfer

Add a Mass Transfer node to include mass transfer from the gas to the liquid.

MASS TRANSFER
Select a Mass transfer model — Two-film theory model or User defined. For User defined enter

a value or expression for the Mass transfer from gas to liquid mg (SI unit: 1<g/(m3-s)). The
default is 0 kg/(m?"s).

For Two-film theory enter values for the Mass transfer coefficient £ (SI unit: m/s), Henry’s
constant H (ST unit: Pa-ms/mol), the Dissolved gas concentration ¢ (SI unit: mol/m®), and
the Molecular weight of species M (SI unit: kg/mol). Refer to the theory below for more

information.

Henry’s law gives the equilibrium concentration ¢* of gas dissolved in liquid:

ot = P+ Dyef
- H

where H is Henry’s constant. The molar flux per interfacial area, N (SI unit: mol/ (s-m2 ),

is determined by

N = k(c*-c)
where £ is the Mass transfer coefficient and ¢ is the Dissolved gas concentration in liquid.
The mass transfer from gas to liquid, mg, is given by

Mgy = NMa
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where M is the Molecular weight of species and « is the interfacial area per volume
(ST unit: mz/ms).

Also see Theory for the Bubbly Flow Interfaces for details about how a is
Gl- computed.

For two-film theory, you also need to solve for the concentration of the dissolved gas;
de - Mgl
§+V-(cul) = V- -(DVe)+ i

which can be done by adding a Transport of Diluted Species interface.

Initial Values

The Initial Values node adds initial values for the flow variables and the effective gas density
that can serve as initial conditions for a transient simulation or as an initial guess for a

nonlinear solver.

INITIAL VALUES
Enter initial values or expressions for the Velocity field. liquid phase u (SI unit: m/s) and

for the Pressure p (SI unit: Pa). The default values are 0. Also enter a value or expression
for the Effective gas density rhogeff (SI unit: kg/ms). The default is 0 kg/ms.

If the Solve for interfacial area check box is selected in The Laminar Bubbly Flow Interface
or The Turbulent Bubbly Flow Interface enter an initial value for the Number density, gas
phase nd (SI unit: 1/m?3). The default is 0 1/m?.

For The Turbulent Bubbly Flow Interface also enter initial values for the Turbulent
dissipation rate ep (SI unit: mz/ss), and Turbulent kinetic energy % (SI unit: mz/sz).

Wall

The Wall node adds a selection of boundary conditions that describe the existence of a

solid wall. The Wall node by default specifies no gas flux for the gas phase.

@l Gas Boundary Condition Equations
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LIQUID BOUNDARY CONDITION

The Liquid boundary condition is specified as follows.

e For The Laminar Bubbly Flow Interface, select No slip (the default) or Slip.

e For The Turbulent Bubbly Flow Interface, select Wall functions (the default) or Slip.

No Slip
Sets the liquid velocity to zero at the wall:

u1=0

This is the default boundary condition for the liquid.

Slip

Sets the velocity component normal to the wall to zero:

u-n=0

Wall Functions
This boundary condition models a no slip condition for solid walls in a turbulent flow. Wall

functions are used to model the thin region with large gradients in the flow variables near
the wall.

Click to select the Apply wall roughness check box to apply the roughness correction. When

the check box is selected, the default Roughness model is Sand roughness, which is derived

from the experiments by Nikuradse. Select Generic roughness to specify more general

roughness types.

For Sand roughness enter an Equivalent sand roughness height kseq (ST unit: m). The

default is 3.2 micrometers.

For Generic roughness enter a Roughness height &g (ST unit: m). The default is
3.2 micrometers. Then enter a Roughness parameters C (dimensionless). The default is
0.26.

@l References for the Single-Phase Flow, Turbulent Flow Interfaces

GAS BOUNDARY CONDITION

From the list, select a Gas boundary condition for the gas phase on the wall—No gas flux

(the default), Gas concentration, Gas outlet, Gas flux, or Symmetry.
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Gas Concentration
For Gas concentration enter the Effective gas density PgPg0 (ST unit: kg/ms). The default
is 0 kg/ms.If Solve for interfacial area is sclected, also select either the Bubble number

density (the default) or the Bubble diameter and gas density button.

* For Bubble number density enter the Bubble number density ) (SI unit: l/m3). The
default is 1000 1/m?.

* For Bubble diameter and gas density cnter the Bubble diameter dy, (SI unit: m) (the
default is 1 mm) and Density, gas phase p, (SI unit: kg/ms) (the defaultis 1 kg/mg).

Gas Flux

For Gas flux enter the Gas mass flux Npg% (ST unit: kg/(mz-s)) (the defaultis 0 kg/(mz-s))
and if the Solve for interfacial area check box is selected on the physics interface, the Number
density flux N, (SI unit: 1/(m2-s)). The default is 0 (l/(mz-s)).

Inlet

The Inlet node adds a selection of boundary conditions that describe inlets in fluid-flow

simulations.

& Gas Boundary Condition Equations

LIQUID BOUNDARY CONDITION
Select a Liquid boundary condition—Velocity (the default), Pressure, or for The Laminar

Bubbly Flow Interface, Laminar inflow is also an option.

VELOCITY
For Velocity click the Normal inflow velocity (the default) or Velocity field buttons.
* For Normal inflow velocity enter a value or expression for Uy (SI unit: m/s).

* For Velocity field specify that the velocity at the boundary is equal to a given ug (SI unit:
m/s) and enter the components in the matrix:

u1=u0
PRESSURE

This condition specifies the normal stress which in most cases is approximately equal to the
pressure. Enter the Pressure p( (SI unit: Pa) at the boundary. The default is 0 Pa. Enter a
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relative pressure value in pg (ST unit: Pa). Or if the reference pressure p, ¢ defined at the

physics interface level is equal to 0 Pa, enter an absolute pressure in p.

¢ The Suppress backflow check box is selected by default. This option adjusts the inlet
pressure, po 2 p,, ,locally in order to prevent fluid from exiting the domain through the
boundary. If suppress backflow is deselected, the inlet boundary can become an outlet
depending on the pressure field in the rest of the domain.

* Flow direction controls in which direction the fluid enters the domain.

- For Normal flow (the default) it prescribes zero tangential velocity component.

- For User defined define an Inflow velocity direction, d,, (dimensionless). The

magnitude of d, does not matter, only the direction. d,; must point into the domain.

LAMINAR INFLOW
This section is available for The Laminar Bubbly Flow Interface and when Laminar inflow

is selected as the Liquid boundary condition.

Select a Laminar inflow option — Average velocity (the default), Flow rate, or Entrance

pressure.

For any selection, also choose the Constrain outer edges to zero check box to force the
laminar profile to go to zero at the bounding points or edges of the inlet channel.
Otherwise the velocity is defined by the boundary condition of the adjacent boundary in
the model. For example, if one end of a boundary with a laminar inflow condition connects

to a slip boundary condition, the laminar profile has a maximum at that end.

Then:

* For Average velocity enter Uy, (SI unit: m/s). Enter an Entrance length L, (SI
unit: m). The defaultis 1 m.

* For Flow rate enter an Entrance length L, .. (SI unit: m, default 1 m), Entrance thickness
D, (ST unit: m), and Flow rate V{; (SI unit: ms/s).

* For Entrance pressure cnter an Entrance pressure p, .. (SI unit: Pa) and an Entrance
length L., (SI unit: m).

GAS BOUNDARY CONDITION
These settings are the same as for Wall. See Gas Boundary Condition. The only difference

is that Gas concentration is the default.
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TURBULENCE PROPERTIES
This section is available for The Turbulent Bubbly Flow Interface so that the inlet
conditions for the turbulence variables (% and €) can be specified. Except for Equation 5-6,

of the settings information is the same as that described for single-phase flow.

The turbulent length scale L and turbulence intensity I are related to the turbulence

variables via

3 2
k= Q(IU\IT) , e=C " — (5-6)

Outlet

The Outlet node adds a set of boundary conditions that describe outlets in fluid-flow

simulations; that is, the conditions at boundaries where the fluid exits the domain.

LIQUID BOUNDARY CONDITION
Select a Liquid boundary condition — Pressure (the default), Velocity, or for The Laminar

Bubbly Flow Interface, Laminar outflow is also an option.

PRESSURE CONDITIONS
The Pressure condition specifies the normal stress which in most cases is approximately

equal to the pressure. The tangential stress component is set to 0 N/ m?.

* Enter the Pressure p( (SI unit: Pa) at the boundary. The default is 0 Pa. Enter a relative
pressure value in pq (SI unit: Pa). Or if the reference pressure p, ¢ defined at the physics

interface level is equal to 0 Pa, enter an absolute pressure in pg.

¢ Seclect the Normal flow check box to change the no tangential stress condition to a no
tangential velocity condition. This forces the flow to exit (or enter) the domain
perpendicularly to the outlet boundary.

The Suppress backflow check box is selected by default. This option adjusts the outlet

pressure in order to prevent fluid from entering the domain through the boundary.

VELOCITY
For Velocity click the Velocity field (the default) or Normal outflow velocity buttons.

¢ For Velocity field specify that the velocity at the boundary is equal to a given ug (SI unit:

m/s) and enter the components in the matrix:
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u =4
¢ For Normal outflow velocity enter a value or expression for Uy (SI unit: m/s).

GAS BOUNDARY CONDITION
The settings for the Gas boundary condition are the same as for Wall. See Gas Boundary
Condition.

When the Gas boundary condition is sct to Gas outlet, the Exterior gas condition(s) section
contains an input field for the Effective gas density on the downstream side of the outlet.
If Solve for interfacial area is selected at the physics interface level, additional input fields
appear for the Bubble number density or the Bubble diameter and gas density on the

downstream side of the outlet.

LAMINAR OUTFLOW
This section is available for The Laminar Bubbly Flow Interface when Laminar outflow is

selected as the Liquid boundary condition.

Select a Laminar outflow option — Average velocity (the default), Flow rate, or Exit pressure.
For any selection, also choose the Constrain outer edges to zero check box to force the
laminar profile to go to zero at the bounding points or edges of the inlet channel.
Otherwise the velocity is defined by the boundary condition of the adjacent boundary in
the model.

For example, if one end of a boundary with a laminar inflow condition connects to a slip

boundary condition, then the laminar profile has a maximum at that end.

¢ For Average velocity enter an Average velocity Uy, (SI unit: m/s) the default is 0. Enter
an Exit length L.y;; (SI unit: m). The defaultis 1 m.

* For Flow rate enter an Exit length L. (ST unit: m). The default is 1 m. Enter a Flow
rate V (SI unit: ms/s).

* For Entrance pressure cnter an Exit length Ly;; (SI unit: m). The default is 1 m. Enter

an Exit pressure pqit (SI unit: Pa).

Symmetry

The Symmetry node adds boundary conditions that describe symmetry boundaries in
fluid-flow simulations. The boundary condition for symmetry boundaries prescribes no

penetration and vanishing shear stresses:
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u,-n =0, tT(¢1(u1+uT)(Vul+VulT—§(V~u1)IDn =0

BOUNDARY SELECTION

A boundary condition for 2D axial symmetry is not required.

For the symmetry axis at 7 = 0, the software automatically provides a condition that
prescribes u,. = 0 and vanishing stresses in the 2 direction and adds an Axial Symmetry node

that is valid on the axial symmetry boundaries only.

Gas Boundary Condition Equations

In addition to the boundary conditions for the liquid, specify boundary conditions for the

gas on Wall, Inlet, and Outlet nodes. Select a Gas Boundary Condition:

Gas Concentration
Using this boundary condition, specity the effective gas density.

< ~0
Pg = Pg

Gas Outlet
This boundary condition is appropriate for boundaries where the gas phase flows outward

with the gas velocity, u, at the boundary.
Gas Flux

Using this boundary condition, specify the gas mass flux through the boundary:

-n-(pguy) = Ny

g

Symmetry
This boundary condition, which is useful on boundaries that represent a symmetry line for

the gas flow, sets the gas flux through the boundary to zero:

No Gas Flux
This boundary condition represents boundaries where the gas flux through the boundary

is zero:
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The Mixture Model Interfaces

In this section:

¢ The Mixture Model, Laminar Flow Interface
¢ The Mixture Model, Turbulent Flow Interface

* Domain and Boundary Nodes for the Mixture Model Laminar and Turbulent Flow

Interfaces

The Mixture Model, Laminar Flow Interfuce

The Mixture Model, Laminar Flow (mm) interface (=%:-), found under the Multiphase

Flow>Mixture Model branch ( =i:-) when adding a physics interface, is used to model the
flow at low and moderate Reynolds numbers of liquids containing a dispersed phase. The
dispersed phase can be bubbles, liquid droplets, or solid particles, which are assumed to

always travel with their terminal velocity.

The Mixture Model, Laminar Flow interface solves one set of Navier-Stokes equations for
the momentum of the mixture. The pressure distribution is calculated from a
mixture-averaged continuity equation and the velocity of the dispersed phase is described
by a slip model. The volume fraction of the dispersed phase is tracked by solving a

transport equation for the volume fraction.

The physics interface can also model the distribution of the number density, which in turn
can be used to calculate the interfacial area, which is useful when simulating chemical

reactions in the mixture.

The main physics node is the Mixture Properties feature, which adds the equations for the
mixture and provides an interface for defining the fluid materials for the continuous and

dispersed phases as well as which slip model and mixture viscosity model to use.

When this physics interface is added, the following default physics nodes are also added in
the Model Builder—Mixture Properties, Wall, and Initial Values. Then, from the Physics

toolbar, add other nodes that implement, for example, boundary conditions and volume
forces. You can also right-click Mixture Model, Laminar Flow to select physics features from

the context menu.

SETTINGS
The Label is the default physics interface name.
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The Name is used primarily as a scope prefix for variables defined by the physics interface.
Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is mm.

PHYSICAL MODEL
Specify the characteristics of the dispersed phase, the model for the slip velocity, and
whether or not to solve for the interfacial area.

Dispersed Phase
To characterize the Dispersed phase, sclect Solid particles (the default) or Liquid
droplets/bubbles.

The selection from this list is further defined for the Mixture Properties node under the

Mixture Model section.

Slip Model
To compute the slip velocity ugy;p (SI unit: m/s), select a Slip model — Homogeneous flow

(the default), Hadamard-Rybczynski, Schiller-Naumann, Haider-Levenspiel, or User defined.

* The Homogeneous flow model assumes that the velocities of the two phases are equal,
that is, ugjip = 0.
* In most cases there is a significant difference in the velocity fields due to the buoyancy

of the dispersed phase. Use one of the predefined slip models for such cases.

» For User defined specify an arbitrary expression for the relative velocity. For example,
give a constant velocity based on experimental data. For the Mixture Properties node

under the Mixture Model section, enter the Slip velocity field ugy;;, (SI unit: m/s).

Turbulence Model Type
The default selection is None.

Solve For Interfacial Area
To add a transport equation for the number density of the dispersed particles, in order to
determine the interfacial area, select the Solve for interfacial area check box (by default not

selected.

For the Mass Transfer rate, use a two-film theory model, which includes the interfacial area
per unit volume between the two phases. It is possible to compute the interfacial area per

unit volume if the number density n (that is, the number of dispersed particles per volume)
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is known. Select the Solve for interfacial area check box to add the following equation for

the number density n:

on _
§+V~(nud) =0

This equation states that a dispersed phase particle cannot disappear, appear, or merge with

other particles, although it can expand or shrink.

The Mixture Model, Laminar Flow Interface calculates the interfacial area a
(ST unit: m2/m3) from

a = (4nn)1/3(3¢d)2/3

Reference Pressure Level
Enter a Reference pressure level p ¢ (SI unit: Pa). The default value is 1[atm].

Swirl Flow

For 2D axisymmetric components, select the Swirl flow check box to include the swirl
velocity component — that is, the velocity component U, in the azimuthal direction.
While u, can be nonzero, there can be no gradients in the ¢ direction

ﬁl General Single-Phase Flow Theory (2D Axisymmetric Formulations)

DEPENDENT VARIABLES

Enter values for the dependent variables (field variables):
* Velocity field, mixture u (SI unit: m/s)

* Pressure p (SI unit: Pa)

¢ Volume fraction, dispersed phase phid (dimensionless)
¢ Squared slip velocity slipvel

¢ Number density, dispersed phase nd (SI unit: l/m3).

The names can be changed but the names of fields and dependent variables must be unique

within a component.

CONSISTENT STABILIZATION AND INCONSISTENT STABILIZATION

To display this section, click the Show button (" ) and select Stabilization.
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The consistent stabilizations Streamline diffusion and Crosswind diffusion are by default
applied to the Navier-Stokes and gas transport equations. In addition, when the flow is

turbulent, the consistent stabilizations are also applied to the Turbulence.

Isotropic shock capturing, O(h2) for the dispersed phase needs a scale for the volume
fraction of the dispersed phase. A suitable scale is the maximum value of the dispersed

phase volume fraction.

ADVANCED SETTINGS
To display this section, click the Show button (" ) and select Advanced Physics Options.
Normally these settings do not need to be changed.

Penalty Diffusion can be used to suppress negative values of the dispersed volume fraction.
Including this term has been observed to slow down convergence and it is therefore
disabled by default

Select the Use pseudo time stepping for stationary equation form check box to add pseudo
time derivatives to the equation when the Stationary equation form is used. When selected,
also choose a CFL number expression—Automatic (the default) or Manual. Automatic sets the
local CFL number (from the Courant—Friedrichs—Lewy condition) to the built-in variable
CFLCMP which in turn triggers a PID regulator for the CFL number. For Manual enter a
Local CFL number CFL;,. (dimensionless).

e DPseudo Time Stepping for Laminar Flow Models in this guide and
Pseudo Time Stepping in the COMSOL Multiphysics Refervence
Manual

'@l ¢ Domain and Boundary Nodes for the Mixture Model Laminar and
Turbulent Flow Interfaces

¢ The Mixture Model, Turbulent Flow Interface

* Slip Velocity Models and Theory for the Mixture Model Interfaces

Two-Phase Flow Modeling of a Dense Suspension: path
[ﬂ:ﬂ CFD_Module/Multiphase_Benchmarks/dense_suspension

The Mixture Model, Turbulent Flow Interface

The Mixture Model, Turbulent Flow (mm) interface ( 23 ), found under the Multiphase

Flow>Mixture Model branch (=iz-) when adding a physics interface, is used to model the
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flow at high Reynolds numbers of liquids containing a dispersed phase. The dispersed
phase can be bubbles, liquid droplets, or solid particles, which are assumed to always travel

with their terminal velocity.

The Mixture Model, Turbulent Flow interface solves one set of Navier-Stokes equations
for the momentum of the mixture. The pressure distribution is calculated from a mixture
averaged continuity equation and the velocity of the dispersed phase is described by a slip
model. The volume fraction of the dispersed phase is tracked by solving a transport
equation for the volume fraction. Turbulence effects are modeled using the standard
two-equation k-€ model with realizability constraints. Flow close to walls is modeled using

wall functions.

The physics interface can also model the distribution of the number density, which in turn
can be used to calculate the interfacial area, which is useful when simulating chemical

reactions in the mixture.

Except where indicated below, the settings for this physics interface are the same as for The

Mixture Model, Laminar Flow Interface.

PHYSICAL MODEL
The default Turbulence model type is RANS, k-€.

TURBULENCE MODEL PARAMETERS

Turbulence model parameters are optimized to fit as many flow types as possible, but for
some special cases, better performance can be obtained by tuning the model parameters.
For a description of the turbulence model and the included model parameters see Theory

for the Turbulent Flow Interfaces.

DEPENDENT VARIABLES
Enter values for the dependent variables (field variables):
* Velocity field, mixture u (SI unit: m/s)

* Pressure p (SI unit: Pa)

¢ Volume fraction, dispersed phase phid (dimensionless)
¢ Squared slip velocity slipvel

¢ Number density, dispersed phase nd (SI unit: 1/m3)

¢ Turbulent kinetic energy % (SI unit: mz/sz)

* Turbulent dissipation rate &£ (SI unit: mz/ss)
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The names can be changed but the names of fields and dependent variables must be unique

within a component.

* Domain and Boundary Nodes for the Mixture Model Laminar and

Turbulent Flow Interfaces
E}‘ * Slip Velocity Models

¢ Theory for the Mixture Model Interfaces

Domain and Boundary Nodes for the Mixture Model Laminar and
Turbulent Flow Interfaces

For both The Mixture Model, Laminar Flow Interface and The Mixture Model, Turbulent
Flow Interface the following domain and boundary nodes are available from the Physics
ribbon toolbar (Windows users), Physics context menu (Mac or Linux users), or right-click

to access the context menu (all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.

DOMAIN

* Gravity

e Initial Values

e Mass Transfer

e Mixture Properties

* Volume Force (described for The Laminar Flow Interface)

BOUNDARY

Boundary conditions for the mixture velocity, pressure and dispersed phase volume
fraction need to be specified. The following boundary condition types are available for The
Mixture Model, Laminar Flow Interface and The Mixture Model, Turbulent Flow

Interface:

e Inlet

¢ Qutlet
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e Symmetry

e Wall (the default boundary condition feature).

For the flow variables, the velocity and the pressure, the boundary conditions correspond
to those defined for single phase flow (see Domain, Boundary, Pair, and Point Nodes for

Single-Phase Flow). There is also a point constraint for the pressure, which is useful if no

other boundary condition in the model includes a pressure level constraint.

The following boundary conditions for the dispersed phase are available for all boundary
condition types except symmetry. These are described in more detail in the Theory for the
Mixture Model Interfaces.

* Dispersed phase concentration (the default condition for inlets)

¢ Dispersed phase flux

* Dispersed phase outlet (the default condition for outlets)

* No dispersed phase flux (the default condition for walls)

¢ Symmetry

For 2D axisymmetric components, COMSOL Multiphysics takes the axial
| symmetry boundaries (at 7 = 0) into account and automatically adds an
Axial Symmetry node to the component that is valid on the axial symmetry

boundaries only.

Mixture Properties

The Mixture Properties node contains the material properties for the continuous phase and

the dispersed phase. It also contains settings for the viscosity model.

MATERIALS
Select the fluid materials to use for the material properties. The default material used for
both Continuous phase and Dispersed phase is the Domain material. Sclect another material

(when available).

CONTINUOUS PHASE PROPERTIES

The default Density, continuous phase p, (SI unit: kg/mg) uses values From material (as
selected in the Materials section). For User defined enter another value or expression. In this
case the default is 0 kg/ms.
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The default Dynamic viscosity, continuous phase £ (SI unit: Pa-s), uses values From material.
It describes the relationship between the shear stresses and the shear rate in a fluid.
Intuitively, water and air have a low viscosity, and substances often described as thick, such
as oil, have a higher viscosity. For User defined enter another value or expression. In this
case, the default is 0 Pa-s.

DISPERSED PHASE PROPERTIES

The default Density, dispersed phase pg (SI unit: kg/ms) uses values From material (as
selected in the Materials section). For User defined enter another value or expression. In this
case, the default is 0 kg/ms.

Enter the Diameter of particles/droplets dj (SI unit: m). The default is 1073 m (1 mm). If
Haider-Levenspiel is sclected for the Slip model under Physical Model, enter a value between

0 and 1 for the Sphericity (dimensionless). The default is 1.

If Liquid droplets/bubbles is sclected from the Dispersed phase list for cither The Mixture
Model, Laminar Flow Interface or The Mixture Model, Turbulent Flow Interface, then
Dynamic viscosity, dispersed phase /4 (SI unit: Pa-s) is also available. The default uses values
From material (as sclected in the Materials section) or select User defined to enter another

value or expression. In this case, the default is 0 Pa-s.

MIXTURE MODEL
The options in this section are based on the selection made from the Dispersed phase list
for either The Mixture Model, Laminar Flow Interface or The Mixture Model, Turbulent

Flow Interface.

Slip Velocity Field
When a User defined Slip model is selected for the physics interface, specify an arbitrary
expression for the relative velocity. For example, give a constant velocity based on

experimental data. Enter the Slip velocity field ug);, (SI unit: m/s).

Mixture Viscosity Model
Select the Mixture viscosity model.

¢ When Solid particles is the Dispersed phase, sclect either Krieger type (the default) or User
defined.

* When Liquid droplets/bubbles is the Dispersed phase, sclect Krieger type (the default),

User defined, or Volume averaged.
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User Defined
For User defined enter a value or expression for the Dynamic viscosity 4 (SI unit: Pa-s). The
default is 0 Pa-s. When using this option, make sure to limit the viscosity to bounded

positive values.

Krieger Type
When Krieger type is selected, enter a value or expression for the Maximum packing

concentration ¢, (dimensionless). The default is 0.62.

Select Krieger type to model the most generally valid expression for the mixture viscosity:

dq ) —2,50nul*

q)max

u= uc[l—

where ¢, is the maximum packing concentration, which for solid particles is

approximately 0.62. The dimensionless parameter u* =1 for solid particles and

“’d + 074uc
Mg + U

for droplets and bubbles. When applying the Krieger type viscosity model, ¢ is replaced
by min(¢g, 0.999¢,4x) for better robustness.

Volume Averaged
Select Volume averaged to model the mixture viscosity of liquid-liquid mixtures, which uses

the following equation for the viscosity:
Ho= 0ghg + Oche

The Mixture Model interfaces always employ the mixture viscosity in the particle Reynolds
number expression used to calculate the slip velocity, thereby accounting for the increase

in viscous drag due to particle-particle interactions.
MIXING LENGTH LIMIT
This section is available for The Mixture Model, Turbulent Flow Interface.

Select how the Mixing length limit /i, 1, (ST unit: m) is defined—Automatic (default) or

Manual:

¢ For Automatic the mixing length limit is automatically evaluated as the shortest side of

the geometry bounding box. If the geometry is, for example, a complicated system of
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slim entities, this measure can give a too high value. In such cases, it is reccommended

that it is defined manually.

¢ For Manual it defines a different value or expression. The default is 1 (that is, one unit
length of the model unit system).

Initial Values

The Initial Values node adds initial values for the mixture velocity, pressure, and volume
fraction of the dispersed phase, that can serve as an initial condition for a transient

simulation or as an initial guess for a nonlinear solver.

INITIAL VALUES

Enter values or expressions for the following dependent variables:

* Velocity field, mixture, the components of u (SI unit: m/s). The defaults are 0 m/s.
* Pressure p (SI unit: Pa). The default is 0 Pa.

* Volume fraction, dispersed phase (dimensionless). The default is 0.

¢ If the Solve for interfacial area check box is selected for the physics interface, enter an
initial value for the Number density, dispersed phase nd (SI unit: 1 /ms). The default is
01/m?.

 If a Schiller-Naumann or a Haider-Levenspiel slip model is used in the physics interface,

enter an initial value for the Squared slip velocity slipvel (ST unit: m? /! 52). The default
is 0.081 m2/s2.

For The Mixture Model, Turbulent Flow Interface also enter values or expressions for:

* Turbulent dissipation rate ep (SI unit: mz/ss). The default is mm.epinit.

* Turbulent kinetic energy & (SI unit: mz/sz). The default is mm. kinit.

The following sections describe the available boundary conditions for the
n mixture and the dispersed phase volume fraction. In all equations, n

denotes the outward pointing unit vector normal to the boundary.

Wall

The Wall node has boundary conditions available that describe the existence of a solid wall.
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MIXTURE BOUNDARY CONDITION
Select a Mixture boundary condition—No slip (laminar flow only), Slip, or Wall functions

(turbulent flow only).

Slip

Select Slip to set the velocity component normal to the wall to zero w-n = 0.

No Slip
No slip is the default boundary condition for The Mixture Model, Laminar Flow Interface

and prescribes u = 0, that is, the fluid at the wall is not moving.

Wall Functions
Wall functions is the default boundary condition for The Mixture Model, Turbulent Flow
Interface. It models a no slip condition for a solid wall in turbulent flow. Wall functions

are used to model the thin region with high gradients in the flow variables near the wall.

This boundary condition models a no slip condition for solid walls in a turbulent flow. Wall
functions are used to model the thin region with large gradients in the flow variables near
the wall.

Click to select the Apply wall roughness check box to apply the roughness correction. When
the check box is selected, the default Roughness model is Sand roughness, which is derived
from the experiments by Nikuradse. Select Generic roughness to specify more general

roughness types.
* For Sand roughness cnter an Equivalent sand roughness height %o, (S unit: m). The
default is 3.2 pm.

¢ For Generic roughness enter a Roughness height % (SI unit: m). The default is 3.2 um.
Enter a Roughness parameter C (dimensionless). The default is 0.26.

ﬁl References for the Single-Phase Flow, Turbulent Flow Interfaces

DISPERSED PHASE BOUNDARY CONDITION
Select a Dispersed phase boundary condition — No dispersed phase flux, Dispersed phase

concentration, Dispersed phase outlet, Dispersed phase flux, or Symmetry.

* For Dispersed phase concentration enter a Dispersed phase volume fraction ¢y
(dimensionless). The default is 0. When Solve for interfacial area is selected under the

Physical Model section, click either the Dispersed phase number density n( (SI unit:
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1/ ms) or Diameter of particles/droplets dq (SI unit: m) button and enter a value or
expression for ng (the default is 5 x 101 /ms) or dq (the default is 1 mm).

* For Dispersed phase flux cnter values or expression for the Dispersed phase flux Nyq (SI
unit: m/s) and, if Solve for interfacial area is sclected under the Physical Model section,
the Number density flux A, (SI unit: 1/(m2~s)). The defaults are 0 m/s and 0 1/(m2-s),

respectively.

ﬁ}‘ Dispersed Phase Boundary Conditions Equations

Mass Transfer

Use the Mass Transfer node to include mass transfer from the dispersed phase to the

continuous phase.

MASS TRANSFER
Select a Mass transfer model — User defined (the default) or Two-film theory. For User

defined enter a value or expression for the Mass transfer from dispersed to continuous phase
Mg (ST unit: kg/(m3:s)). The default is 0 kg/(m3-s).

Two-film Theory
For Two-film theory enter values or expressions for each of the following;:

e Mass transfer coefficient £ (SI unit: m/s). The default is 0 m/s.
* Species concentration in dispersed phase cq (SI unit: mol/m3). The default is 0 mol/ms.

* Species concentration in continuous phase ¢, (SI unit: mol/ms). The default is
0 mol/ m?.
* Molecular weight of species M (SI unit: kg/mol). The default is 0 kg/mol.

The mass transfer is modeled as
my, = k(cg—c.)Ma

where & denotes the mass transfer rate, and cq and c, are the species concentrations in the
dispersed and the continuous phase, respectively. M is the species” molecular weight, and

a is the interfacial area per unit volume between the two phases.
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Interfacial Area
When the Solve for interfacial area check box is selected for either The Mixture Model,
Laminar Flow Interface or The Turbulent Bubbly Flow Interface (under the Physical Model
section), it is also possible to compute the interfacial area per unit volume. When Solve for
interfacial area is sclected, the following equation for the number density n of dispersed
particles is added:

on

= +V-(nuy) =0
This equation states that a dispersed phase particle cannot disappear, appear, or merge with

other particles, although it can expand or shrink.

The Mixture Model interfaces calculate the interfacial area a (SI unit: m? / m3) from the

following equation:

a = (4nn)1/3(3¢d)2/3

Gravity

The Gravity node adds the force pg to the right-hand side of the momentum transport

equation.

GRAVITY
Enter the components of the Gravity vector, g (SI unit: m/! 2 ). The default value is
(0,-g_const) where g_const is a physical constant equal to 9.8066 m/sz.

For 2D components, gravity acts in the negative y direction by default.
For example, in a 2D component, the y component is -g_const and the
® other component is 0. In this setting, g_const is a predefined physical

constant for the standard gravity (acceleration due to gravity at sea level).

For 3D and 2D axisymmetric components, gravity acts in the negative z
[ direction by default. For example, in a 3D component, the 2 component
is -g_const and the other components are 0. In this setting, g_const is
Gra a predefined physical constant for the standard gravity (acceleration due

to gravity at sea level).
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Inlet

The Inlet node adds a set of boundary conditions that describe inlets in fluid-flow
simulations. Define the Velocity boundary condition (the default mixture boundary

condition for inlet boundaries) or the Pressure condition.

MIXTURE BOUNDARY CONDITION

Select a Mixture boundary condition for the inlet — Velocity (the default) or Pressure.

VELOCITY
For Velocity click the Normal inflow velocity (the default) or Velocity field buttons.

* For Normal inflow velocity enter a value or expression for Uy (SI unit: m/s).
* For Velocity field specify that the velocity at the boundary is equal to a given ug (SI unit:

m/’s) and enter the components in the matrix:

u=u,

PRESSURE

This condition specifies the normal stress which in most cases is approximately equal to the
pressure. Enter the Pressure p( (SI unit: Pa) at the boundary. The default is 0 Pa. Enter a
relative pressure value in pg (SI unit: Pa). Or if the reference pressure p.or defined at the

physics interface level is equal to 0 Pa, enter an absolute pressure in py,.

* The Suppress backflow check box is selected by default. This option adjusts the inlet
pressure, po = p,, , locally in order to prevent fluid from exiting the domain through the
boundary. If suppress backflow is deselected, the inlet boundary can become an outlet
depending on the pressure field in the rest of the domain.

* Flow direction controls in which direction the fluid enters the domain.
- For Normal flow (the default) it prescribes zero tangential velocity component.

- For User defined define an Inflow velocity direction, d,, (dimensionless). The

magnitude of d; does not matter, only the direction. d,, must point into the domain.

DISPERSED PHASE BOUNDARY CONDITION
The default is Dispersed phase concentration. See Wall > Dispersed Phase Boundary
Condition for the settings.

See Dispersed Phase Boundary Conditions Equations for more information.
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TURBULENCE PROPERTIES

For The Mixture Model, Turbulent Flow Interface the following is also available.
Click the Specify turbulent length scale and intensity or Specify turbulence variables button.

¢ For Specify turbulent length scale and intensity enter a value for the Turbulent intensity
I (dimensionless) and Turbulence length scale Ly (SI unit: m). When Pressure is
selected, also enter a Reference velocity scale U p (ST unit: m/s).

¢ For Specify turbulence variables enter values or expressions for the Turbulent kinetic
energy kg (SI unit: mz/sz) and Turbulent dissipation rate &, (SI unit: mz/ss).

Outlet

The Outlet node adds a selection of boundary conditions that describe outlets in fluid-flow

simulations; that is, the conditions at boundaries where the fluid exits the domain.

MIXTURE BOUNDARY CONDITION

Select a Mixture boundary condition for the outlet — Pressure (the default) or Velocity.

PRESSURE CONDITIONS
The Pressure condition specifies the normal stress which in most cases is approximately

equal to the pressure. The tangential stress component is set to 0 N/ m?.

* Enter the Pressure p( (SI unit: Pa) at the boundary. The default is 0 Pa. Enter a relative
pressure value in p( (ST unit: Pa). Or if the reference pressure p,r defined at the physics
interface level is equal to 0 Pa, enter an absolute pressure in p.

¢ Select the Normal flow check box to change the no tangential stress condition to a no
tangential velocity condition. This forces the flow to exit (or enter) the domain

perpendicularly to the outlet boundary.

The Suppress backflow check box is selected by default. This option adjusts the outlet

pressure in order to prevent fluid from entering the domain through the boundary.

VELOCITY
For Velocity click the Normal outflow velocity (the default) or Velocity field buttons.
¢ For Normal outflow velocity enter a value or expression for Uy (SI unit: m/s).

 For Velocity field specify that the velocity at the boundary is equal to a given ug (SI unit:

m/s) and enter the components in the matrix:

u = u,
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DISPERSED PHASE BOUNDARY CONDITION
The default is Dispersed phase outlet. See Wall > Dispersed Phase Boundary Condition for
the settings.

When the Dispersed phase boundary condition is set to Dispersed phase outlet, the Exterior
dispersed phase condition(s) section contains an input field for the Dispersed phase volume
fraction on the downstream side of the outlet. If Solve for interfacial area is selected at the
physics interface level, additional input fields appear for the Dispersed phase number density

or the Diameter of particles/droplets on the downstream side of the outlet.

See Dispersed Phase Boundary Conditions Equations for more information.

Symmetry

The Symmetry node adds boundary conditions that describe symmetry boundaries in
fluid-flow simulations. The boundary condition for symmetry boundaries prescribes no

penetration and vanishing tangential stress:

u-n = 0, tT(pCd(l —Cd)uslipushp + TGm)n =0

BOUNDARY SELECTION

A boundary condition for 2D axial symmetry is not required.

For the symmetry axis at r = 0, the program automatically provides a condition that
Y y , the prog yPp
prescribes u,. = 0 and vanishing stresses in the 2 direction and adds an Axial Symmetry node

that is valid on the axial symmetry boundaries only.
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The Euler-Euler Model Interfaces

In this section:

¢ The Euler-Euler Model, Laminar Flow interface
¢ The Euler-Euler Model, Turbulent Flow Interface

* Domain, Boundary, Point, and Pair Nodes for the Euler-Euler Model Interfaces

The Euler-Euler Model, Laminar Flow interface

The Euler-Euler Model, Laminar Flow (ee) interface (=i ), found under the Multiphase
Flow>Euler-Euler Model branch (=iz) when adding a physics interface, can be used to
simulate the flow of two continuous and fully interpenetrating incompressible phases (see
Ref. 1 under the Theory for the Euler-Euler Model Interfaces). The physics interface can
model flow at low and moderate Reynolds numbers. Typical applications are fluidized beds
(solid particles in gas), sedimentation (solid particles in liquid), or transport of liquid

droplets or bubbles in a liquid.

The physics interface solves two sets of Navier-Stokes equations, one for each phase, in
order to calculate the velocity field for each phase. The phases interchange momentum as
described by a drag model. The pressure is calculated from a mixture-averaged continuity
equation and the volume fraction of the dispersed phase is tracked with a transport

equation.

When this physics interface is added, the following default physics nodes are also added in
the Model Builder — Phase Properties, Wall, and Initial Values. Then, from the Physics
toolbar, add other nodes that implement, for example, boundary conditions and volume
forces. You can also right-click Euler-Euler Model, Laminar Flow to select physics features

from the context menu.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics interface.
Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.
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The default Name (for the first physics interface in the model) is ee.

DISPERSED PHASE
Select a Dispersed phase — Solid particles or Liquid droplets/bubbles.

When Solid particles is selected, the Solid Pressure section is available in the Phase

Properties node. Also see Dispersed Phase in the theory section.

PHYSICAL MODEL
The pressure solved for by the interface may represent the absolute pressure, or a relative
pressure. The absolute pressure, used for example by the material properties, is defined by

the interface as the sum of the Reference pressure level p . and the pressure solved for.

DEPENDENT VARIABLES

The dependent variables (field variables) are:
* Velocity field, continuous phase uc

* Velocity field, dispersed phase ud

* Pressure p

* Volume fraction, dispersed phase phid

The names can be changed but the names of fields and dependent variables must be unique

within a component.

CONSISTENT STABILIZATION

To display this section, click the Show button (& ) and select Stabilization.

INCONSISTENT STABILIZATION

To display this section, click the Show button (& ) and select Stabilization.

Inconsistent stabilization can be activated independently for the momentum equation for
the continuous phase, the momentum equation for the dispersed phase, and for the
dispersed phase transport equation respectively by selecting the corresponding check box.
Each inconsistent stabilization contribution has a tuning parameter.

ADVANCED SETTINGS
To display this section, click the Show button (" ) and select Advanced Physics Options.
Normally these settings do not need to be changed.

Select the Use pseudo time stepping for stationary equation form check box to add pseudo

time derivatives to the equation when the Stationary equation form is used. When selected,

THE EULER-EULER MODEL INTERFACES |

291



292 |

also choose a CFL number expression — Automatic (the default) or Manual. Automatic sets
the local CFL number (from the Courant—Friedrichs-Lewy condition) to the built-in
variable CFLCMP which in turn triggers a PID regulator for the CFL number. For Manual

enter a Local CFL number CFL,,, (dimensionless).

DISCRETIZATION

To display this section, click the Show button (“& ) and select Discretization.

The Euler-Euler Model, Laminar Flow interface supports three options for the basis
functions: PI1+PI (the default option), P2+P1, and P3+P2. They all represent Lagrangian
basis functions of different orders:

* PI+PI — Linear basis functions for all degrees of freedom. Linear basis functions are
computationally less expensive than the higher-order options and are also more robust.
This option requires that Streamline diffusion is activated for both of the momentum

equations.

* P2+PI — Quadratic basis functions for all degrees of freedom except the pressure which
is described by linear basis functions. Higher order elements, as compared to linear
elements, are a computationally effective way to obtain high accuracy but only if the
flow is well resolved. This requirement is most likely fulfilled for flows with very low

velocities and /or small length scales.

e P3+P2 — Cubic basis functions for all degrees of freedom except the pressure which is
described by quadratic basis functions. This option is computationally very expensive

and the least robust one but it is also the option with the highest formal accuracy.

Specify the Value type when using splitting of complex variables — Real (the default) or
Complex.

MIXING LENGTH LIMIT

This section is available for The Euler-Euler Model, Turbulent Flow Interface.

When the Mixing length limit /), 11, is set to Automatic, the mixing length limit is
evaluated as the shortest side of the geometry bounding box. If the geometry is, for

example, a complicated system of slim entities, this measure can be too high. In such cases,
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it is reccommended that the mixing length limit is defined manually. Select Manual to enter

a different value or expression.

e DPscudo Time Stepping for Laminar Flow Models in this guide and
Pseudo Time Stepping in the COMSOL Multiphysics Refevence
Manunl

@l * Isotropic Diffusion in the COMSOL Multiphysics Reference Manual

* Domain, Boundary, Point, and Pair Nodes for the Euler-Euler Model

Interfaces

* Theory for the Euler-Euler Model Interfaces

Circulating Fluidized Bed: path
[ﬂ:ﬂ CFD_Module/Multiphase_Tutorials/fluidized_bed

The Euler-Euler Model, Turbulent Flow Interfice

The Euler-Euler Model, Turbulent Flow (ee) interface (=iz.), found under the Multiphase
Flow>Euler-Euler Model branch (=i ) when adding a physics interface, can be used to
simulate high Reynolds number flow of a two-phase mixture containing a continuous and
a dispersed phase. The Euler-Euler model assumes that both phases are continuous, fully
interpenetrating, and incompressible (see Theory for the Euler-Euler Model Interfaces).
Typical applications for the interface are fluidized beds (solid particles in gas),
sedimentation (solid particles in liquid), or transport of liquid droplets or bubbles in a
liquid.

The physics interface solves two sets of Navier-Stokes equations, one for each phase, in
order to calculate the velocity field for each phase. The phases interchange momentum as
described by a drag model. The pressure is calculated from a mixture-averaged continuity
equation and the volume fraction of the dispersed phase is tracked with a transport

equation.

Two-phase turbulence is modeled using the standard two-equation k-& model with
realizability constraints. The interface includes the possibility to solve one set of k-
equations for the two-phase mixture, or to solve two sets of k-€ equations, one for each
phase. Flow close to walls is modeled using wall functions.

Except where indicated below, the settings for this physics interface are the same as for The

Euler-Euler Model, Laminar Flow interface.
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PHYSICAL MODEL

Turbulence Model Type
The default Turbulence model type is RANS, k-g.

Two-phase turbulence
By default the Two-Phase Turbulence is defined as Mixture. This implies that one set of k-¢
equations are solved for. To instead solve for two sets of k-& equations, one for each fluid

phase, select Phase specific (see Turbulent Two-Phase Flow Modeling).

TURBULENCE MODEL PARAMETERS

Turbulence model parameters are optimized to fit as many flow types as possible, but for
some special cases, better performance can be obtained by tuning the model parameters.
For a description of the turbulence model and the included model parameters see

Turbulent Two-Phase Flow Modeling.

DEPENDENT VARIABLES
The following dependent variables (field variables) are defined for this interface:
¢ Velocity field, continuous phase uc

* Velocity field, dispersed phase ud

* Pressure p

¢ Turbulent kinetic energy, mixture %

¢ Turbulent dissipation rate, mixture ep

¢ Turbulent kinetic energy, continuous phase k¢

¢ Turbulent dissipation rate, continuous phase epc
¢ Turbulent kinetic energy, dispersed phase kd

¢ Turbulent dissipation rate, dispersed phase epd

The names can be changed but the names of fields and dependent variables must be unique

within a component.
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Domain, Boundary, Point, and Pair Nodes for the Euler-Euler Model
Interfaces

The Euler-Euler Model Interfaces has the following domain, boundary, point, and pair
nodes available from the Physics ribbon toolbar (Windows users), Physics context menu

(Mac or Linux users), or right-click to access the context menu (all users).

e Gravity ¢ Outlet

¢ Initial Values e DPhase Properties

e Inlet * Volume Force
o Wall

The following nodes are described for the Laminar Flow interface:

e Pressure Point Constraint

e Symmetry

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Phase Properties

The Phase Properties node has the material properties settings for the pure continuous and
dispersed phases. It also has settings for the viscosity models for each of the two
interpenetrating phases and the drag model. When the dispersed phase consists of solid
particles, it also has settings for the solid pressure model.

MATERIALS

Select the materials to use for the material properties of the continuous phase and the
dispersed phase respectively (when they are defined to take their values From material). By
default, both the Continuous phase and Dispersed phase usc the Domain material. This

corresponds to the material currently applied to the domain in question.

Other materials present can be selected from the Continuous phase or Dispersed phase list

in order to use that material’s properties for the liquid or gas, respectively.
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CONTINUOUS PHASE PROPERTIES

Density, Continuous Phase
The default Density, continuous phase p, (SI unit: kg/ms) uses values From material. For
User defined enter another value or expression.

Dynamic Viscosity, Pure Continuous Phase

The dynamic viscosity describes the relationship between the shear stresses and the shear
rate in a fluid. Intuitively, water and air have a low viscosity, and substances often described
as thick, such as oil, have a higher viscosity. The dynamic viscosity of the pure continuous

phase refers to the viscosity the fluid would have in the absence of the dispersed phase.

The default Dynamic viscosity, pure continuous phase £/ (SI unit: Pa-s) uses values From
material. The value of the viscosity is then the value defined for the material selected in the
Materials section for the continuous phase. For User defined define a different value or
expression.

DISPERSED PHASE PROPERTIES

The default Density, dispersed phase py (SI unit: kg/ n13) uses values From material. For
User defined enter another value or expression.

Enter a value or expression for the Diameter of particles/droplets dy (SI unit: m). The
default is 1073 m (1 mm).

The Dynamic viscosity, pure dispersed phase 3 (SI unit: Pa-s) field is
available when Liquid droplets/bubbles is sclected as the Dispersed phase in
The Euler-Euler Model Interfaces.

[

The default uses values From material. The value of the viscosity is then
the value defined for the material selected in the Materials section for the

dispersed phase. For User defined define a different value or expression.

VISCOSITY MODEL

Select a Viscosity model—Calculate from mixture velocity (the default) or User defined.

¢ For Calculate from mixture viscosity sclect a Mixture viscosity model—Krieger type (the
default) or User defined. For Krieger type, enter an expression or value for the Maximum

packing concentration ¢ .. (dimensionless). The default is 0.62 when the dispersed
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phase is solid particles and 1 when the dispersed phase is liquid droplets/bubbles. For

User defined, enter a value or expression for the Dynamic viscosity 4.

* For User defined enter a value or expression for the Dynamic viscosity, dispersed phase 1.

The default expression, muinit, corresponds to the Krieger type viscosity.

DRAG MODEL

The models for the interphase drag force Fgpqg are available and described in The
Euler-Euler Model Equations. When the dispersed phase corresponds to Solid particles, the
Gidaspow, Schiller-Naumann, Haider-Levenspiel, and Hadamard-Rybczynzki models are
available. For Liquid droplets/bubbles, the Schiller-Naumann, Haider-Levenspiel and

Hadamard-Rybczynzki models are available.

Select a Drag model—Gidaspow, Schiller-Naumann, Haider-Levenspiel, Hadamard-Rybczynzki,

or User defined. For User defined enter a value or expression for the Drag force coefficient 3.

For Haider-Levenspiel enter a value between 0 and 1 for the Sphericity Sp (dimensionless).

SOLID PRESSURE MODEL
The solid pressure models the particle dispersion due to collisions and friction between the

solid particles. Details of the implemented models are described in Solid Pressure.

This section is available when Solid particles is sclected as the Dispersed phase in The
Euler-Euler Model Interfaces. Select a Solid pressure model Vp,—No solid pressure (the
default), Gidaspow-Ettehadieh, Gidaspow, Ettehadieh, or User defined. For User defined enter

values or expressions in the table for each component.

Initial Values

The Initial Values node adds initial values for the velocity fields for the continuous and
dispersed phases, the pressure, and the volume fraction of the dispersed phase that can
serve as initial conditions for a transient simulation or as an initial guess for a nonlinear

solver.
INITIAL VALUES
Enter initial values or expressions in the tables for each component of:

* Velocity field, continuous phase uc

* Velocity field, dispersed phase ud

Enter initial values or expressions for:
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* Pressure p

¢ Volume fraction, dispersed phase phid

For the The Euler-Euler Model, Turbulent Flow Interface, initial values are needed for the
turbulence variables. When Mixture is selected as Two-phase turbulence, enter values or
expressions for:

¢ Turbulent kinetic energy, mixture %

¢ Turbulent dissipation rate, mixture ep
When Phase specific is selected as Two-phase turbulence, enter values or expressions for:

¢ Turbulent kinetic energy, continuous phase kc
¢ Turbulent dissipation rate, continuous phase epc
¢ Turbulent kinetic energy, dispersed phase kd

¢ Turbulent dissipation rate, dispersed phase epd

Wall

The Wall node includes a set of boundary conditions to describe the flow conditions at a

wall. The conditions for each phase are selected separately.

CONTINUOUS PHASE BOUNDARY CONDITION

Select a Continuous Phase Condition — No slip (laminar flow only), Slip, or Wall functions

(turbulent flow only).

Slip

Slip prescribes the velocity component normal to the wall to zero w-n = 0.

No Slip
No slip prescribes u = 0, that is, the fluid at the wall is at rest. This is the default boundary
condition for The Mixture Model, Laminar Flow Interface.

Wall Functions

Wall functions are used in the case of turbulent flow to model the thin region near solid
(no slip) walls with high gradients in the flow variables. It is the default boundary
condition for The Mixture Model, Turbulent Flow Interface.
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DISPERSED PHASE BOUNDARY CONDITION
Sclect a Dispersed Phase Boundary Condition — No slip (laminar flow only), Slip, or Wall
functions (turbulent flow only). The conditions prescribed correspond to those described

for the continuous phase above.

Dispersed Phase Boundary Condition
The Dispersed Phase Boundary Condition defines the condition at the wall for the volume

fraction of the dispersed phase.
No dispersed phase flux prescribes a zero flux condition at the wall.
Dispersed phase concentration prescribes the dispersed phase volume fraction at the wall

0 4o (dimensionless).

CONSTRAINT SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.

Inlet

The Inlet node prescribes the flow and turbulence conditions (when applicable) at a

boundary where one or both phases enter the adjacent domain.

TWO-PHASE INLET TYPE
Selecting Mixture as the Two-Phase Inlet Type, inlet conditions are prescribed for both
phases. Selecting Continuous phase or Dispersed phase, inlet conditions are prescribed for

the corresponding phase, while wall conditions are applied to the remaining phase.
CONTINUOUS PHASE
The options available in this section are based on the Two-phase inlet type sclected.

When Mixture or Continuous phase is selected as the Two-phase inlet typ the Velocity field,

continuous phase u is prescribed.

When Dispersed phase is selected as the Two-phase inlet type, the conditions applied to the
continuous phase are No slip (u;=0) or Slip (u,-n=0, and no viscous stresses in the

tangential directions).
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Using the Phase specific option for the Two-phase turbulence interface property, the

feature also prescribes inlet conditions for the continuous phase turbulence variables.

* Specify turbulent length scale and intensity defines the turbulence inlet conditions using
the Turbulent intensity I . (dimensionless) and the Turbulence length scale Lt . (SI unit:
m).

* Specify turbulence variables prescribes the Turbulent kinetic energy k& . (SI unit: mz/sz)
and the Turbulent dissipation rate & . (SI unit: mz/ss) at the inlet.

DISPERSED PHASE

The options available in this section are based on the Two-phase inlet type sclected.

When Mixture or Dispersed phase is sclected as the Two-phase inlet type, the Velocity field,
dispersed phase uy, and the Dispersed phase volume fraction, ¢ 4, at the inlet are defined.

When Continuous phase is sclected as the Two-phase inlet type, the conditions applied to
the dispersed phase are No slip (ug=0) or Slip (ug-n=0, and no viscous stresses in the

tangential directions).

Using the Phase specific option for the Two-phase turbulence interface property, the

feature also prescribes inlet conditions for the dispersed phase turbulence variables.

* Specify turbulent length scale and intensity defines the turbulence inlet conditions using
the Turbulent intensity I 4 (dimensionless) and the Turbulence length scale L 4 (ST unit:
m).

* Specify turbulence variables prescribes the Turbulent kinetic energy & q (SI unit: mz/sz)
and the Turbulent dissipation rate & 4 (SI unit: mz/sg) at the inlet.

TURBULENCE CONDITIONS
Using the Mixture option for the Two-phase turbulence interface property, the feature

also prescribes inlet conditions for the mixture turbulence variables.

* Specify turbulent length scale and intensity defines the turbulence inlet conditions using
the Turbulent intensity I (dimensionless) and the Turbulence length scale L (ST unit:
m).

¢ Specify turbulence variables prescribes the Turbulent kinetic energy % (SI unit: mz/sz)
and the Turbulent dissipation rate &, (SI unit: m2/53) at the inlet.

CONSTRAINT SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.
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Outlet

This node is used to prescribe conditions at boundaries where the two-phase mixture exits
the computational domain. The settings available in the node specifies conditions for the
entire mixture, as opposed to the Inlet, Outlet and Wall nodes where the conditions for

can be specified for each phase individually.

MIXTURE BOUNDARY CONDITION
Select Mixture boundary conditions — Pressure, no viscous stress, Pressure, normal flow,

Velocity, Degassing, or Filtration.

Pressure Conditions

When Pressure, no viscous stress or Pressure, normal flow is sclected as the Mixture boundary
condition, specify the Pressure p( (SI unit: Pa) at the outlet. Note that the prescribed
pressure should be consistent with the reference pressure level specified at the interface

level as well as consistent with present volume forces (including gravity).

Velocity
Select Velocity to specify the Velocity field, continuous phase u. (SI unit: m/s) together
with the Velocity field, dispersed phase ug (SI unit: m/s) at the outlet.

Degassing and Filtration

Selecting Degassing allows the dispersed phase to exit the domain but prevents the
continuous phase from exiting. This is achieved through a pressure (pg), no viscous stress
condition for the dispersed phase, in combination with a no penetration condition for the

continuous phase.

Selecting Filtration on the other hand allows the continuous phase to exit the domain but
prevents the continuous phase from exiting. This is achieved through a pressure (pg), no
viscous stress condition for the continuous phase, in combination with a no penetration

condition for the dispersed phase.

Pressure, no viscous stress is the least constraining option and allows the

flow to exit the domain in non-normal directions.

i

Pressure, normal flow restricts the flow to be completely normal to the
outlet boundary. This option can influence the flow quite a bit upstream
of the inlet.

CONSTRAINT SETTINGS
To display this section, click the Show button (& ) and select Advanced Physics Options.
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Gravity

The Gravity node adds the gravity force vector to the right-hand side of the momentum
equations; p.g for the continuous phase and pyg for the dispersed phase.

Gravity nodes are mutually exclusive, that is, there can only be one active Gravity node per

domain.

GRAVITY

Enter the components of the Gravity vector, g (SI unit: m/ 52). For 2D components the
default Gravity vector is defined as (0,-g_const). Here g_const is a physical constant equal
to0 9.8066 m/! s2. For 3D and 2D axisymmetric components, the gravity acts in the
negative z direction by default.

Volume Force

The Volume Force node specifies the volume forces on the right-hand side of the
momentum equations; F'; for the continuous phase and Fy for the dispersed phase. It may
for example be used to add user defined interaction forces (a part from the interphase drag

force).

If several volume force nodes are added to the same domain, the sum of all contributions
are added to the respective momentum equations.
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Theory for the Two-Phase Flow
Interfaces

The Two-Phase Flow, Level Set and Phase Field interfaces can be used to model the flow
of two different, immiscible fluids, where the exact position of the interface between the
two fluids is of interest. The fluid-fluid interface is tracked using an auxiliary function on
a fixed mesh. These methods account for differences in the two fluids’ densities and

viscosities and include the effects of surface tension and gravity.

The Two-Phase Flow, Level Set and Phase Field Interfaces theory is described in this
section:

* Level Set and Phase Field Equations

¢ Conservative and Nonconservative Formulations

¢ Phase Initialization

e Numerical Stabilization

e References for the Level Set and Phase Field Interfaces

Level Set and Phase Field Equations

By default, the Level Set and Phase Field interfaces use the incompressible formulation of

the Navier-Stokes equations:

Ju

Pz p(u-Vyu = V- [-pIl +u(Vu + VuT)] +F +F +F +F (5-7)

V-u=0 (5-8)

Note that Equation 5-7, and Equation 5-8 are solved in the contained interface, Laminar
Flow or Turbulent Flow interface. Note that if the Laminar Flow and Turbulent Flow are
added automatically when we add a Two-Phase Flow, Level Set and Phase Field
multiphysics interface, these interfaces contain a Multiphysics coupling option property to
control the form of the continuity equation. The Multiphysics coupling option is
automatically set to Level Set or Phase Field. In this case, the continuity equation takes the
form as in Equation 5-8. When Multiphysics coupling option is sct to None, the form of the
continuity equation follows the definitions in Theory for the Single-Phase Flow

InterfacesTheory for the single-phase flow.
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USING THE LEVEL SET METHOD

If the level set method is used to track the interface, it adds the following equation:

90 ( _Yﬂ)
== Vo =yV-1eVo-0(1- -
Tru Vo =V (eVo-o(-0rgy (5-9)
where vis the reinitialization parameter (set to 1 by default), and € is the interface thickness
controlling parameter (set to Ay, ,¢/2 where k., is the maximum element size in the

component). The density is a function of the level set function defined as

p=pr+(Pa—pPo

and the dynamic viscosity is given by

Bo= Uyt (Hg—Hp)o

where pq and pg are the constant densities of Fluid 1 and Fluid 2, respectively, and pq and
Uo are the dynamic viscosities of Fluid 1 and Fluid 2, respectively. Here, Fluid 1
corresponds to the domain where ¢ < 0.5, and Fluid 2 corresponds to the domain where

0>05.

Further details of the theory for the level set method are in Ref. 1.

USING THE PHASE FIELD METHOD
If the phase field method is used to track the interface, it adds the following equations:

M, v - v, YA i
S+u-Vo =V Ezw (5-10)
2,9
v = _v.32vq>+(¢2_1)¢+(%)a_'qcfxt (5-11)

where the quantity A (SI unit: N) is the mixing energy density and € (ST unit: m) is a
capillary width that scales with the thickness of the interface. These two parameters are

related to the surface tension coefficient, ¢ (SI unit: N/m), through the equation

3 ¢

and v is related to € through Y:XSZ where % is the mobility tuning parameter (set to 1 by
default). The volume fraction of Fluid 2 is computed as

Ve = min(max([(1+¢)/2],0),1)
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where the min and max operators are used so that the volume fraction has a lower limit of
0 and an upper limit of 1. The density is then defined as

p=pr+pe—-pPpVs
and the dynamic viscosity according to
=g+ (Mg -1y Ve

where pq and pg are the densities and {11 and Py are the dynamic viscosities of Fluid 1 and
Fluid 2, respectively.

The mean curvature (ST unit: 1/m) can be computed by entering the following

expression:
k=214 0)1-0)2

where G is the chemical potential defined as:

sz(_vz¢+M)+§_Z;

€2
Details of the theory for the phase field method are in Ref. 2.

FORCE TERMS
The four forces on the right-hand side of Equation 5-7 are due to gravity, surface tension,
a force due to an external contribution to the free energy (using the phase field method

only), and a user-defined volume force.

The Surface Tension Force for the Level Set Method

For the level set method, the surface tension force acting on the interface between the two
fluids is Fyy; = oxdn where 6 is the surface tensions coefficient (SI unit: N/m), x is the
curvature, and n is the unit normal to the interface. § (SI unit: 1/m) is a Dirac delta
function located at the interface. k¥ depends on second derivatives of the level set function
¢ . This can lead to poor accuracy of the surface tension force. Therefore, the following

alternative formulation is used:
T
F, =V - (oc(I-(nn"))J)

For a derivation of this formulation, see Appendix A in Ref. 3. In the weak formulation of
the momentum equation, it is possible to move the divergence operator, using integration

by parts, to the test functions for the velocity components.
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The é-function is approximated by a smooth function according to
8 = 6[Vollo(1-9)

The Surface Tension Force for the Phase Field Method
The surface tension force for the phase field method is implemented as a body force

F = (G_;’Qw

where G is the chemical potential (SI unit: I/ms) defined in The Equations for the Phase
Field Method and df/d¢ is a user-defined source of free energy.

The Gravity Force
The gravity force is Fy = pg where g is the gravity vector. Add this as a Gravity feature to
the fluid domain.

The User Defined Volume Force
When using a Phase Field interface, a force arising due to a user-defined source of free

energy is computed according to:

Few = (%)Vq)

This force is added when a ¢ -derivative of the external free energy has been defined in the

External Free Energy section of the Fluid Properties feature.

Conservative and Nonconservative Formulations

When the velocity field is divergence free, you can use either the conservative or the
nonconservative formulation of the level set or phase field equation. The conservative
form perfectly conserves the mass of each fluid, but the computational time is generally

longer.

Phase Initinlization

If the study type Transient with Phase Initialization is used in the model, the level set or
phase field variable is automatically initialized. For this study, two study steps are created,
Phase Initialization and Time Dependent. The Phase Initialization step solves for the
distance to the initial interface >, Dy,;. The Time Dependent step then uses the initial

condition for the level set function according to the following expression:
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1
¢o = 7D e
1+ eD“'A3

in domains initially filled with Fluid 1 and

oo = -D../¢
l+e

in domains initially filled with Fluid 2.

Correspondingly, for the phase field method the following expressions are used:

Dwi
q)o = —tanh(——f;—

in Fluid 1 and
D .
= tanh{ —=
% ( ﬁs)

in Fluid 2. The initial condition for the help variable is y = 0. These expressions are based
on the analytical solution of the steady state solution of Equation 5-9, Equation 5-10, and

Equation 5-11 for a straight, non-moving interface.

For the initialization to work it is crucial that there are two Initial Values
nodes and one Initial Interface node. One of the Initial Values nodes
should use Domain Initially: Fluid 1(¢ =0)and the other Fluid initially in
domain: Fluid 2(¢ =0). The Initial Interface node is not default but can be
added which should have all interior boundaries where the interface is

n initially present as selection. If the selection of the Initial Interface node is
empty, the initialization fails. Note that the default value of Domain
Initially is Specified level set function explicitly allowing arbitrary user
defined initial value. In this case, no Initial Interface node should be
added, and Time-dependent study should be used instead of Transient
with Phase Initialization.

¢ The Two-Phase Flow, Level Set and Phase Field Interfaces

{?}‘ e Studies and Solvers and Transient with Phase Initialization in the
COMSOL Multiphysics Reference Manunl
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Numerical Stabilization

Four types of stabilization methods are available for the flow (Navier-Stokes), turbulence,
and interface (level set or phase field) equations. Two are consistent stabilization methods
— Streamline diffusion and Crosswind diffusion — and two are inconsistent — Isotropic

diffusion and Anisotropic diffusion.

To display this section, click the Show button (& ) and select Stabilization.

¢ The Two-Phase Flow, Level Set and Phase Field Interfaces

@l' * Stabilization in the COMSOL Multiphysics Reference Manual

References for the Level Set and Phase Field Interfaces

1. E. Olsson and G. Kreiss, “A Conservative Level Set Method for Two Phase Flow”,
J. Comput. Phys.,vol. 210, pp. 225-246, 2005.

2. P. Yue, J.J. Feng, C. Liu, and J. Shen, “A Diffuse-interface Method for Simulating
Two-phase Flows of Complex Fluids”, J. Fluid Mech., vol. 515, pp. 293-317, 2004.

3. B. Lafaurie, C. Nardone, R. Scardovelli, S. Zaleski, and G. Zanetti “Modelling Merging
and Fragmentation in Multiphase Flows with SURFER.”, J. Comput. Phys.,vol. 113, no.
1, pp. 134-147, 1994.
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Theory for the Three-Phase Flow
Interface

The Three-Phase Flow, Phase Field interface can be used to model the flow and interaction
of three different, immiscible fluids, when the exact positions of the interfaces separating
the fluids are of interest. The fluid-fluid interfaces are tracked using a ternary phase field
formulation which account for differences in the fluids’ densities and viscosities and

include the effects of surface tension.
The Three-Phase Flow, Phase Field Interface theory is described in the following sections:

* Governing Equations of the Three-Phase Flow, Phase Field Interface

¢ Reference for the Three-Phase Flow, Phase Field Interface
Governing Equations of the Three-Phase Flow, Phase Field Interface

LAMINAR FLOW EQUATIONS

The Three-Phase Flow, Phase Field interface is used to study the evolution of three
immiscible fluid phases denoted by fluid A, fluid B, and fluid C. The interface solves the
Navier-Stokes equations governing conservation of momentum and mass. The

momentum equations solved correspond to
Ju T, 2
Pz + p(u-Vyu=V- [—pl +u(Va+Vu ) - gM(V . u)I} +F,+F (5-12)

where Fy; is the surface tension force. The physics interface assumes that the density of
each phase is constant. The density may however vary between the phases. In order to
accurately handle systems where density of the phases are significantly different, as well as
systems with phases of similar density, the following fully compressible continuity equation

is solved by the interface

al%‘2+V-u+u-Vlogp=O (5-13)
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TERNARY PHASE FIELD EQUATIONS
In order to track the interfaces between three immiscible fluids, a ternary phase field model
based on the work of Boyer and co-workers in Ref. 1 is used. The model solves the

following Cahn-Hilliard equations

90; M,
W*V‘(““’i)”(?ivﬂi) -
5-14
0= 22 (L(2E_3E)) 3¢5 v2,
PT e £\Z\dg, 90/ 4T T
J#L

governing the phase field variable, ¢;, and a generalized chemical potential, 1;, of each
phasei = A, B, C. The phase field variables vary between 0 and 1 and are a measure of the
concentration of each phase. The phase field variable for phase A is one in instances
containing only this phase, and zero where there is no phase A. Since the fluids are
immiscible, variations in the phase field variable occur, and define the interface separating

two phases. At each point the phase field variables satisfy the following constraint

> o6 =1 (5-15)
i=AB,C

The density of each phase is assumed to be constant which implies that the phase field
variable corresponds to the volume fraction of the phase in question. In order to satisty
Equation 5-15, two sets of the equations shown in Equation 5-14 are solved, namely
those for phase A and phase B. The phase field variable, and correspondingly the mass

fraction, for fluid C is computed from Equation 5-15.

The density and viscosity of the fluid mixture used in Equation 5-7 and 5-8 are defined as:

P=pads+pPpdp+Pcde
W=Ha0s +HgodE+Ucde

(5-16)

Free energy
The free energy of the three phase system is defined as a function of the phase field

variables in the manner of:

2 2 2 2 2.2
F=0,p040p+040040¢c+0pc0p0c+

040500(Z404 + Zplp +Zc0c) + AOZ0O50C

(5-17)
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Here the 6;; denotes the surface tension coefficient of the interface separating phase i and

J, and the capillary parameters X; are defined for each phase in the manner of:

X4 =02 +0ac—Opc
Zp =0 +0pc—0ac (5-18)

Lo =0pc+0ac—0aB

A in the free energy is a function or parameter specifying the additional free bulk energy
of the system. By default A is zero. In this case it can be seen that the free energy in
Equation 5-17 represents the mixing energy, since only interfaces between two phases
(where two phase field variables varies between the limiting values) contributes to the free

energy.

Ternary Phase Field parameters
In Equation 5-14, € (ST unit: 1/m) is a parameter controlling the interface thickness, M,

(ST unit: m? /s) is a molecular mobility parameter, and the parameter Zp is defined as
=t +— (5-19)

When using the interface it is reccommended that the parameter € is given a value in the
same order as the elements in the regions passed by the fluid-fluid interfaces. The mobility
determines the time scale of the Cahn-Hilliard diffusion and must be large enough to
retain a constant interfacial thickness, but small enough to avoid damping the convective
transport. In order to ensure that the mobility is in the correct range, it is recommended

to a apply a mobility parameter such that the following holds approximately
My=L,Uzg 107 (5-20)
where L, and U, are the characteristic length and velocity scales of the system at hand.

SURFACE TENSION

The surface tension force applied in the momentum equations (Equation 5-7) as a body

force computed from the generalized chemical potentials:

Fo= > Ve, (5-21)
i=AB,C
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1. E. Boyer, C. Lapuerta, S. Minjeaud, B. Piar and M. Quintard,
“Cahn-hilliard /Navier-Stokes model for the simulation of three-phase flows”, Transport
in Porous Media, vol. 28, pp. 463-484, 2010.
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Theory for the Bubbly Flow
Interfaces

The Bubbly Flow interfaces are suitable for macroscopic modeling of mixtures of liquids
and gas bubbles. These physics interfaces solve for the averaged volume fraction occupied
by each of the two phases, rather than tracking each bubble in detail. Each phase has its

own velocity field.
In this section:

* The Bubbly Flow Equations
* Turbulence Modeling in Bubbly Flow Applications

* References for the Bubbly Flow Interfaces

The Bubbly Flow Equations

The two-fluid Euler-Euler Model is a general, macroscopic model for two-phase fluid flow.
It treats the two phases as interpenetrating media, tracking the averaged concentration of
the phases. One velocity field is associated with each phase. A momentum balance
equation and a continuity equation describe the dynamics of each of the phases. The
bubbly flow model is a simplification of the two-fluid model, relying on the following

assumptions:

* The gas density is negligible compared to the liquid density.

* The motion of the gas bubbles relative to the liquid is determined by a balance between

viscous drag and pressure forces.
* The two phases share the same pressure field.
Based on these assumptions, the momentum and continuity equations for the two phases

can be combined and a gas phase transport equation is kept in order to track the volume

fraction of the bubbles. The momentum equation is

ou, V. -
0Py + oy Vuy =
(5-22)

T 2
=-Vp+V- [4)1(“1 + uT)(Vul +Vu; - §(V . ul)IH +¢pg+F
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In Equation 5-22, the variables are as follows:

e uy is the velocity vector (SI unit: m/s)

e pis the pressure (SI unit: Pa)

e ¢ is the phase volume fraction (SI unit: ms/ ms)

e pis the density (SI unit: kg/ ms)

e g is the gravity vector (SI unit: m/sz)

e Fis any additional volume force (SI unit: N/ ms)

e 1 is the dynamic viscosity of the liquid (SI unit: Pa-s), and
e upis the turbulent viscosity (SI unit: Pa-s)

‘4177

The subscripts “1” and “g” denote quantities related to the liquid phase and the gas phase,

respectively.

The continuity equation is
%(plq)1 +Pg0g) + V- (p1oju; +po.u,) = 0 (5-23)

and the gas phase transport equation is

Ipgd
Bgt V- (0gPgug) = —mg (5-24)

where myg is the mass transfer rate from the gas to the liquid (SI unit: kg/(m3~s)).

For low gas volume fractions (¢, ~ 0.01 ), you can replace the momentum equations,
Equation 5-22, and the continuity equation, Equation 5-23, by

‘1)1P1a—u1 +o1ppuy - Vuy =
ot (5-25)

T
=~ Vp+ V[0 +up)(Vuy + Vuy )] +,p,g + F

piV-u =0 (5-26)

By default, the Laminar Bubbly Flow interface uses Equation 5-25 and 5-26. To switch to
Equation 5-22 and 5-23, click to clear the Low gas concentration check box under the

Physical Model section.

The physics interface solves for uy, p, and
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pg = pgq)g
the effective gas density. The gas velocity ug is the sum of the following velocities:

ug = u + ushp + Wgrift (5'27)

where ugj;, is the relative velocity between the phases and ugyg; is a drift velocity (see
Turbulence Modeling in Bubbly Flow Applications). The physics interface calculates the

gas density from the ideal gas law:
_ (p+p ref)M
Pe = T RT

where M is the molecular weight of the gas (SI unit: kg/mol), R is the ideal gas constant
(8.314472 J /(mol-K)), pyer a reference pressure (SI unit: Pa), and T is temperature

(SI unit: K). pperis a scalar variable, which by default is 1 atm (1 atmosphere or

101,325 Pa). The liquid volume fraction is calculated from

q)] = 1_¢g

When there is a drift velocity, it has the form

-y
b Yo (5-28)

Wy.p = —
drift P ¢g

Where }:L is an effective viscosity causing the drift. Inserting Equation 5-28 and
Equation 5-27 into Equation 5-24 gives

940 up
—'—agt—'g +V. (¢gpg(u1 + uslip)) =V. [Equ)g _mgl

That is, the drift velocity introduces a diffusive term in the gas transport equation. This is
how the equation for the transport of the volume fraction of gas is actually implemented

in the physics interface.

The bubbly-flow equation formulation is relatively simple, but it can display some

nonphysical behavior. One is artificial accumulation of bubbles, for example, beneath walls
where the pressure gradient forces the bubbles upward, but the bubbles have no place to
go and there is no term in the model to prevent the volume fraction of gas from growing.
To prevent this from happening, fl. is set to | in the laminar case. The only apparent effect

of this in most cases where the bubbly-flow equations are applicable is that nonphysical
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accumulation of bubbles is reduced. The small effective viscosity in the transport equation

for ¢, has beneficial effects on the numerical properties of the equation system.

MASS TRANSFER AND INTERFACIAL AREA
It is possible to account for mass transfer between the two phases by specifying an

expression for the mass transfer rate from the gas to the liquid mg (ST unit: kg/ (ms-s)).

The mass transfer rate typically depends on the interfacial area between the two phases. An
example is when gas dissolves into a liquid. In order to determine the interfacial area, it is
necessary to solve for the bubble number density (that is, the number of bubbles per
volume) in addition to the phase volume fraction. The Bubbly Flow interface assumes that
the gas bubbles can expand or shrink but not completely vanish, merge, or split. The

conservation of the number density n (SI unit: 1/ m3) then gives

on _
§+V~(nug) =0

The number density and the volume fraction of gas give the interfacial area per unit

volume (ST unit: mz/ms):

a = (4nn)1/3(3¢g)2/3

SLIP MODEL

The simplest possible approximation for the slip velocity ugj;p is to assume that the bubbles

always follow the liquid phase; that is, g, = 0. This is known as homogencous flow.

A better model can be obtained from the momentum equation for the gas phase.
Comparing size of different terms, it can be argued that the equation can be reduced to a
balance between the viscous drag force, fpy and the pressure gradient (Ref. 3), a so called
pressure-drag balance:

0,Vp = fp (5-29)
Here fp can be written as
3P
fp = —‘T’dCdZ&—b’ushp’ushp (5-30)

where in turn dy, (SI unit: m) is the bubble diameter, and Cy (dimensionless) is the viscous
drag coefficient. Given Cy and dj,, Equation 5-29 can be used to calculate the slip velocity.

CHAPTER 5: MULTIPHASE FLOW INTERFACES



Schwarz and Turner (Ref. 4) proposed a linearized version of Equation 5-30 appropriate

for air bubbles of 1-10 mm mean diameter in water:
f)= 0, Cyttyy, Cyy=5-104 <& (5-31)
m°s

The Hadamard-Rybczynski model is appropriate for small spherical bubbles with diameter
less than 2 mm. The model uses the following expression for the drag coefficient (Ref. 5):
16 _ dbpl|uslip’

Reb

Cy =52,
47 Rey, H

For bubbles with diameter larger than 2 mm, the model suggested by Sokolichin,
Eigenberger, and Lapin (Ref. 1) is a more appropriate choice:
0,622

1
o + 0,235

Cd=

where Eo is the E6tvos number

2
_gpdy
T o

Eo

Here, g is the magnitude of the gravity vector and ¢ the surface tension coefficient.

Turbulence Modeling in Bubbly Flow Applications

For most bubbly flow applications the flow field is turbulent. In that case, use a turbulence
model and solve for the averaged velocity field. For the Turbulent Bubbly Flow interface,
the k-¢ turbulence model is used. In addition to the options of the single-phase flow
model, it is also possible to account for bubble-induced turbulence—that is, extra

production of turbulence due to relative motion between the gas bubbles and the liquid.

The k-€ model solves two extra transport equations for two additional variables: the
turbulent kinetic energy, £ (SI unit: m? / 52) and the dissipation rate of turbulent energy, €
(ST unit: m/! 53). The turbulent viscosity is then

k2

Wp = PlCu‘é‘

where Cu is a model constant.
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The transport equation for the turbulent kinetic energy, &, is

Plgl: +pu- Ve =V Kul + i“-:) Vk} +P—-pie+S, (5-32)

where the production term is

2 2
P = HT(VU15(VU1 +(VupT) - §(V . ul)z) - gka ‘wy
and the evolution of the turbulent energy’s dissipation rate € is given by:

de u £ g2 £
pro+pyuy Ve =V [(ul +) V£:| +CuEC PpiC 5T +CS, 5 (5:33)
€

In all the previous equations, the velocity, uy, is the liquid phase averaged velocity field.

The standard &-€ turbulence model uses the following constants:

CONSTANT VALUE
Cy 0.09
Ca |.44
Ceo 1.92
o, 1.0

O¢ 1.3

The included source term Sy accounts for bubble-induced turbulence and is given by

Sk = —Ck¢ng ' uslip

Suitable values for the model parameters Cy and C; are not as well established as the
parameters for single-phase flow. In the literature, values within the ranges 0.01 < Cy < 1
and 1 < C; < 1.92 have been suggested (Ref. 1). The turbulent viscosity appears in the
momentum equation and when adding a drift term to the gas velocity:

- MTvq)g
Warift =~
P1 O
Using the k-&€ model together with a gas concentration that is not assumed to be low, the

stress tensor contains an extra contribution, and the momentum equations becomes
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ou, V. =
¢1P1§ +opu - Vuy =
(5-34)

T 2 2
=-Vp+V. [4)1(”1 + uT)(Vul +Vu;” - §(V . ul)I) - gq)lplkl} +0p1g8+F
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Theory for the Mixture Model
Interfaces

The mixture model is a macroscopic two-phase flow model, in many ways similar to the
bubbly flow model. It tracks the averaged phase concentration, or volume fraction, and
solves a single momentum equation for the mixture velocity. It is suitable for mixtures

consisting of solid particles or liquid droplets immersed in a liquid.
The Mixture Model interface theory is described in this section:

e The Mixture Model Equations

* Dispersed Phase Boundary Conditions Equations

e Turbulence Modeling in Mixture Models

* Slip Velocity Models

e References for the Mixture Model Interfaces

The Mixture Model Equations

Just as for the Bubbly Flow interfaces, the Mixture Model interfaces are based on the two
fluid Euler-Euler Model. The two phases consist of one dispersed phase and one
continuous phase. The mixture model is valid if the continuous phase is a liquid, and the
dispersed phase consists of solid particles, liquid droplets, or gas bubbles. For gas bubbles
in a liquid, however, the bubbly flow model is preferable. The mixture model relies on the
following assumptions.

* The density of each phase is approximately constant.

* Both phases share the same pressure field.

* The relative velocity between the two phases is essentially determined assuming a

balance between the pressure gradient and viscous drag.

The momentum equation for the mixture is
pu,+p(u-Vyu=-Vp-V.15 +pg+F

V. [pcd(l - cd)(usnp - (—l-%_-)f:-”(;‘i);r;dvq)d) (“snp - E'f%ﬁvq)d)T}
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where:

* uis the velocity vector (SI unit: m/s)

e pis the density (ST unit: kg/ms)

* pis the pressure (SI unit: Pa)

* cqis the mass fraction of the dispersed phase (SI unit: kg/kg)

* Uy, is the relative velocity vector between the two phases (SI unit: m/s)
* TG is the sum of the viscous and turbulent stresses (SI unit: kg/(m~52))
* g is the gravity vector (SI unit: m/ 2 ), and

e F is any additional volume force (ST unit: N/ms)

The velocity u used here is the mass-averaged mixture velocity (SI unit: m/s), defined as

a = OcPU, +0gPqUy
p

where

0 . and ¢ 4denote the volume fractions of the continuous phase and the dispersed phase

(ST unit: m? / mg), respectively
* u, is the continuous phase velocity vector (SI unit: m/s)
* uy is the dispersed phase velocity vector (SI unit: m/s)
* pis the continuous phase density (SI unit: kg/ m3)
* pqis the dispersed phase density (SI unit: lcg/m3), and

* pis the mixture density (SI unit: kg/ ms)

The relationship between the velocities of the two phases is defined by

Dmd

Ugjip — m 04 (5-35)

Uy—-u, = Uy =
Here, ug);p, (ST unit: m/s) denotes the relative velocity between the two phases. For
different available models for the slip velocity, see Slip Velocity Models. D, q is a turbulent
dispersion coefficient (SI unit: m? /s) (see Turbulence Modeling in Mixture Models),
accounting for extra diffusion due to turbulent eddies. When a turbulence model is not

used, D,,q is zero.

The mixture density is given by

P = 0.p.+dgPq
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where p, and pg (SI units: kg/ m3) are the densities of the two phases. The mass fraction
of the dispersed phase cq is given by

daPq
Cd=_

The sum of the viscous and turbulent stresses is
T. 2
g, = (u+pT)[(Vu+Vu )—g(V-u)I} (5-36)

where W (SI unit: Pa-s) is the mixture viscosity and pp (ST unit: Pa-s) the turbulent viscosity.
If no turbulence model is used, pp equals zero.

The transport equation for ¢ 4, the dispersed phase volume fraction, is
a —_
57(®aPa) V- (gpgug) = -mg, (5-37)

where mg, (SI unit: kg/ (m3~s)) is the mass transfer rate from the dispersed to the
continuous phase and ug (SI unit: m/s) is the dispersed phase velocity according to
Equation 5-35. Assuming constant density for the dispersed phase, Equation 5-37 can be

rewritten as

(09 +V - (0quy) = =3¢ (5-38)
5704 aYq by

The continuous phase volume fraction ¢ . is
¢c =1- ¢d
The continuity equation for the mixture is
PtV (pu) =0 (5-39)

In the Mixture Model interfaces it is assumed that the densities of both phases, p,. and pg,
are constant, and therefore the following alternative form of the continuity equation for

the mixture is used
mgc _
(pe=P)] V- (04(1 ey =Dy ¥60) + = p(V-w =0 (540)
d

Equation 5-40 is derived from Equation 5-37 and Equation 5-39.
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MASS TRANSFER AND INTERFACIAL AREA

It is possible to account for mass transfer between the two phases by specifying an
expression for the mass transfer rate from the dispersed phase to the continuous mg, (SI
unit: kg/(m3.s)).

The mass transfer rate typically depends on the interfacial area between the two phases. An
example is when gas dissolves into a liquid. In order to determine the interfacial area, it is
necessary to solve for the dispersed phase number density (that is, the number of particles
per volume) in addition to the phase volume fraction. The Mixture Model interface
assumes that the particles can increase or decrease in size but not completely vanish,

merge, or split. The conservation of the number density 7 (ST unit: 1/m3) then gives

on
§+V-(nud) =0

The number density and the volume fraction dispersed particles give the interfacial area

per unit volume (SI unit: m? / mg):

a = (4n1t)1/3(3¢d)2/3

Dispersed Phase Boundary Conditions Equations

In addition to the boundary conditions for the mixture, specify boundary conditions for
the dispersed phase on Wall, Inlet, and Outlet nodes. For these boundary types, the
boundary condition’s Settings window contains a Dispersed Phase Boundary Condition

section.

DISPERSED PHASE CONCENTRATION
This is the default for the Inlet node. Specify the dispersed phase volume fraction:

®q = ®q0
Enter the Dispersed phase volume fraction (dimensionless) in the ¢ 4 field.

DISPERSED PHASE OUTLET
This is the default for the Outlet node. This boundary condition is appropriate for
boundaries where the dispersed phase leaves the domain with the dispersed phase velocity

ugy. No condition is imposed on the volume fractions at the boundary.

DISPERSED PHASE FLUX
Using this boundary condition, specify the dispersed phase flux through the boundary:
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-n - (¢dud) = Nq)d

Enter the Dispersed phase flux (SI unit: m/s) in the N% field.

SYMMETRY
This boundary condition, which is useful on boundaries that represent a symmetry line for
the dispersed phase, sets the dispersed phase flux through the boundary to zero:

n-(¢pquyg) =0

NO DISPERSED FLUX
This is the default for the Wall node. This boundary condition represents boundaries
where the dispersed phase flux through the boundary is zero:

Turbulence Modeling in Mixture Models

For turbulence modeling, use the &-¢€ turbulence model. Turbulence modeling is
particularly relevant for dilute flows, that is, for flows with a low dispersed phase volume
fraction. For dense flows, the mixture viscosity usually becomes high. In such cases, the

flow is laminar and no turbulence modeling is necessary.

The &-¢ turbulence model solves two extra transport equations for two additional
variables: the turbulent kinetic energy, £ (SI unit: m? / 2 ), and the dissipation rate of
turbulent kinetic energy, € (SI unit: m? /ss). The turbulent viscosity is given by

k2
wr = pCys
where Cu is a model constant.

The transport equation for the turbulent kinetic energy % is
s v (05 2)0) 1
p5; +PU VE=V M+Gk VEk| + P, —pe
where the production term is

P,= uT(Vu:(Vu+ (Vu)T)—g(V - u)z) —%ka ‘u
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The evolution of the dissipation rate of the turbulent kinetic energy, €, is determined by

p%§+pu~V€= V‘((”J'%f)vs) +CS]/%Pk_C€2p§];

By default, the following variables are used for the dimensionless parameters:

CONSTANT VALUE
Cy, 0.09
Ca1 1.44
Ceo 1.92
Op, 1.0
(o 1.3

The turbulence must also be accounted for in the calculation of the dispersed phase
volume fraction. This is accomplished by introducing a turbulent dispersion coefficient
D,,q (81 unit: mz/s) in Equation 5-35 as

_Mr
Dmd - pop

where o is the turbulent particle Schmidt number (dimensionless). The particle Schmidt
number is usually suggested a value ranging from 0.35 to 0.7. In the physics interface the

default value is 0.35. The so-called drift velocity is included in Equation 5-38 as a diffusion
term

mg.
Py

200+ Y+ (0qBy) = V- (D,qV00)-
where in turn
Bd =u+ uslip(1 _Cd)

Similarly, the number density equation (used to compute the interfacial area) for turbulent
flow corresponds to

d
a_’t’ +V-(nBy) = V-(D,,qn)

Using the &-¢€ turbulence model, the viscous stress tensor contains an extra contribution
and eq.Equation 5-36 is replaced by
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Tam = (u+uT)[(Vu+VuT)—§(V~u)I}—%ka (5-41)

Slip Velocity Models

The Mixture Model interfaces contain three predefined models for the relative velocity
between the two phases ug;, (SI unit: m/s):

e The Schiller-Nawmann model
e The Haider-Levenspiel model
e The Hadamard-Rybczynski model

All three models use the following relation for the slip velocity:

3Cq (P-Pg)
Za;pc|uslip|uslip ==

[—ut—(u-V)u+g+§) (5-42)

where Cq (dimensionless) is the particle drag coefficient. Essentially, interpret the relation

as a balance between viscous drag and buoyancy forces acting on the dispersed phase.

The Schiller-Naumann model models the drag coefficient according to

24 0,687
C, = R—é—p(l + 0,15Rep ) Rep <1000
0,44 Rep >1000

where Rep, is the particle Reynolds number

R _ ddpc|usli |

e, = -——-—-————-——-E-M

Because the particle Reynolds number depends on the slip velocity, an implicit equation
must be solved to obtain the slip velocity. Therefore, the Mixture Model interfaces add an
additional equation for

’uslip‘ ?

when the Schiller-Naumann slip model is used. The Schiller-Naumann model is
particularly well-suited for solid particles in a liquid.

The Haider-Levenspiel model is applicable to non-spherical particles. It models the drag

coefficient according to

CHAPTER 5: MULTIPHASE FLOW INTERFACES



C(@S,)
*1 +D(S,)/Re,

24 B(Sp)

c, = R"e“p(l +A(S,Re, © |
where A, B, C and D are empirical correlations of the particle sphericity. The sphericity is
defined as the ratio of the surface area of a volume equivalent sphere to the surface area of
the considered non-spherical particle

A
0<s, = At oy
particle

The correlation coefficients are given by

2.3288-6.4581S, + 2.4486S?
AS,) =e ‘ ‘

B(S}) = 0.0964+0.5565S

4.905-13.8944S, +18.422252-10.2599S3
C(S,) =e : ' '

D(S,) = o L4681 +12.25845, - 20 732257 + 15 88555

The diameter used in the particle Reynolds number is that of the volume equivalent
sphere. The equation for the squared slip velocity is also added when the
Haider-Levenspiel slip model is used.

The Hadamard-Rybczynski drag law is valid for particle Reynolds numbers less than 1, for
particles, bubbles, and droplets. The drag coefficient for liquid droplets or bubbles is

oM,
4+ 2He
c .24 3
! Re, 1+&
Hq

which yields the following explicit expression for the slip velocity

2 1+£L—c
a __(P—Pd)dd Uq v
stio = 18pn, TS
1+5—
g

For solid particles, the slip velocity is given by

THEORY FOR THE MIXTURE MODEL INTERFACES

327



2
u _ _(P -pg)dy
slip — 189]-13

when Rep, < 1. For very small gas bubbles, the drag coefficient is observed to be closer to
the solid-particle value. This is believed to be caused by surface-active impurities collecting
on the bubble surface.

References for the Mixture Model Interfaces

1. M. Manninen, V. Taivassalo, and S. Kallio, On the Mixture Model for Multiphase Flow,
VTT Publications, 288, VIT Energy, Nuclear Energy, Technical Research Center of
Finland (VTT), 1996.

2. C. Crowe, M. Sommerfeld, and Y. Tsuji, Multiphase Flows with Droplets and
Particles, CRC Press, 1998.
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Theory for the Euler-Euler Model
Interfaces

The Euler-Euler Model interfaces are based on averaging the Navier-Stokes equations for
cach present phase over a volume that is small compared to the computational domain but
large compared to the dispersed phase (particles, droplets, or bubbles). The two phases,
the continuous and the dispersed phase, are assumed to behave as two continuous and
interpenetrating fluids, and the physics interface solves one set of momentum equations

for each phase.
In this section:

e The Euler-Euler Model Equations
e Turbulent Two-Phase Flow Modeling

e References for the Euler-Euler Model Interfaces

The Euler-Euler Model Equations

MASS BALANCE
Assuming that the mass transfer between the two phases is zero, the following continuity

relations hold for the continuous and dispersed phases (Ref. 3):

204V (o) = 0 (5-43)

2 (pad) + V- (pybgu,) = 0 (5-44)

Here ¢ (dimensionless) denotes the phase volume fraction, p (SI unit: kg/ ms) is the
density, and u (ST unit: m/s) the velocity of each phase. The subscripts ¢ and d denote
quantities relating to the continuous and the dispersed and phase, respectively. The

following relation between the volume fractions must hold
q)c =1- q)d

Both phases are considered to be incompressible, in which case Equation 5-43 and

Equation 5-44 can be simplified as:

THEORY FOR THE EULER-EULER MODEL INTERFACES |
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04

5 +V-(oqu,) =0 (5-45)
90,
S+ V- (0m) = 0 (5-46)

If Equation 5-45 and Equation 5-46 are added together, a continuity equation for the
mixture is obtained:

V- (dquy+u(1-04) = 0 (5-47)

In order to control the mass balance of the two phases, the Euler-Euler Model interfaces
solves Equation 5-45 together with Equation 5-47. Equation 5-45 is used to compute the
volume fraction of the dispersed phase, and Equation 5-47 is used to compute the mixture

pressure.

MOMENTUM BALANCE

The momentum equations for the continuous and dispersed phases, using the
non-conservative forms of Ishii (Ref. 4), are:

pc(bc[%(uc) +uV- (uc)} = 0. Vp+V (07)+0.p g+F, +0F.  (548)

pd(bd[%(ud) +u,V- (ud)} = —04VP+V - (0479 + 04py8 + F,, 4+ 04F;  (5-49)

Here p (ST unit: Pa) is the mixture pressure, which is assumed to be equal for the two
phases. In the momentum equations the viscous stress tensor for each phase is denoted by
T (ST unit: Pa), g (SI unit: m/ 32) is the vector of gravitational acceleration, F, (SI unit:
N/ms) is the interphase momentum transfer term (that is, the volume force exerted on
each phase by the other phase), and F (SI unit: N/ ms) is any other volume force term.

In these equations, the influence of surface tension in the case of liquid phases has been
neglected, and the potential size distribution of the dispersed particles or droplets is not

considered.

For fluid-solid mixtures, Equation 5-49 is modified in the manner of Enwald (Ref. 5)

d
Paba 57(tta) + 8y - ()] = (5-50)
=04VD+ V- (04T9) — VD + 04p48 + F 4+ 04Fy
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where p (ST unit: Pa) is the solid pressure.

The fluid phases in the above equations are assumed to be Newtonian and the viscous

stress tensors are defined as

T 2
T, = ug(Vu + (Vu) -2V u))

r 2
7 = pp(Vug + (Vug)" -2V uy1)

where u (SI unit: Pa-s) is the dynamic viscosity of the respective phase.

In order to avoid singular solutions when the volume fractions tend to zero, the governing
equations above are divided by the corresponding volume fraction. The implemented
momentum equation for the continuous phase is:

Vot

C ¢

0c

ch
+p. g+—+F,

auc)+pCuCV~(uC)=—Vp+V~IC+ 0

P<ot
The implemented momentum equations for the dispersed phase in the case of dispersed
liquid droplets or bubbles is:

Vgt

F
¢—d +pg+ ¢d +F, (5-51)
d d

0
pdg(ud) +pquV-(uy) = -Vp+V.14+

and in the case of dispersed solid particles:

2]
Pdg(ud) +pquy V- (uy) =

Voy -1, Y_l_’_s+p g+Fm,d+F
- d d

Oy Oy Oy

(5-52)

-Vp+V.1+

DISPERSED PHASE VISCOSITY

The Newtonian viscosities of interpenetrating media are not readily available. Instead
empirical and analytical models for the dynamic viscosity of the two-phase mixture have
been developed by various researchers, usually as a function of the dispersed volume
fraction. Using an expression for the mixture viscosity, the default values for the dynamic

viscosities of the two interpenetrating phases are taken to be:

L= Up= Mg (5-53)

THEORY FOR THE EULER-EULER MODEL INTERFACES |

331



332 |

A simple mixture viscosity covering the entire range of particle concentrations is the
Krieger type model (Ref. 5):

Oy \ 250
Himix = uc(l "o (5-54)
d,max
Here ¢ g may is the maximum packing limit, by default 0.62 for solid particles.

Equation 5-54 can be applied when [ « 4. An extension of Equation 5-54 can be
applied for liquid droplets/bubbles:

22 50 BT 044,
04 Mg+ M,
(5-55)

W = “c(l_
e q)d,max

For liquid droplets/bubbles the default value of ¢ gy is 1.

INTERPHASE MOMENTUM TRANSFER

In all the equations, F,, denotes the interphase momentum transfer, that is the force
imposed on one phase by the other phase. Considering a particle, droplet, or bubble in a
fluid flow, it is affected by a number of forces, for example, the drag force, the added mass
force, the Basset force, and the lift force. The most important force is usually the drag
force, especially in fluids with a high concentration of dispersed solids, and hence this is
the predefined force included in the Euler-Euler model. The drag force added to the
momentum equation is defined as:

(5-56)

Fdrag,c = —Fdrag,d = Buslip

where B is a drag force coefficient and the slip velocity is defined as

The drag force on the dispersed phase is equal to the one on the

[ ]
|_i| continuous phase but is working in the opposite direction.

Dense Flows

For dense flows with a high concentration of the dispersed phase—for example, in
fluidized bed models—the Gidaspow model (Ref. 6) for the drag coefficient can be used.
It combines the Wen and Yu (Ref. 7) fluidized state expression:

For ¢ .> 0.8
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_30.04p.Cy -2.65

B = id, ‘uslip|¢c (5-57)
with the Ergun (Ref. 8) packed bed expression:
For ¢ .<0.8
2
o .
B = 150—5 + 1.75¢§i €| (5-58)
cd

In the above equations, dg (SI unit: m) is the dispersed particle diameter, and Cy is the
drag coefficient for a single dispersed particle. The drag coefficient is in general a function

of the particle Reynolds number

_ ¢cddpc|uslip|
p “c

No universally valid expression for the drag coefficient exists. Using the implemented

Gidaspow model, Cy is computed using the Schiller-Naumann relation

24 0.687
1+0.15Re Re_ <1000
Cy = | Re,' v ) Re (5-59)
0.44 Re,>1000
Dilute Flows
For dilute flows the drag force coefficient  can be modeled as:
3 C
_ 394PCq (5-60)

B = 4dd ‘uslip|

In this case the drag coefficient can be computed from the Schiller-Naumann model in
Equation 5-59, the Haider-Levenspiel model, or by using the Hadamard-Rybczynski drag
law. The Haider-Levenspiel model is applicable to nonspherical particles. It models the

drag coefficient according to

C(S.)
"1+D(S,)/Re,

24 B(Sp)
c, = R?p(l +A(S,)Re, )

where A, B, C, and D are empirical correlations of the particle sphericity (see Slip Velocity

Models for further details). The Hadamard-Rybczynski drag law is valid for particle

Reynolds number less than one for particles, bubbles, and droplets and is defined as:
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1+z—
co- 24| 34
T Re)
Pl 1+ E.E
Hg
for bubbles and droplets and as
24
Cy=75—
Re,

for solid particles (the Stokes limit). For very small gas bubbles, the drag coefficient is
observed to be closer to the solid-particle value. This is believed to be caused by

surface-active impurities collecting on the bubble surface.

SOLID PRESSURE

For fluid-solid mixtures, a model for the solid pressure, p, in Equation 5-52 is needed.
The solid pressure models the particle interaction due to collisions and friction between
the particles. The solid pressure model implemented uses a gradient diffusion based

assumption:
Vb, = G0V,
where the empirical function G is given by

B¢, + B,

G(6,) = 10 (5-61)

described in Ref. 5. The available predefined models (all defined in Ref. 5) are those of
Gidaspow and Ettehadieh,

Goy) = 10°8760.+5.43 (5-62)
Ettehadieh,
(o) = 10°10460.+6 577 (5-63)
and Gidaspow,
Go,) = 10°1050.+9.0 (5-64)
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NOTES ON THE IMPLEMENTATION
There are several equations with potentially singular terms and expressions such as the

term

Fm,d

X

in Equation 5-51. Also, ¢ is a degree of freedom and can therefore, during
computations, obtain nonphysical values in small areas. This can, in turn, lead to
nonphysical values of material properties such as viscosity and density. To avoid these

problems, the implementation uses the following regularizations:
s oy, k=c,d is replaced byl/¢ i yos Where
Ok, pos = 0.001+0.999 - flclhs(¢) - 5e4, 5e~4)
* V¢,/0, is evaluated as V(log(q)k’ pOS)) .
* The variable ¢4 is only used directly in Equation 5-45. It is everywhere else replaced by
q)d’ reg = min(max (¢, 0),1)
Note that this includes the way ¢, is calculated; that is,

q)c =1- ¢d, reg

* An extra diffusion term is added to the right-hand side of Equation 5-45 to minimize

the occurrence of negative values of ¢4 . The “barrier” viscosity is calculated as

elnax(—¢(|/0.0025, 0) _ 1)&5

vy = ( o

where the index k indicates that the viscosity and density are taken from the continuous
phase if the dispersed phase is a solid and from the dispersed phase otherwise. Note that
Vp is only nonzero if ¢ is less than zero.

Turbulent Two-Phase Flow Modeling

When the characteristic Reynolds number of the two-phase mixture under investigation
becomes high, the flow transitions and becomes turbulent. The influence of the
turbulence on the flow characteristics (mixing, particle dispersion, pressure drop etc.) are

usually significant and warrants the use of a turbulence model.
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In order to model fluid flow turbulence, the Euler-Euler Model, Turbulent Flow interface
uses the k-¢ turbulence model. This is realized by solving transport equations for the
kinetic energy & (SI unit: m? / 52) and the dissipation rate of turbulent kinetic energy € (SI
unit: mz/ss).

The interface includes the possibility to model the turbulent flow of the two-phase
mixture, or to solve for turbulent flow of each phase separately. In the former case one set
of k-€ equations are solved, while in the latter two sets of k-€ equations are solved for, one

for each phase.

MIXTURE TURBULENCE
Mixture turbulence assumes that the turbulence effects on the both continuous and
dispersed phase can be modeled by solving for the turbulence of the resulting two-phase
mixture. Here this is done using a two-equation k-& model where the transport of
turbulence quantities is based on based on the mixture velocity

¢cpcum + ¢dpdum

u = -
m ’
p

and a volume averaged mixture viscosity
Uy = q)c“C + ¢duD

This implies that the model is appropriate for flows where the relaxation time of the
dispersed particles (the time scale on which particles react to changes in the carrier fluid
velocity) is not significantly different to the time scale of the turbulence. It is also

appropriate for stratified flows, where the mixture mainly consists of one of the phases.

Setting the Two-phase turbulence interface property to Mixture, the turbulence of the
two-phase flow is modeled by solving the following % and € equations:

p%—? +pu, -Vk=V- ((um + ?) Vk) +P), —pe (5-65)
k
pg—j +pu,-Ve=V- ((Hm + i—? VS) + Cel]%Pk - ngps]; (5-66)

The equations correspond to the standard two-equation k-€ model including realizability

constraints.

The production term is defined accordingly as
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2 2
P, = MT(Vum:(Vum +(Vu,)7T) - 3(V- um)Z) -3PkV-u,

and the resulting turbulent viscosity is defined as

k2

wr = pCy

where C is a model constant. The viscous stress tensors for the phases are hence defined as

2 2
T.= (Ug+ uT)(VuC + (Vuc)T— §(V . uC)I) - gpckl s

2 2
T4 = (Up+ uT)(Vud + (Vud)T— §(V . ud)I)—gpde .

Assuming mixture turbulence, the transport equation for the volume fraction is:

%(q)d)+V~(¢dud) =V (D, Vo, (5-67)

Here the dispersion of the particulate phase by the turbulent fluctuations is modeled using
a gradient based hypothesis. The turbulent dispersion coefficient is defined from the
turbulent viscosity of the two-phase mixture in the manner of

Mr

md = pop

where o7 is a turbulent particle Schmidt number (dimensionless).

Th default values of the dimensionless parameters using the Mixture Two-phase

turbulence model are:

CONSTANT VALUE
C, 0.09
Ca 1.44
Ceo 1.92
op 1.0
C¢ 1.3
K, 0.41
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CONSTANT VALUE
B 5.2

or 035

PHASE SPECIFIC TURBULENCE

Phase specific Two-phase turbulence model assumes that the turbulent flow of the
continuous and dispersed phase can be modeled by solving for the turbulence of each
phase separately by a using two sets of k- equations. The model implies that the time
scales of the turbulent flow of each phase can differ, but it is also computationally more

expensive than assuming solving one set of k-¢ equations for the mixture.

Setting the Two-phase turbulence interface property to Phase specific, the turbulent flow of
the two phases is modeled by solving two sets of £ and € equations, one for each phase.
For the continuous phase, the transport equations for & and € are

akc e
—< . -V. e _ 5-68
Peay +PCU Vk .=V ((Mc + o, ) ch) +P) —PE (5-68)
asc re € 8c2l
Py TPU Ve =V ((“c + )Vgc) + Cel,ck_Pk, - CSZ,CPE (5-69)
€, C c

while for the dispersed phase the corresponding equations are

doky Hrd
Pa3; *Pd%d- Vky=V- ((“D + (?,’d) de) +P, 4~ Pyty (5-70)
a—ad +pquy-Ve, =V (( + M—T’d) Ve ) +C —edP -C g—g (5-71)
Pagy TPaMd V&g = Hp O YT eldR TR ez,dpkd

The equations for each phase correspond to the standard two-equation k-& model

including realizability constraints.

The production terms are defined as

2 2
P, .= HT’C(VuC:(VuC +(Vu)T) - 3V uC)Z) —3PkV 1,

2 2
Py 4= uT’d(Vud:(Vud + (Vud)T)—g(V : ud)Q) —5P4k4V - uy
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The resulting turbulent viscosity, applied individually in the momentum equations of the
continuous and the dispersed phases, are

k2 k2
C
r e =pCy 5o bra = PaCy a3, (5-72)
c d

where €}, . and Cy g are model constants. The viscous stress tensors for the phases are
hence defined as

T 2 2
T = (ue +ip O Va+ (Vu) -2V u)T) - Zp kT,

T 2 2
Ty = (MD+uT’d)(Vud+(Vud) _g(V‘“d)I)—gpdkdI-

As in the case of mixture turbulence, the dispersion of the particulate phase by the
turbulent fluctuations is modeled using a gradient based hypothesis (Equation 5-67). For
phase specific turbulence the dispersion coefficient is modeled as a volume average of the
respective turbulent diffusivity of each phase

1 Ky . Ur d
D - — — 4 ==
md GT,d(q)c [ b4 Pq )

using a turbulent particle Schmidt number 674 (dimensionless).

The default values of the turbulence model parameters for phase specific turbulence are

CONTINUOUS  VALUE DISPERSED VALUE
PHASE PHASE
CONSTANTS CONSTANTS
Cuc 0.09 Cua 0.09
Ce1c 1.44 Ce1a 1.44
Ceac 1.92 Ce24 1.92
Of.c 1.0 Ord 1.0
O¢c 1.3 Ocd 1.3
K, 041 K4 041
B, 52 B4 52
oTq 0.35

THEORY FOR THE EULER-EULER MODEL INTERFACES |

339



340 |

References for the Euler-Euler Model Interfuces

1. M.J.V. Goldschmidt, B.P.B. Hoomans, and J.A.M. Kuipers, “Recent Progress Towards
Hydrodynamic Modelling of Dense Gas-Particle Flows,” Recent Research Developments
in Chemical Engineering, Transworld Research Network, India, pp. 273-292, 2000.

2. A. Soulaimani and M. Fortin, “Finite Element Solution of Compressible Viscous Flows
Using Conservative Variables,” Computer Methods in Applied Mechanics and
Engineering, vol. 118, pp. 319-350, 1994.

3. C. Crowe, M. Sommerfeld, and Y Tsuji, Multiphase Flows with Droplets and Particles,
CRC Press, Boca Raton, 1998.

4. B.G.M. van Wachem, J.C. Schouten, C.M. van den Bleek, R. Krishna, and J.L. Sinclair,
“Comparative Analysis of CFD Models of Dense Gas-Solid Systems,” AICHE Journal,
vol. 47, no. 5, pp. 1035-1051, 2001.

5.H. Enwald, E. Peirano, and A.-E. Almstedt, “Eulerian Two-Phase Flow Theory Applied
to Fluidization,” Int. J. Multiphase Flow, vol. 22, pp. 21-66, 1996.

6. D. Gidaspow, Multiphase Flow and Fluidization, Academic Press, San Diego, 1994.

7. C.Y. Wen and Y.H. Yu, “Mechanics of Fluidization,” Chemical Engineering Progress
Symposium Series, vol. 62, pp. 100-110, 1966.

8. S. Ergun, “Fluid Flow Through Packed Columns,” Chemical Engineering Progress,
vol. 48, pp. 89-94, 1952.

CHAPTER 5: MULTIPHASE FLOW INTERFACES



High Mach Number Flow Interfaces

This chapter discusses physics interfaces found under the Fluid Flow>High Mach
Number Flow branch ().

In this chapter:

e The High Mach Number Flow Interfaces

* Theory for the High Mach Number Flow Interfaces
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The High Mach Number Flow
Interfaces

There are three versions of the same predefined multiphysics interface (all with the
name hmnf) that combine the heat equation with either the laminar or turbulent flow
equations. The advantage of using the multiphysics interfaces—compared to adding
the individual physics interfaces separately—is that a set of two-way couplings has been
predefined. In particular, the physics interfaces use the same definition of the density,
which can therefore be a function of both pressure and temperature. Solving this
coupled system of equations usually requires numerical stabilization, which the

predefined multiphysics interface also sets up.

These physics interfaces vary only by one or two default settings (see Table 6-1) or
selections from check boxes or lists under the Physical Model section for the physics

interface.

TABLE 6-1: THE HIGH MACH NUMBER FLOW PHYSICAL MODEL DEFAULT SETTINGS

PHYSICS INTERFACE LABEL ~ NAME  TURBULENCE TURBULENCE HEAT
MODEL TYPE ~ MODEL TRANSPORT

TURBULENCE
MODEL

High Mach Number Flow, hmnf None N/A N/A

Laminar

High Mach Number Flow, hmnf RANS k-g Kays-Crawford

k-€

High Mach Number Flow, hmnf RANS Spalart-Allmaras  Kays-Crawford

Spalart- Allmaras

Most of the other physics nodes share the same setting options as
described in this section and in Domain, Boundary, Edge, Point, and Pair
Nodes for the High Mach Number Flow Laminar and Turbulent

[

Interfaces. See also The Heat Transfer in Solids Interface in the Heat
Transfer Module User’s Guide for details about the Heat Transfer in
Solids physics node.
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The High Mach Number Flow, Laminar Interface
e The High Mach Number Flow, k-e¢ Interface
The High Mach Number Flow, Spalart-Allmaras Interface

¢ Theory for the High Mach Number Flow Interfaces

The High Mach Number Flow, Laminar Interface

The High Mach Number Flow, Laminar (hmnf) interface (z==), found under the Fluid
Flow>High Mach Number Flow branch (&5

=3

~

when adding a physics interface, is used to
model gas flows at low and moderate Reynolds number where the velocity magnitude
is comparable to the speed of sound, that is, laminar flows in the transonic and

supersonic range. This state is often connected to very low pressures.

The physics interface solves for conservation of energy, mass and momentum. The

interface also supports heat transfer in solids as well as surface-to-surface radiation.

This physics interface is a predefined multiphysics coupling consisting of a Laminar
Flow interface, applied to compressible flow, in combination with a Heat Transfer

interface.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Fluid, Wall, Thermal Insulation, and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions,
volume forces, and heat sources. You can also right-click the node to select physics

features from the context menu.

SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is hmnf.

PHYSICAL MODEL

Define physics interface properties to control the overall type of model.
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Turbulence Model Type

By definition, no turbulence model is needed when studying laminar flows. The
default is None. See The High Mach Number Flow, k-¢ Interface or The High Mach
Number Flow, Spalart-Allmaras Interface for the settings if RANS is chosen as the

Turbulence model type.

SURFACE-TO-SURFACE RADIATION
This section requires an additional Heat Transfer Module license and displays when the

Surface-to-surface radiation check box is selected. See the Heat Transfer Module User’s
Guide for details.

Select the Surface-to-surface radiation check box to enable the Radiation Settings

section.

RADIATION SETTINGS
This section requires an additional Heat Transfer Module license and displays when the

Surface-to-surface radiation check box is selected. See the Heat Transfer Module User’s
Guide for details.

DEPENDENT VARIABLES
The dependent variables (field variables) are the Velocity field w (SI unit: m/s), the
Pressure p (SI unit: Pa), and the Temperature 7" (SI unit: K). The names can be changed

but the names of fields and dependent variables must be unique within a component.

ADVANCED SETTINGS
To display this section, click the Show button (“& ) and select Advanced Physics Options.

Normally these settings do not need to be changed.

Select the Use pseudo time stepping for stationary equation form check box to add
pseudo time derivatives to the equation when the Stationary equation form is used.
When selected, also choose a CFL number expression—Automatic (the default) or
Manual. Automatic calculates the local CFL number (from the Courant—Friedrichs—
Lewy condition) from a built-in expression. For Manual enter a Local CFL number

CFLy,..
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By default the Enable conversions between material and spatial frames check box is

selected.
* Domain, Boundary, Edge, Point, and Pair Nodes for the High Mach
Number Flow Laminar and Turbulent Interfaces
El e The Heat Transfer Module Interfaces

e The High Mach Number Flow, k-e Interface
e The High Mach Number Flow, Spalart-Allmaras Interface

The High Mach Number Flow, k-€ Interface

The High Mach Number Flow, k-g (hmnf) interface (*
)

model gas flows at high Reynolds number where the velocity magnitude is comparable

s ), found under the High Mach

Number Flow>Turbulent Flow branch (£3) when adding a physics interface, is used to

to the speed of sound, that is, turbulent flows in the transonic and supersonic range.

The physics interface solves for conservation of energy, mass, and momentum.
Turbulence effects are modeled using the standard two-equation k-& model with
realizability constraints. Flow and heat transfer close to walls are modeled using wall
functions. The physics interface also supports heat transfer in solids as well as
surface-to-surface radiation.

This is a predefined multiphysics coupling consisting of a Turbulent Flow k-¢ interface,
applied to compressible flow, in combination with a heat transfer interface. As shown
in Table 6-1, the turbulent versions of the physics interfaces differ by where they are
selected when adding a physics interface and the default turbulence model selected —
k-g for this physics interface.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Fluid, Wall, Thermal Insulation, and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions,
volume forces, and heat sources. You can also right-click the node to select physics

features from the context menu.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
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<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is hmnf.

PHYSICAL MODEL

The default Turbulence model type is RANS, the default Turbulence model is k-g, and the
default Heat transport turbulence model is Kays-Crawford. Alternatively, select
User-defined turbulent Prandtl number. The turbulent Prandtl number model describes
the influence of the turbulent fluctuations on the temperature field. It is always
possible to have a user-defined model for the turbulence Prandtl number. Enter the
user-defined value or expression for the turbulence Prandtl number in the Model Inputs

section of the Fluid feature node.

TURBULENCE MODEL PARAMETERS

Edit the model parameters of the k-€ model as needed. Turbulence model parameters
are optimized to fit as many flow types as possible, but for some special cases, better
performance can be obtained by tuning the model parameters. For a description of the
turbulence model and the included model parameters see Theory for the Turbulent

Flow Interfaces.

DEPENDENT VARIABLES

The dependent variables (field variables) are the Velocity field u (SI unit: m/s), the
Pressure p (SI unit: Pa), and the Temperature 7' (ST unit: K). For turbulence modeling
and heat radiation, the Turbulent kinetic energy % (SI unit: mz/sz) and Turbulent

dissipation rate ep (SI unit: m?2 / 53) variables are also available.

The names can be changed but the names of fields and dependent variables must be

unique within a model.

e The Heat Transfer Module Interfaces in the H

* Domain, Boundary, Edge, Point, and Pair Nodes for the High Mach

@l Number Flow Laminar and Turbulent Interfaces
e The High Mach Number Flow, Laminar Interface

* The High Mach Number Flow, Spalart-Allmaras Interface
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The High Mach Number Flow, Spalart-Allmaras Interface

The High Mach Number Flow, Spalart-Allmaras (hmnf) interface (%), found under the

High Mach Number Flow>Turbulent Flow branch (=) when addingra physics interface,
is used to model gas flows at high Reynolds number where the velocity magnitude is
comparable to the speed of sound, that is, turbulent flows in the transonic and

supersonic range.

The physics interface solves for conservation of energy, mass, and momentum.
Turbulence effects are modeled using the one-equation Spalart-Allmaras turbulence
model. The Spalart-Allmaras model is a so-called low-Reynolds number model, which
means that it resolves the velocity, pressure, and temperature fields all the way down
to the wall. The Spalart-Allmaras model depends on the distance to the closest wall.
The physics interface therefore includes a wall distance equation. It also supports heat

transfer in solids as well as surface-to-surface radiation.

This is a predefined multiphysics coupling consisting of a Turbulent Flow,
Spalart-Allmaras interface, applied to compressible flow, in combination with a Heat
Transfer interface. As shown in Table 6-1, the turbulent versions of the physics
interfaces differ by where they are selected when adding a physics interface and the

default Turbulence model selected—Spalart-Allmaras for this physics interface.

When this physics interface is added, the following default nodes are also added in the
Model Builder—Fluid, Wall, Thermal Insulation, and Initial Values. Then, from the Physics
toolbar, add other nodes that implement, for example, boundary conditions, volume
forces, and heat sources. You can also right-click the node to select physics features

from the context menu.

PHYSICAL MODEL

The default Turbulence model type is RANS, the default Turbulence model is
Spalart-Allmaras., and the default Heat transport turbulence model is Kays-Crawford.
Alternatively, select User-defined turbulent Prandtl number. The turbulent Prandtl
number model describes the influence of the turbulent fluctuations on the temperature
field. It is always possible to have a user-defined model for the turbulence Prandtl
number. Enter the user-defined value or expression for the turbulence Prandtl number

in the Model Inputs section of the Fluid feature node.

DEPENDENT VARIABLES
The dependent variables (field variables) are the Velocity field u (SI unit: m/s), the
Pressure p (SI unit: Pa), and the Temperature T' (SI unit: K). For turbulence modeling

THE HIGH MACH NUMBER FLOW INTERFACES

347



and heat radiation, the Reciprocal wall distance G (SI unit: 1 /m) and Undamped

turbulent kinematic viscosity nutilde (SI unit: m2/s) variables are also available.

* The Heat Transfer Module Interfaces in the Heat Transfer Module
User’s Guide

* Domain, Boundary, Edge, Point, and Pair Nodes for the High Mach
@‘. Number Flow Laminar and Turbulent Interfaces

e The High Mach Number Flow, Laminar Interface

e The High Mach Number Flow, k-¢ Interface

Transonic Flow in a Sajben Diffuser: Application Library path
ﬂ:ﬂ] CFD_Module/High_Mach_Number_Flow/sajben_diffuser

Domain, Boundary, Edge, Point, and Pair Nodes for the High Mach
Number Flow Laminar and Turbulent Interfaces

The High Mach Number Flow Interfaces has these domain, boundary, edge, point,
and pair nodes available from the Physics ribbon toolbar (Windows users), Physics
context menu (Mac or Linux users), or right-click to access the context menu (all

users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.

The following nodes are slightly different from those in the other physics interfaces and
are described in this section (listed in alphabetical order):

e Fluid e Inlet
e Initial Values ¢ Qutlet

e Symmetry

The following nodes (listed in alphabetical order) are described for the Laminar Flow

interface:
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¢ DPressure Point Constraint
¢ Volume Force

e Wall

For The High Mach Number Flow, k-¢ Interface, the same nodes are selected from the
Turbulent Flow, k-€ submenus. For The High Mach Number Flow, Spalart-Allmaras
Interface, the same nodes are selected from the Turbulent Flow, Spalart-Allmaras

submenus.

The following physics nodes and subnodes (listed in alphabetical order) are described
for the Heat Transfer interfaces in the Heat Transfer Module User’s Guide.
Additional features can also be available when you have additional licenses:

* Boundary Heat Source e Point Heat Source
e Heat Flux * Diffuse Surface

* Heat Source * Temperature

e Solid e Thermal Insulation
* Line Heat Source e Thin Layer

e Periodic Condition

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Initial Values

The Initial Values node adds initial values for the velocity field, the pressure and the
temperature that can serve as initial conditions for a transient simulation or as an initial
guess for a nonlinear solver. For turbulent flow there are also initial values for the
turbulence model variables. The surface radiosity is only applicable for

surface-to-surface radiation.

INITIAL VALUES

Enter values or expressions for the initial value of the Velocity field u (SI unit: m/s),
the Pressure p (ST unit: Pa), and the Temperature 7' (ST unit: K). The default values are
0 m/s for the velocity, 1 atm for the pressure, and 293.15 K for the temperature.
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In a turbulent flow interface, initial values for the turbulence variables are also
specified. By default these are specified using the predefined variables defined by the
expressions described in Theory for the High Mach Number Flow Interfaces under

Initial Values.

Fluid

The Fluid node adds the continuity, momentum and temperature equations for an ideal
gas but omits volume forces and heat sources. Volume forces and heat sources can be
added as separate physics features. Viscous heating and pressure work terms are added

by default to the temperature equation.

When the turbulence model type is set to RANS, the Fluid node also adds the equations
for k and €, or the undamped turbulent kinematic viscosity, depending on the

turbulence model used.

The thermal conductivity describes the relationship between the heat flux vector g and
the temperature gradient VT as in q = -k VT, which is Fourier’s law of heat

conduction. Enter this quantity as power per length and temperature.

HEAT CONDUCTION

Select a Thermal conductivity £ (SI unit: W/(m-K)) from the list—Sutherland’s Law (the
default), From material, or User defined. For User defined sclect Isotropic, Diagonal,
Symmetric, or Anisotropic based on the characteristics of the thermal conductivity and

enter another value or expression in the field or matrix.

Sutherland’s Law

For Sutherland’s Law enter the following model parameters:

¢ Conductivity at reference temperature k¢ (SI unit: W/(m-K))
* Reference temperature Ty o (SI unit: K)

¢ Sutherland constant Sy (SI unit: K)

Sutherland’s law describes the relationship between the thermal conductivity and the

total temperature of an ideal fluid according to

)3/2Tk’ b +Sp

T
k= kfd{Tk’ re T+8S,

f
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THERMODYNAMICS

The High Mach Number Flow interface is applicable for ideal gases. Specify the
thermodynamics properties by selecting a gas constant type and selecting between
entering the heat capacity at constant pressure or the ratio of specific heats. For an ideal
gas the density is defined as

M,py Py

P="RT “RT

S

where pp is the absolute pressure, and T is the temperature.

¢ Select a Gas constant type—Specific gas constant R (SI unit: J /(kg-K)) or Mean molar
mass M, (SI unit: kg/mol). The default setting is to use the property value From
material. For User defined enter another value or expression for either material
property. For Mean molar mass the universal gas constant R = 8.314 J /(mol-K),

which is a built-in physical constant, is also used.

e From the Specify Cp or 7 list, sclect Heat capacity at constant pressure Cp
(ST unit: J/(kg-K)) or Ratio of specific heats y (dimensionless). The default setting is
to use the property value From material. For User defined enter another value or

expression for either material property.

DYNAMIC VISCOSITY

The dynamic viscosity describes the relationship between the shear rate and the shear

stresses in a fluid.

Select a Dynamic viscosity 4 (ST unit: Pa-s) from the list—Sutherland’s Law (the default),

From material, or User defined.

Sutherland’s Law

For Sutherland’s Law enter the following model parameters:

* Dynamic viscosity at reference temperature (/¢ (SI unit: Pa-s)
* Reference temperature T}, ,..¢ (SI unit: K)

* Sutherland constant S, (SI unit: K)

Sutherland’s law describes the relationship between the dynamic viscosity and the total

temperature of an ideal fluid according to

B r( T )3/2Tu’rcf+SFl
W=t TT+8,
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MIXING LENGTH LIMIT

This section is available for the Turbulent Flow, k-€ model.

The k-¢ turbulence model needs an upper limit on the mixing length to be numerically

robust. Select a Mixing length limit — Automatic (the default) or Manual.
¢ For Automatic this limit is automatically evaluated as:

mix

where [y, is the shortest side of the geometry bounding box. If the geometry is a
complicated system of very slender entities, for example, Equation 6-1 tends to give

a result that is too large. In such cases, define /™ manually.

¢ For Manual enter a value or expression for the Mixing length limit lg{g\ (ST unit: m).

DISTANCE EQUATION
This section is available for Turbulent Flow, Spalart-Allmaras since a Wall Distance

interface is then included.

Select how the Reference length scale [,..¢ (ST unit: m) is defined—Automatic (default)

or Manual:

* For Automatic the wall distance is automatically evaluated to one tenth of the
shortest side of the geometry bounding box. This is usually quite accurate but it can
sometimes give a too high value if the geometry consists of several slim entities. In

such cases, define the reference length scale manually.
* For Manual it defines a different value or expression for the length scale. The default

is 1 m.

[ rof controls the result of the distance equation. Objects that are much smaller than [ ..¢
are effectively be diminished while the distance to objects much larger than 7, are

accurately represented.

Inlet

The Inlet node includes a set of boundary conditions describing the fluid flow and
temperature conditions at an inlet. The applied conditions are controlled by the Flow

Condition.

FLOW CONDITION

Select a Flow condition — Characteristics based (the default) or Supersonic.
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For Characteristics based the current flow situation is analyzed using the inviscid flow
characteristics at the inlet. This can be used to specify either a subsonic (Ma < 1) inlet

or a supersonic inlet (Ma > 1).

For Supersonic the inlet flow is assumed to be supersonic.

FLOW PROPERTIES
Specify the flow properties at the inlet in terms of the static or total pressure, static or
total temperature, Mach number, and flow direction. By default Static input variables

are used.

Select an Input state — Static (the default) or Total. For either selection also enter

values or expressions for the Mach number Ma, (dimensionless) at the inlet. The default
is 1.5.

* For Static enter values or expressions for the Static pressure pg gt,¢ (SI unit: Pa) and
Static temperature Ty ;o (ST unit: K).
¢ For Total enter values or expressions for the Total pressure pg ¢, (SI unit: Pa) and

Total temperature T'q ¢ (SI unit: K).

The relationships between the static and total states are:

¥
_ -1
Proc _ (1 + y—1M(12)
Pstat 2 (6-2)
T

o = (14 2 ua?)

stat

T

Select a Flow direction—Normal inflow (the default) or User defined to specify an
arbitrary flow direction. Then enter the components of the direction normal nyg

(dimensionless).

TURBULENCE PROPERTIES
This section displays when RANS is selected as Turbulence model type.

Using a turbulence model, specify the turbulence properties at an inlet. For the
Turbulent Flow, k-€ model, specify turbulence quantities according to one of the

following options:

* Seclect Specify turbulence length scale and intensity to enter values or expressions for
the Turbulent intensity I (dimensionless) and Turbulence length scale Ly
(SI unit: m). Ip and L values are related to the turbulence variables via
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3 2
k=50UL)°,  e=C

¢ For Specify turbulence variables enter values or expressions for the Turbulent kinetic

energy k (SI unit: mz/sz) and Turbulent dissipation rate, &, (SI unit: mz/ss).

For The High Mach Number Flow, Spalart-Allmaras Interface, enter a
|'i-|' value or expression for the Undamped turbulent kinematic viscosity v (SI

unit: mz/s).

For background on the derivation and implementation of the conditions,
see Theory for the High Mach Number Flow Interfaces.

@

For recommendations of physically sound values see Inlet Values for the

Turbulence Length Scale and Turbulent Intensity.

Outlet

The Outlet node includes a set of boundary conditions describing fluid flow and
temperature conditions at an outlet. The applied conditions are controlled by the Flow

Condition.

FLOW CONDITION

Select a Flow condition — Hybrid (the default), Supersonic, or Subsonic.

* Using a Hybrid condition, both subsonic (Mea < 1) and supersonic flow (Ma > 1)
conditions at the outlet are supported.

* Select Supersonic when the flow at the outlet is known to be supersonic.

¢ Sclect Subsonic when the flow at the outlet is known to be subsonic.

FLOW PROPERTIES

This section displays when the Hybrid or Subsenic flow condition is selected.

Hybrid
For Hybrid an outlet pressure is specified. This pressure is enforced at the outlet when

the flow is subsonic. Select an Input state — Static (the default) or Tetal. The relation
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between the static and total pressure is defined in Equation 6-2.

* For Static enter a value or expression for the Static pressure pg gi5 (SI unit: Pa). The
default is 1 atm.

¢ For Total enter a value or expression for the Total pressure pg 1o (SI unit: Pa). The
default is 1 atm.

Subsonic

For Subsonic select the Boundary condition —Normal Stress (the default) or Pressure.
Then enter a value or expression for the Normal stress f;; (SI unit: N/ m? ) or Pressure
po (SI unit: Pa). The defaults are 1 atm for both.

Symmetry

The Symmetry boundary condition prescribes no heat flux, no penetration and
vanishing shear stresses. The boundary condition is a combination of Dirichlet

conditions and a Neumann condition.

qn=0, un=0, ((—pl+(u(Vu+(Vu)T)—§u(V . u)IDn = 0)

These conditions correspond to the ones for the Single-Phase Flow,
Laminar Flow interface. See Inlet and Outlet.

For a background on the derivation and implementation of the

conditions, see Theory for the High Mach Number Flow Interfaces.

Selecting appropriate outlet conditions for the Navier-Stokes equations is
not a trivial task. Generally, if there is something interesting happening at
g an outflow boundary, extend the computational domain to include this

phenomenon.
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Theory for the High Mach Number
Flow Interfaces

In some industrial applications involving fluid flow, the flow velocity is large enough
to introduce significant changes in the density and temperature of the fluid. This
occurs because the thermodynamic properties of the fluid are coupled. Appreciable
changes in the fluid properties are encountered as the flow velocity approaches, or
exceeds, the speed of sound. As a rule of thumb, velocities greater than 0.3 times the
speed of sound are considered to be high Mach number flows.

The High Mach Number Flow interface theory is described in this section:

* Compressible Flow for All Mach Numbers

e Sutherland’s Law

¢ Consistent Inlet and Outlet Conditions

* DPseudo Time Stepping for High Mach Number Flow Models

* References for the High Mach Number Flow Interfaces

Compressible Flow for All Mach Numbers

The High Mach Number Flow interfaces solve the following equations

%‘tz+V~(pu) =0 (6-3)
paa——l-;+p(u-V)u =V - [-pI+1]+F (6-4)

or . _ . g _Tap| (dp .
pcp(at+(u VT) = -(v q)+c.s—pan(at+(u Vip)+Q  (65)

where

¢ pis the density (SI unit: l(g/ms)

e u is the velocity vector (SI unit: m/s)
e pis the pressure (SI unit: Pa)

e 7 is the viscous stress tensor (SI unit: Pa)
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¢ F is the volume force vector (ST unit: N/ ms)

¢ Cp is the specific heat capacity at constant pressure (SI unit: ] /(kg-K))
e Tis the absolute temperature (SI unit: K)

* ( is the heat flux vector (SI unit: W/ m?> )

* @ contains the heat sources (SI unit: W/mg)

¢ S is the strain-rate tensor:
1 T
S = E(Vu +(Vu)h)

These are the fully compressible Navier-Stokes equations for a simple compressible
fluid. As can be seen, the same set of equations can be assembled using, for example,
a Nonisothermal Flow interface or by manually coupling a Single-Phase Flow interface
with a Heat Transfer interface. The difference is that the High Mach Number Flow
interface can handle flow of any Mach numbers, while the other physics interfaces are
subject to The Mach Number Limit. The Mach number is defined as

Ma = |—-‘-1—|
a

where a is the speed of sound. Equation 6-3 is hyperbolic whereas Equation 6-4 and
Equation 6-5 are parabolic for time-dependent flow and elliptic for stationary flow. If
diffusive effects can be neglected, as is usually the case for high-speed flows, the entire
system of equations becomes hyperbolic. When the Mach number passes through
unity, the direction of the characteristics associated with the hyperbolic system
changes. This means that new phenomena not observed for incompressible flows, such
as shock waves and expansion fans, can occur (Ref. 2). The stabilization and boundary
conditions must be adapted to the change in direction of the characteristics.

Note that the diffusive effects do not disappear entirely unless these terms are explicitly
excluded from the equations. Instead, they are confined to either boundary layers or
to “shock-waves”, which are really thin regions with steep gradients. In the High Mach
Number Flow interfaces these thin regions are assumed to be underresolved, and the
stabilization takes this into account. If the details of these regions are of physical
interest they must be adequately resolved.

The physics interface assumes that the fluid is an ideal gas. This is necessary for the
formulation of the Consistent Inlet and Outlet Conditions. The ideal gas law relates
density and specific heats to the pressure and temperature. The viscosity and thermal

conductivity of an ideal gas can be accurately approximated using Sutherland’s Law,
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which is included as an option in the High Mach Number Flow interface.

ﬂ The Mach Number Limit

Sutherland’s Law

Sutherland’s law, or Sutherland’s formula, is an approximation for how the viscosity of
gases depends on the temperature. This law is based on an idealized
intermolecular-force potential and reads (Ref. 5)

32T+ S
£ - (—T;) et (6-6)
Ko T T"'Su

where S is an effective temperature called the Sutherland constant. Each gas has its
own Sutherland constant. Equation 6-6 is strictly valid only for single-component
gases at low pressure. It does, however, work well for air because air is mainly
composed of nitrogen and oxygen, which have very similar properties. Parameter
values for some common gases are given in Table 6-2 (Ref. 5).

TABLE 6-2: SUTHERLAND’S LAW PARAMETERS FOR DYNAMIC VISCOSITY

GAS Ko To s,
Air 1.716:10° 273 Il
Argon 212510 273 114
Co, 137010 273 222
co 1.657-107 273 136
N, 1.663:10 273 107
0O, 1.919-107 273 139
H, 8.411-107 273 97
Steam 1.12:10° 350 1064

The ST unit for g in Table 6-2 is N-s/m?. The SI unit for Ty and Su is Kelvin (K).

Sutherland’s law can also be formulated for thermal conductivity (Ref. 5):

(6-7)

% (T 32Ty + Sy
T

l;:)z T, T+Sy
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Values for kg, Ty and Sy, for some common gases are given in Table 6-3(Ref. 5).

TABLE 6-3: SUTHERLAND’S LAW PARAMETERS FOR THERMAL CONDUCTIVITY

GAS Ko To Sk
Air 0.0241 273 K 194
Argon 0.0163 273 170
Co0, 0.0146 273 1800
CcoO 0.0232 273 180
N, 0.0242 273 150
O, 0.0244 273 240
H; 0.168 273 120
Steam 0.018l 300 2200

The unit for kg in Table 6-3 is W/(m-K). The unit for Ty and Sy is Kelvin (K).

Consistent Inlet and Outlet Conditions

In order to provide consistent inlet and outlet conditions for high Mach number flow,
the flow situation needs to be monitored at the boundary. Because all flow properties
are coupled, the number and combinations of boundary conditions needed for wel!
posedness depend on the flow state — that is, with which speeds the different flow
quantities are propagated at the boundary. For a detailed specification on the number
of physical boundary conditions needed for well posedness, see Ref. 1.

PLANE WAVE ANALYSIS OF INVISCID FLOW

On inlets a plane wave analysis of the inviscid part of the flow is used in order to apply
a consistent number of boundary conditions. The method used here is described in
Ref. 3.

Inviscid flow is governed by Euler’s equations, which, provided that the solution is
smooth and neglecting the gravity terms, can be written as

09, %09 _
3t " 3Qox, = °

Considering a small region close to a boundary, the Jacobian matrices can be regarded

as constant, which leads to a system of linear equations
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where the subscript 0 denotes a reference state at the boundary. Assuming that the
state at the boundary, described by a surface normal vector ¢; (pointing out from the
domain), is perturbed by a plane wave, the linear system of equations can be

transformed to

0Q , 4 9Q _
3 +4A, % = 0
where
oF

A = “j(a_é)o

and & corresponds to the direction normal to the boundary. In the unsteady case,
Euler’s equations are known to be hyperbolic in all flow regimes: subsonic, sonic, and
supersonic flow (Ref. 4). This implies that Ay has real-valued eigenvalues and
corresponding eigenvectors, and it can therefore be diagonalized according to

TAT "= A, Ay = {hp, Ao, Ay, Ay Mg}

The matrix 7" contains the (left) eigenvectors, and the matrix A is a diagonal matrix

containing the eigenvalues. The eigenvalues are given exactly by

Ay = oy,
Ay =2y
Ag =2y

Ay =M +cyg

A =A;—cg

where cg is the speed of sound. Using the primitive variables

D
1l
T & < | ©

The characteristic variables on the boundary are
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A ou,
w4=1[2“‘ L P j

A 2
2oy (e

w =l(_1f_ %ii _p j

579 A 2
cg N0 (csA)

Each characteristic can be interpreted to describe a wave transporting some quantity.

wy=p-

w2=

The first one is an entropy wave while the next two correspond to vorticity waves. The

fourth and fifth, in turn, are sound waves.

Evaluating the primitive variables in Equation 6-8, the values are taken from the
outside (specified values) or from the inside (domain values) depending on the sign of
the eigenvalue corresponding to that characteristic variable. At inlets, a negative
eigenvalue implies that the characteristic is pointing into the domain and hence outside

values are used. Correspondingly, for a positive eigenvalue the inside values are used.

Variables in Equation 6-8 with a superscript A are computed as averages of the inside

and outside values.

The characteristic variables are then transformed to consistent face values of the

primitive variables on the boundary in the manner of
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%0 +0o0e  p

2
Py = (¢ (wy +wp)

Characteristics Based Inlets

Applying this condition implies using the plane wave analysis described in Consistent
Inlet and Outlet Conditions. With this condition, a varying flow situation at the inlet
can be handled. This means that changes due to prescribed variations at the boundary,
due to upstream propagating sound waves or spurious conditions encountered during
the nonlinear solution procedure, can be handled in a consistent manner. The full flow
condition at the inlet is specified by the following properties

Min’ DPins Tin (6'10)

from which the density is computed using the ideal gas law. The dependent variables
defined in Equation 6-10 are applied as the outside values used in Equation 6-8, and

the boundary values of the dependent variables are obtained from Equation 6-9.

Supersonic Inlets

Applying a supersonic inlet, the full flow at the inlet is specified using the inlet
properties in Equation 6-10. Because the flow is supersonic, all characteristic at the
inlet are known to be directed into the domain, and the boundary values of the

dependent variables are computed directly from the inlet properties.

Hybrid Outlet

When building a model, it is recommended that it is constructed so that as little as
possible happens at the outlet. In the high Mach number flow case this implies keeping
the conditions either subsonic or supersonic at the outlet. This is, however, usually not
possible. For example, often one boundary adjacent to the outlet consists of a no slip
wall, in which case a boundary layer containing a subsonic region is present. The

hybrid outlet feature adds the following weak expression:
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Wy = [ 0.5(-p-pyn-a Ma<1
(-p)n-a else

where @ is the test function for the velocity vector. This corresponds to a pressure, no
viscous stress condition in regions with subsonic flow and a no viscous stress condition
in regions with supersonic flow. When the static pressure at the outlet is not known
beforehand, it is recommended that it is set to the inlet pressure. When a converged
solution has been reached, the solution can be analyzed to find the pressure level just
outside the sonic point (Ma = 1) along the boundary. You can then apply this pressure
level instead.

Supersonic Outlet

When the outlet condition is known to be fully supersonic, the viscous stress is
specified in accordance with the equations and hence no physical condition is applied.
This is done by prescribing the boundary stress using the full stress vector:

Wys = [-p1+uVu+ (V') - 2u - wr - i
It is often possible to use the supersonic condition at outlets that are not strictly

supersonic but mainly supersonic (the main part of the outlet boundary contains

supersonic flow).

Pseudo Time Stepping for High Mach Number Flow Models

Pseudo time stepping is per default applied to all governing equations for stationary
problems, for 2D component models as well as 3D component models. The
momentum, continuity, energy and turbulence equations (when present) use the same

expression for the pseudo time step symbol At .

For laminar models the automatic expression for CFLj is

1+
if(niterCMP > 10, 1.2min(niterCMP - 10, 12) () 4
if(niterCMDP > 32, 9 - 1.3min(niterCMP - 32.9) () 4
if(niterCMP > 60, 40 - 1.3min(niterCMP 60, 9) ()

while for models with turbulent flow it is
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1+
if(niterCMP > 10, 1.2min(niterCMP ~10,12) ) 4
if(niterCMP > 120, 1.3min(niterCMP -120,9) ) 4
if(niter CMP > 220, 1.3min(niterCMP -220,9) ()

* The Projection Method for the Navier-Stokes Equations

@

* Pseudo Time Stepping for Turbulent Flow Models
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Porous Media and Subsurface Flow
Interfaces

This chapter discusses physics interfaces under the Fluid Flow>Porous Media and
Subsurface Flow branch ( # ). The section Modeling Porous Media and Subsurface
Flow helps you choose the best physics interface to start with.

In this chapter:

¢ The Darcy’s Law Interface

¢ The Brinkman Equations Interface

e The Free and Porous Media Flow Interface

e The Two-Phase Darcy’s Law Interface

e Theory for the Darcy’s Law Interface

e Theory for the Brinkman Equations Interface

e Theory for the Free and Porous Media Flow Interface

¢ Theory for the Two-Phase Darcy’s Law Interface
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Modeling Porous Media and
Subsurface Flow

In this section:

¢ Selecting the Right Physics Interface
* The Porous Media Flow Interface Options

¢ Coupling to Other Physics Interfaces

Selecting the Right Physics Interface

The Porous Media and Subsurface Flow branch ( @ ) included with the CFD Module
has a number of subbranches to describe momentum transport. These can be added
either singularly or in combination with other physics interfaces modeling mass and

energy transfer, and even chemical reactions.

Difterent types of flow require different equations to describe them. If the flow type
to model is known, then select it directly. However, when you are not certain of the
flow type, or when it is difficult to obtain a solution, you can instead start with a
simplified model and add complexity as you build the model. Then you can
successively advance forward, comparing models and results. For porous media flow,

the Darcy’s Law interface is a good place to start if this is the case.

In other cases, you might know exactly how a fluid behaves and which equations,
models, or physics interfaces best describe it, but because the model is so complex it is
difficult to reach convergence. Simplifying assumptions can be made to solve the
problem, and other physics interfaces can be better at fine-tuning the solution process
for the more complex problem. The next section gives you an overview of each of the

physics interfaces to help you choose.

TABLE 7-1: THE POROUS MEDIA FLOW DEFAULT SETTINGS

PHYSICS NAME  COMPRESSIBILITY  NEGLECT PORE SIZE
INTERFACE LABEL INERTIAL TERM
Darcy's Law dl n/a n/a Low porosity and low

permeability, slow flow

Two-Phase tpdl n/a n/a Low porosity and low
Darcy’s law permeability, slow flow
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TABLE 7-1: THE POROUS MEDIA FLOW DEFAULT SETTINGS

PHYSICS NAME  COMPRESSIBILITY ~ NEGLECT PORE SIZE

INTERFACE LABEL INERTIAL TERM

Brinkman br Incompressible  Yes - High permeability and

Equations flow Stokes-Brink  porosity, faster flow
man

Free and Porous  fp Incompressible  Not selected  High permeability and

Media Flow flow porosity, fast flow

Figure 7-1 is an example of the Settings window for Brinkman Equations where you can
select either Compressible or Incompressible flow, and either normal or Stokes

Brinkman flow.
The Porous Media Flow Interface Options

DARCY’S LAW

The Darcy’s Law Interface ( @ ) is used for modeling fluid movement through
interstices in a porous medium by homogenizing the porous and fluid media into a
single medium. Together with the continuity equation and equation of state for the
pore fluid (or gas) this physics interface can be used to model low velocity flows, for
which the pressure gradient is the major driving force. The penetration of reacting
gases into a tight catalytic layer, such as a washcoat or membrane, is a classic example

for the use of Darcy’s Law.

Darcy’s law can be used in porous media where the fluid is mostly influenced by the
frictional resistance within the pores. It applies to very slow flows, or media where the

pore size is very small.

BRINKMAN EQUATIONS

Where the size of the interstices are larger, and the fluid is also influenced by internal
shear or shear stresses on boundaries, the viscous shear within the fluid must be
considered. This is done in the Brinkman Equations interface. Fluid penetration of
filters and packed beds are applications for this mode. The Brinkman Equations
Interface ([ ) is used to model compressible flow at speeds less than Mach 0.3, but
you have to maintain control over the density and any of the mass balances that are
deployed to accomplish this. You can also choose to model incompressible flow, and
simplify the equations to be solved. Furthermore, you can select the Stokes-Brinkman
flow feature to reduce the influence of inertial effects (see Figure 7-1).
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Label:  Brinkman Equations

Mame:  br

Domain Selection

Selection: [ All domains v|
on [ &
g =
Active N &
<.
Equation

¥  Physical Model

Compressibility:

[ Incompressible flow =

Meglect inertial term (Stokes-Brinkrman)

Reference pressure level:

Pref 1[atm] Pa

Dependent Variables

Figure 7-1: The Settings window for the Brinkman Equations interface. You can model
compressible or incompressible flow as well as Stokes-Brinkman flow. Combinations ave also
possible.

The Brinkman equations extend Darcy’s law to describe the dissipation of
momentum by viscous shear, similar to the Navier-Stokes equation. Consequently,
they are well suited to model transitions between slow flow in porous media, governed
by Darcy’s law, and fast flow in channels described by the Navier-Stokes equations.

The Brinkman Equations interface also includes the possibility to add a Forchheimer
drag term, which is a viscous drag on the porous matrix proportional to the square of
the flow velocity. This term accounts for an inertial turbulent drag effect that comes
into play for fast flows through large pores. Adding the Forchheimer term takes into
account all drag contributions that the Ergun equation covers.

FREE AND POROUS MEDIA FLOW

The Free and Porous Media Flow Interface ( i ) is useful for modeling equipment
that contains domains with both free flow and porous media flow, such as packed-bed
reactors and catalytic converters. It should be noted that if the porous medium is large
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in comparison with the free channel, and you are not primarily interested in results in
the vicinity of the interface, you can always couple a Fluid Flow interface to a Darcy’s

Law interface, to make your overall model computationally cheaper.

The Free and Porous Media Flow interface is used on at least two different domains;
a free channel and a porous medium. The physics interface adds functionality that
allows the equations to be optimized according to the definitions of the material
properties of the relevant domain. For example, you can select the Stokes-Brinkman
flow feature to reduce the dependence on inertial effects in the porous domain, or just
the Stoke’s flow feature to reduce the dependence on inertial effects in the free

channel.

Compressible flow is also possible to model in this physics interface at speeds less than
Mach 0.3, but you have to maintain control over the density and any of the mass
balances that are deployed to accomplish this. You can also choose to model

incompressible flow, and simplify the equations to be solved.

As always, the physics interface gives you provides you with options to define, either
by constants or expressions, the material properties that describe the porous media
flow. This includes the density, dynamic viscosity, permeability, porosity, and matrix

properties.

TWO-PHASE DARCY’S LAW

The Two-Phase Darcy’s Law Interface ( @ ) has the equations and boundary
conditions for modeling two-phase fluid movement through interstices in a porous
medium using Darcy’s law. The two fluids are considered immiscible, and in general,
have different densities and viscosities.

As for the single phase Darcy's Law, the total velocity field is determined by the total
pressure gradient and the structure of the porous medium, but the average viscosity
and average density are calculated from the saturation of each immiscible phase and
their fluid properties. An extra equation is computed—the fluid content of one

phase—in order to calculate the saturation transport.

Coupling to Other Physics Interfaces

Often, you are simulating applications that couple fluid flow in porous or subsurface
media to another type of phenomenon described in another physics interface. This can
include chemical reactions and mass transport, as described in Chemical Species
Transport Interfaces, or energy transport in porous media described in the Heat

Transfer and Nonisothermal Flow Interfaces chapter.

MODELING POROUS MEDIA AND SUBSURFACE FLOW
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More extensive descriptions of modeling chemical reactions and mass transport are
found in the Chemical Reaction Engineering Module. Furthermore, some applications
that involve electrochemical reactions and porous electrodes, particularly in
electrochemical power source applications, are supported in the Batteries & Fuel Cells
Module.

Fluid flow is an important phenomenon for cooling in electromagnetic applications,
such as heat created through induction and microwave heating, which are simulated in
the AC/DC Module and RF Module, respectively. Other applications can involve the
effect of fluid-imposed momentum on structural applications; poroelasticity. The
Structural Mechanics Module and Subsurface Flow Module have interfaces specifically
for these multiphysics applications.

The following sections list all the physics interfaces and the features associated with
them under the Porous Media Subsurface Flow branch. The descriptions follow a
structured order as defined by the order in the branch. Because many of the physics
interfaces are integrated with each other, some features described also cross reference
to other physics interfaces. At the end of this section is a summary of the theory for
the physics interfaces under the Porous Media Subsurface Flow branch.
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The Darcy’s Law Interface

The Darcy’s Law (dl) interface ( @ ), found under the Porous Media and Subsurface Flow
branch ( ® ) when adding a physics interface, is used to simulate fluid flow through
interstices in a porous medium. It can be used to model low-velocity flows or media
where the permeability and porosity are very small, and for which the pressure gradient
is the major driving force and the flow is mostly influenced by the frictional resistance
within the pores. Set up multiple Darcy's Law interfaces to model multiphase flows
involving more than one mobile phase. The Darcy's Law interface can be used for

stationary and time-dependent analyses.

The main feature is the Fluid and Matrix Properties node, which provides an interface

for defining the fluid material along with the porous medium properties.

When this physics interface is added, the following default nodes are also added in the
Model Builder— Fluid and Matrix Properties, No Flow (the default boundary condition),
and Initial Values. Then, from the Physics toolbar, add other nodes that implement, for
example, boundary conditions and mass sources. You can also right-click Darcy's Law

to select physics features from the context menu.

SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to

different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is d1.

PHYSICAL MODEL

Enter a Reference pressure level p ¢ (SI unit: Pa). The default value is 1[atm].

DEPENDENT VARIABLES
The dependent variable (field variable) is the Pressure. The name can be changed but

the names of fields and dependent variables must be unique within a model.
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DISCRETIZATION

To display this section, click the Show button ("& ) and select Discretization.

The Compute boundary fluxes check box is not activated by default. When this option
is selected, the solver computes variables storing accurate boundary fluxes from each
boundary into the adjacent domain.

If the check box is cleared, COMSOL instead computes the flux variables from the
dependent variables using extrapolation, which is less accurate in postprocessing

results, but does not create extra dependent variables on the boundaries for the fluxes.

Also the Apply smoothing to boundary fluxes check box is available if the previous check
box is checked. The smoothing can provide a better behaved flux value close to

singularities.

For details about the boundary fluxes settings, see Computing Accurate Fluxes in the
COMSOL Multiphysics Reference Manual.

The Value type when using splitting of complex variables sctting should in most pure
mass transport problems be set to Real which is the default. It makes sure that the
dependent variable does not get affected by small imaginary contributions, which can
occur, for example, when combining a Time Dependent or Stationary study with a
frequency-domain study. For more information, see Splitting Complex-Valued
Variables in the COMSOL Multiphysics Reference Manual.

* Domain, Boundary, Edge, Point, and Pair Nodes for the Darcy’s Law

Interface
@l * Theory for the Darcy’s Law Interface
* Physical Constants in the COMSOL Multiphysics Reference Manual

Domain, Boundary, Edge, Point, and Pair Nodes for the Darcy’s Law
Interface

The Darcy’s Law Interface has the following domain, boundary, edge, point, and pair
nodes, These nodes available from the Physics ribbon toolbar (Windows users), Physics
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context menu (Mac or Linux users), or right-click to access the context menu (all

users).
In general, to add a node, go to the Physics toolbar, no matter what
H operating system you are using. Subnodes are available by clicking the
parent node and selecting it from the Attributes menu.
6_%_5 For axisymmetric components, COMSOL Multiphysics takes the axial
: symmetry boundaries (at 7 = 0) into account and automatically adds an
i = Axial Symmetry node that is valid on the axial symmetry boundaries only.
I
In the COMSOL Multiphysics Refevence Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1
to open the Documentation window.
DOMAIN
* Fluid and Matrix Properties  Initial Values

e Mass Source

BOUNDARY, EDGE, AND POINT

The following nodes (listed in alphabetical order) are available on exterior boundaries:
The relevant physics interface condition at interior boundaries is continuity:
n-(p;u;—pouy) =0

The continuity boundary condition ensures that the pressure and mass flux are
continuous. In addition, the Pressure boundary condition is available on interior

boundaries.
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Fluid and Matrix Properties

The Fluid and Matrix Properties node adds the equations for Darcy’s law, Equation 7-1
and Equation 7-2(excluding any mass sources), and contains settings for the fluid

properties and the porous matrix properties such as the effective porosity.

ai(pe)+V~(pu) = Qn (7-D
t

= Xy 7-2

u m D (7-2)

FLUID PROPERTIES
Select the Fluid material to use for the fluid properties. Select Domain material (the
default) to use the material defined for the domain. Select another material to use that

material’s properties for the fluid.

Density
The default Density p (SI unit: kg/! ms) uses values From material based on the Fluid
material selection.

* For User defined enter another value or expression. The default is 0 kg/ m?.

* For Ideal gas it uses the ideal gas law to describe the fluid. In this case, specify the
thermodynamics properties. Select a Gas constant type—Specific gas constant E (the
default) or Mean molar mass M, (SI unit: J/(mol-K)). For Mean molar mass the
universal gas constant R = 8.314 J /(mol-K) is used as the built-in physical constant.
For both properties, the defaults use values From material. For User defined enter

another value or expression.

Dynamic Viscosity
Select a Dynamic viscosity 4 (SI unit: Pa-s). The default uses values From material as
defined by the Fluid material selected. For User defined the default is O Pa-s.

MATRIX PROPERTIES
Select the material to use as porous matrix. Select Domain material from the Porous
material list (the default) to use the material defined for the porous domain. Select

another material to use that material’s properties.

The default Porosity &, (a dimensionless number between 0 and 1) uses the value From

material, defined by the Porous material selected. For User defined the default is 0.
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The default Permeability & (SI unit: m? ) uses the value From material, as defined by the
Porous material sclected. For User defined sclect Isotropic to define a scalar value or
Diagonal, Symmetric, or Anisotropic to define a tensor value and enter another value or

expression in the field or matrix.

Muass Source

The Mass Source node adds a mass source @, which appears on the right-hand side of

the Darcy’s Law equation (Equation 7-3, the equation for porosity).

%(pe)+V~(pu) =Qy, (7-3)

MASS SOURCE

Enter a value or expression for the Mass source @, (SI unit: kg/ (ms-s)). The default is
0 kg/(m3s).
Initial Values

The Initial Values node adds an initial value for the pressure that can serve as an initial

condition for a transient simulation or as an initial guess for a nonlinear solver.

INITIAL VALUES
Enter a value or expression for the initial value of the Pressure p (SI unit: Pa). The
default value is 0 Pa.

Pressure

Use the Pressure node to specify the pressure on a boundary. In many cases the
distribution of pressure is known, giving a Dirichlet condition p = py where p is a
known pressure given as a number, a distribution, or an expression involving time, £,

for example.

PRESSURE
Enter a value or expression for the Pressure p(SI unit: Pa). Enter a relative pressure

value in pg (ST unit: Pa).

CONSTRAINT SETTINGS
To display this section, click the Show button (“& ) and select Advanced Physics Options.
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Mass Flux

Use the Mass Flux node to specify the mass flux into or out of the model domain
through some of its boundaries. It is often possible to determine the mass flux from
the pumping rate or from measurements. With this boundary condition, positive

values correspond to flow into the model domain:
K
n-p-Vp = N,
p i 0
where N is a value or expression for the specified inward (or outward) Darcy flux.

MASS FLUX

Enter a value or expression for the Inward mass flux Nj. A positive value of Ny
represents an inward mass flux whereas a negative value represents an outward mass
flux. The units are based on the geometric entity: Boundaries: (SI unit: l(g/(mz-s)),
Edges (SI unit: kg/(m-s), and Peints (SI unit: kg/s)).

Inlet

The Inlet node adds a boundary condition for the inflow (or outflow) perpendicular

(normal) to the boundary:
K
n- pﬁVp = pU,

where Uy is a value or expression for the specified inward (or outward) Darcy velocity.
A positive value of the velocity U corresponds to flow into the model domain whereas

a negative value represents an outflow.

INLET
Enter a value or expression for the Normal inflow velocity U, (SI unit: m/s). A positive
value of Uy represents an inflow velocity. A negative value represents an outflow

velocity.

Symmetry

The Symmetry node describes a symmetry boundary. The following condition

implements the symmetry condition on an axis or a flow divide:

K
n--Vp =0
L
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For axisymmetric components, COMSOL Multiphysics takes the axial symmetry
boundaries (at 7 = 0) into account and automatically adds an Axial Symmetry node that

is valid on the axial symmetry boundaries only.

No Flow

The No Flow node is the default boundary condition stating that there is no flow across

impervious boundaries. The mathematical formulation is:

K
n-p-Vp =0
PMP

where n is the vector normal to the boundary.

Flux Discontinuity

Use the Flux Discontinuity node to specify a mass flux discontinuity through an interior

boundary. The condition is represented by the following equation:
-n-(pu;—pu,) = Ny

In this equation, n is the vector normal (perpendicular) to the interior boundary, p is
the fluid density, u; and ugy are the Darcy’s velocities in the adjacent domains (as
defined in Equation 7-4) and Ny is a specified value or expression for the flux

discontinuity.

K
u=-V (7-4)
&

For this boundary condition, a positive value of N corresponds to a flow discontinuity

in the opposite direction to the normal vector of the interior boundary.

MASS FLUX
Enter a value or expression for the Inward mass flux N (SI unit: kg/(mz-s)). A positive
value of Ny represents a mass flux discontinuity in the opposite direction to the normal

vector of the interior boundary.

Outlet

The Outlet node adds a boundary condition for the outflow (or inflow) perpendicular

(normal) to the boundary:
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K
-n-p=-Vp = pU,
pu D = pUy

where Uy is a specified value or expression for the outward (or inward) Darcy velocity.
A positive value of the velocity Uy, corresponds to flow out of the model domain

whereas a negative value represents an inflow.

OUTLET
Enter a value or expression for the Normal outflow velocity Uy (SI unit: m/s). A positive
value of Uy represents an outflow velocity whereas a negative value represents an

inflow velocity.

Interior Wall

The Interior Wall boundary condition can only be applied on interior boundaries.

It is similar to the No Flux boundary available on exterior boundaries except that it
applies on both sides of an internal boundary. It allows discontinuities of velocity and
pressure across the boundary. The Interior Wall boundary condition can be used to
avoid meshing thin structures by applying no-flux condition on interior curves and

surfaces instead.

Thin Barrier

The Thin Barrier boundary condition models interior permeable walls, membranes,
geotextiles, or perforated plates as thin permeable barriers. The Thin Barrier boundary

condition can only be applied on interior boundaries.

WALL
Enter a value or expression for the Thickness d}, (SI unit: m, the default is 0.1 m) and
for the Permeability &, (SI unit: m? , the default is 0 r112).
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The Brinkman Equations Interface

The Brinkman Equations (br) interface ( [ ), found under the Porous Media and
Subsurface Flow branch ( # ) when adding a physics interface, is used to compute fluid
velocity and pressure fields of single-phase flow in porous media in the laminar flow
regime. The physics interface extends Darcy's law to describe the dissipation of the
kinetic energy by viscous shear, similar to the Navier-Stokes equations. Fluids with
varying density can be included at Mach numbers below 0.3. Also the viscosity of a
fluid can vary, for example, to describe non-Newtonian fluids. To simplify the
equations, select the Stokes-Brinkman flow feature to reduce the dependence on
inertial effects when the Reynolds number is significantly less than 1. The physics

interface can be used for stationary and time-dependent analyses.

The main node is the Fluid and Matrix Properties feature, which adds the Brinkman
equations and provides an interface for defining the fluid material and the porous
matrix.

When this physics interface is added, the following default nodes are also added in the
Model Builder—Fluid and Matrix Properties, Wall (the default boundary type, using No
slip as the default boundary condition), and Initial Values. Then, from the Physics
toolbar, add other nodes that implement, for example, boundary conditions and
volume forces. You can also right-click Brinkman Equations to select physics features

from the context menu.

The boundary conditions are essentially the same as for the Laminar Flow interface.
Differences exist for the following boundary types: Outlet, Symmetry, Open
Boundary, and Boundary Stress where the viscous part of the stress is divided by the

porosity to appear as

1
€

{u(Vu + (Vw2 u)I}
p

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links to common
sections such as Discretization, Consistent Stabilization, and Inconsistent Stabilization,
and Advanced Settings sections, all accessed by clicking the Show button (‘& ) and
choosing the applicable option. You can also search for information: press F1 to open

the Help window or Ctrl+F1 to open the Documentation window.
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SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is br.

PHYSICAL MODEL
This node specifies the properties of the Brinkman Equations interface, which describe

the overall type of fluid flow model.

Compressibility

By default the physics interface uses the Incompressible flow formulation of the
Brinkman equations to model constant density flow. Alternatively, select Compressible
flow (Ma<0.3) from the Compressibility list if there are small variations in the density,
typically dependent on the temperature (non-isothermal flow). For compressible flow
modeled with the Brinkman Equations interface, the Mach number must be below
0.3.

Neglect Inertial Term (Stokes-Brinkman Flow)
The Neglect inertial term (Stokes-Brinkman) check box is selected by default to model
flow at very low Reynolds numbers for which the inertial term can be neglected in the

Brinkman equations. This results in the linear Stokes-Brinkman equations.

Enable porous media domains
The Enable porous media domains check box is selected by default to solve Brinkman

equations in porous domains.

Reference Pressure Level
Enter a Reference pressure level p..¢ (SI unit: Pa). The default value is 1[atm].

Swirl Flow
For 2D axisymmetric models, select the Swirl flow check box to include the swirl
velocity component, that is the velocity component ©, in the azimuthal direction.

¢
While u o can be nonzero, there can be no gradients in the ¢ direction.
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DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface—the
Velocity field u (SI unit: m/s) and its components, and the Pressure p (SI unit: Pa).

ADVANCED SETTINGS

To display this section, click the Show button (“& ) and select Advanced Physics Options.

Normally these settings do not need to be changed.

The Use pseudo time stepping for stationary equation form option adds pseudo time
derivatives to the equation when the Stationary equation form is used in order to speed
up convergence. When selected, a CFL number expression should also be defined. For
the default Automatic option, the local CFL number (from the Courant—Friedrichs—
Lewy condition) is determined by a PID regulator.

¢ Domain, Boundary, Point, and Pair Nodes for the Brinkman Equations

Interface
e Theory for the Brinkman Equations Interface
{i}‘ e DPscudo Time Stepping for Laminar Flow Models and Pseudo Time
Stepping in the COMSOL Multiphysics Reference Manunal
e Numerical Stability — Stabilization Techniques for Fluid Flow

¢ Discontinuous Galerkin Formulation

Domain, Boundary, Point, and Pair Nodes for the Brinkman
Equations Interface

The Brinkman Equations Interface has the following domain, boundary, point, and
pair nodes, listed in alphabetical order, available from the Physics ribbon toolbar
(Windows users), Physics context menu (Mac or Linux users), or right-click to access

the context menu (all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.
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These nodes are described in this section:

¢ Fluid and Matrix Properties * Mass Source
* Forchheimer Drag * Volume Force
* Initial Values * Fluid Properties

The following nodes(listed in alphabetical order) are described for the Laminar Flow

interface :
¢ Flow Continuity * Periodic Flow Condition
e Inlet e Point Mass Source
e Line Mass Source * Pressure Point Constraint
* Boundary Stress e Symmetry
¢ OQOutlet e Wall

* Open Boundary

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Fluid and Matrix Properties

The Fluid and Matrix Properties node adds the Brinkman equations: Equation 7-5 and
Equation 7-6 (excluding any mass sources), and provides an interface for defining the
properties of the fluid material and the porous matrix The Forchheimer Drag subnode
is available from the context menu (right-click the parent node) or from the Physics

toolbar, Attributes menu.

FLUID PROPERTIES
The default Fluid material uses the Domain material (the material defined for the

domain). Select another material as needed.

Both the default Density p (ST unit: kg/ms) and Dynamic viscosity & (SI unit: Pa-s) use

values From material based on the Fluid material selection. For User defined enter
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another value or expression. In this case, the default is 0 kg/ m? for the density and
0 Pa-s for the dynamic viscosity. The dynamic viscosity describes the relationship
between the shear stresses and the shear rate in a fluid. Intuitively, water and air have
a low viscosity, and substances often described as thick, such as oil, have a higher
viscosity. Non-Newtonian fluids have a viscosity that is shear-rate dependent. Examples

of non-Newtonian fluids include yoghurt, paper pulp, and polymer suspensions.

POROUS MATRIX PROPERTIES
The default Porous material uses the Domain material (the material defined for the

domain) for the porous matrix. Select another material as needed.

Both the default Porosity &, (a dimensionless number between 0 and 1) and
Permeability « (SI unit: m? ) use values From material as defined by the Porous material
selection. For User defined sclect Isotropic, Diagonal, Symmetric, or Anisotropic based on
the characteristics of the permeability, and enter another value or expression. The
components of a permeability in the case that it is a tensor (K, X,,, and so on,
representing an anisotropic permeability) are available as br.kappaxx, br.kappayy,

and so on (using the default name br).

Forchheimer Drayg

The Forchheimer Drag subnode is available from the context menu (right-click the Fluid
and Matrix Properties parent node) or from the Physics toolbar, Attributes menu.
While the drag of the fluid on the porous matrix in the basic Brinkman equations is
proportional to the flow velocity, (Darcy’s law drag), the Forchheimer drag is
proportional to the square of the fluid velocity. The latter term accounts for an inertial
turbulent drag effect that comes into play for fast flows through large pores. Adding
the Forchheimer term takes into account all drag contributions that the Ergun

equation covers.

FORCHHEIMER DRAG

Enter a value for the Forchheimer coefficient S (SI unit: kg/m4). The default is 0 kg/

Muass Source

The Mass Source node adds a mass source (or mass sink) ;. to the right-hand side of

the continuity equation: Equation 7-5. This term accounts for mass deposit and/or

THE BRINKMAN EQUATIONS INTERFACE | 383



mass creation in porous domains. The physics interface assumes that the mass

exchange occurs at zero velocity.

0
S(ep)+V - (pu) = Q, (7-5)

DOMAIN SELECTION

Only Porous Matrix domains are available.

MASS SOURCE

Enter a value or expression for the Source term @y, (SI unit: kg/ (ms-s)). The default
is 0 kg/(ms-s).

Volume Force

Use the Volume Force node to specify the force F on the right-hand side of
Equation 7-6. It then acts on each fluid element in the specified domains. A common

application is to include gravity effects.
L(M, . v)R) -
sp(at *(u V)ap)
(7-6)
1

-Vp+V- —-{u(Vu + (Vu)T) - Z},L(V . u)I} - (K—lu + —-b-rju +F
& 3 g2

VOLUME FORCE

Enter the components of Volume force F (SI unit: N/ms).

Initial Values

The Initial Values node adds initial values for the velocity field and the pressure that can
serve as an initial condition for a transient simulation or as an initial guess for a

nonlinear solver.

INITIAL VALUES
Enter initial values or expressions for the Velocity field u (SI unit: m/s) and the Pressure

p (ST unit: Pa). The default values are 0 m/s and 0 Pa, respectively.
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Fluid Properties

The Fluid Properties node adds the momentum and continuity equations to solve for
free flow in non-porous domains. The node also provides an interface for defining the

material properties of the fluid.

MODEL INPUTS
Fluid properties, such as density and viscosity, can be defined through user inputs,
variables or by selecting a material. For the latter option, additional inputs, for example

temperature and/or pressure, may be required to define these properties.

Temperature

By default, the single-phase flow interfaces are set to model isothermal flow. Hence,

the Temperature is User defined and defaults to 293.15 K. If a Heat Transfer interface
is included in the component, the temperature may alternatively be selected from this
physics interface. All physics interfaces have their own tags (Name). For example, if a
Heat Transfer in Fluids interface is included in the component, the Temperature (ht)

option is available.

Absolute Pressure

This input appears when a material requires the absolute pressure as a model input.
The absolute pressure is used to evaluate material properties, but it also relates to the
value of the calculated pressure field. There are generally two ways to calculate the
pressure when describing fluid flow: either to solve for the absolute pressure or for a
pressure (often denoted gauge pressure) that relates to the absolute pressure through

a reference pressurc.

The choice of pressure variable depends on the system of equations being solved. For
example, in a unidirectional incompressible flow problem, the pressure drop over the
modeled domain is probably many orders of magnitude smaller than the atmospheric
pressure, which, when included, may reduce the stability and convergence properties
of the solver. In other cases, such as when the pressure is part of an expression for the
gas volume or the diffusion coefficients, it may be more convenient to solve for the

absolute pressure.

The default Absolute pressure py4 is p+pyer Where p is the dependent pressure variable
from the Navier-Stokes equations, and p.ris from the user input defined at the physics
interface level. When p ¢ is non zero, the physics interface solves for a gauge pressure.

If the pressure field instead is an absolute pressure field, per should be set to 0.
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The Absolute pressure ficld can be edited by clicking Make All Model Inputs Editable
(7#") and entering the desired value in the input field.

FLUID PROPERTIES
If density variations with respect to pressure are to be included in the computations,

the flow must be set to compressible.

The Dynamic viscosity 1 describes the relationship between the shear rate and the shear
stresses in a fluid. Intuitively, water and air have low viscosities, and substances often

described as thick (such as oil) have higher viscosities.
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The Free and Porous Media Flow
Interface

The Free and Porous Media Flow (fp) interface ( |8 ), found under the Porous Media and
Subsurface Flow branch ( # ) when adding a physics interface, is used to compute fluid
velocity and pressure fields of single-phase flow where free flow is connected to porous
media. The Free and Porous Media Flow interface is used over at least two different

domains: a free channel and a porous medium. The physics interface is well suited for
transitions between slow flow in porous media, governed by the Brinkman equations,
and fast flow in channels described by the Navier-Stokes equations. Fluids with varying
density can be included at Mach numbers below 0.3. Also the viscosity of a fluid can
vary, for example, to describe non-Newtonian fluids. The physics interface can be used

for stationary and time-dependent analyses.

When this physics interface is added, the following default nodes are also added in the
Model Builder— Fluid Properties, Wall, and Initial Values. Then, from the Physics toolbar,
add a Porous Matrix Properties node to be used on the domain selection corresponding
to the porous media, or add other nodes that implement, for example, boundary

conditions and volume forces. You can also right-click Free and Porous Media Flow to

select physics features from the context menu.

SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is fp.

PHYSICAL MODEL

Compressibility
By default the physics interface uses the Incompressible flow formulation of the
Navier-Stokes and Brinkman equations to model constant density flow. If required,

select Compressible flow (Ma<0.3) from the Compressibility list, to account for small
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variations in the density, typically dependent on the temperature (non-isothermal
flow). For compressible flow modeled with this physics interface, the Mach number

must be below 0.3.

Neglect Inertial Term
Select the Neglect inertial term in free flow (Stokes flow) check box if the inertial forces

are small compared to the viscous forces. This is typical for creeping flow, where

Re«1.

Select the Neglect inertial term in porous media flow (Stokes-Brinkman) check box to
model flow at very low Reynolds numbers in the porous media, for which the inertial
term in the Brinkman equations can be neglected. The physics interface then solves the

linear Stokes-Brinkman equations.

Reference Pressure Level
Enter a Reference pressure level p.¢ (SI unit: Pa). The default value is 1[atm].

Swirl Flow

For 2D axisymmetric components, select the Swirl flow check box to include the swirl
velocity component, that is the velocity component u,, in the azimuthal direction.
While u, can be nonzero, there can be no gradients in the ¢ direction.

DEPENDENT VARIABLES
The following dependent variables (fields) are defined for this physics interface—the
Velocity field w (SI unit: m/s) and its components, and the Pressure p (SI unit: Pa).

* Domain, Boundary, Point, and Pair Nodes for the Free and Porous
'ﬁl Media Flow Interface

* Theory for the Free and Porous Media Flow Interface

Domain, Boundary, Point, and Pair Nodes for the Free and Porous
Media Flow Interface

The Free and Porous Media Flow Interface has the following domain, boundary,

point, and pair nodes, listed in alphabetical order, available from the Physics ribbon
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toolbar (Windows users), Physics context menu (Mac or Linux users), or right-click to

access the context menu (all users).

In general, to add a node, go to the Physics toolbar, no matter what
operating system you are using. Subnodes are available by clicking the
parent node and selecting it from the Attributes menu.

¢ Fluid Properties * Microfluidic Wall Conditions

* Forchheimer Drag * Porous Matrix Properties

* Initial Values * Volume Force

e Mass Source o Wall
The following nodes (listed in alphabetical order) are described for the Laminar Flow
interface:

* No Viscous Stress * Periodic Flow Condition

* Flow Continuity e Point Mass Source

e Inlet e Pressure Point Constraint

e Line Mass Source e Symmetry

* Outlet

Open Boundary

In the COMSOL Multiphysics Refevence Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Flu

td Properties

Use

the Fluid Properties node to define the fluid material, density, and dynamic

viscosity.
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FLUID PROPERTIES
The default Fluid material uses the Domain material (the material defined for the

domain). Select another material as needed.

The default Density o (SI unit: kg/mg) uses values From material based on the Fluid
material sclection. For User defined enter another value or expression. The default is
0kg/ m?.

The Dynamic viscosity £ (SI unit: Pa-s) uses values From material based on the Fluid
material selection. For User defined enter another value or expression. The default is
0 Pas.

Porous Matrix Properties

Use the Porous Matrix Properties node to define which domains contain porous
material and to define the porous matrix properties, such as the porosity and
permeability in these domains. The Forchheimer Drag subnode is available from the
context menu (right-click the parent node) or from the Physics toolbar, Attributes

menu.

DOMAIN SELECTION

Choose domains from the Selection list, to solve for porous media flow governed by
the Brinkman equations. In the domains not selected, the Free and Porous Media Flow
interface solves for laminar flow governed by the Navier-Stokes (or Stokes) equations.

POROUS MATRIX PROPERTIES
The default Porous material uses the Domain material (the material defined for the

domain) for the porous matrix. Select another material as needed.

Porosity
The default Porosity g, (a dimensionless number between 0 and 1) uses values From
material as defined by the Porous material selection. For User defined enter another

value or expression. The default is 0.

Permeability

The default Permeability xj,. (SI unit: m2) uses values From material as defined by the
Porous material sclection. For User defined sclect Isotropic, Diagonal, Symmetric, or
Anisotropic from the list and then enter other values or expressions. The components
of a permeability in the case that it is a tensor (Kyy, K, and so on, representing an
anisotropic permeability) are available as fp. kappaxx, fp.kappayy, and so on (using
the default name fp). The defaults is 0 m?.
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Source Term
Enter a value or expression for an optional mass source (or sink) Source term @y, (SI
unit: kg/ (ms-s)). This term accounts for mass deposit and mass creation within

domains. The physics interface assumes that the mass exchange occurs at zero velocity.

Effective Mass Transport Parameters

A correction factor (Bruggeman, No Correction, or User defined) to the mass transport
parameters (defined in the Transport Properties node) can be applied for the porous
domain. Species diffusivities and mobilities are automatically adjusted by the porous
media corrections. For User defined enter a value or expression for the Conversion factor
fotr- The default is 1. Species diffusivities and mobilities are automatically adjusted by
the porous media corrections.

Volume Force

The Volume Force node specifies the force F on the right-hand side of the
Navier-Stokes or Brinkman equations, depending on whether the Porous Matrix
Properties node is active for the domain. Use it, for example, to incorporate the effects

of gravity in a model.

VOLUME FORCE
Enter the components of the Volume force F' (SI unit: N/ ms).

Forchheimer Drayg

The Forchheimer Drag subnode is available from the context menu (right-click the
Porous Matrix Properties parent node) or from the Physics toolbar, Attributes menu.
It can be used on the domain selection that corresponds to the porous medium. For
the Brinkman equations the drag of the fluid on the porous matrix is proportional to
the flow velocity, in the same way as for Darcy’s law. Add a Forchheimer drag,

proportional to the square of the fluid velocity, as needed.

FORCHHEIMER DRAG
Enter a value for the Forchheimer coefficient Sp (SI unit: kg/m4).
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Initial Values

The Initial Values node adds initial values for the velocity field and the pressure that can
serve as an initial condition for a transient simulation or as an initial guess for a

nonlinear solver.

INITIAL VALUES
Enter initial values or expressions for the Velocity field u (SI unit: m/s) and for the
Pressure p (SI unit: Pa). The default values are 0 m/s and 0 Pa, respectively.

Microfluidic Wall Conditions

Use the Microfluidic Wall Conditions node to add boundary conditions to the moving
wall and specify whether to use viscous slip or thermal creep.

BOUNDARY CONDITION
The default Boundary condition for the wall is Slip velocity. Enter values or expressions
for the components of the Velocity of moving wall uy, (SI unit: m/s).

Use Viscous Slip
Select the Use viscous slip check box to define the slip length:

e The default is User defined. Enter a value for L, (SI unit: m). The default is 1e-7 m.

¢ Select Maxwell’s model to calculate it from:

L= (S

¢ Then enter values or expressions for the Tangential momentum accommodation
coefficient (TMAC) a, (dimensionless) (the default is 0.9) and the Mean free path A
(ST unit: m) (the default is 1le-6 m).

Use Thermal Creep

Select the Use thermal creep check box to activate the thermal creep component of the
boundary condition. Enter the fluid’s Temperature T' (SI unit: K) and the Thermal slip
coefficient 67. The default temperature is 293.15 K and the default thermal slip
coefficient is 0.75.

If you also have a license for the MEMS Module, an additional Boundary condition
option Electroosmotic velocity is available. This is described in the MEMS Module
User’s Guide.
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Wall

The Wall node includes a set of boundary conditions describing fluid-flow conditions
at stationary, moving, and leaking walls.

BOUNDARY CONDITION

Select a Boundary condition for the wall.

* No Slip1 ¢ Moving Wall
e Slip e Leaking Wall
* Sliding Wall

No Slip

No slip is the default boundary condition for a stationary solid wall for laminar flow
(and SST, Low Re k-¢, Algebraic yPlus, L-VEL, and Spalart-Allmaras turbulence
models). The condition prescribes u = 0; that is, the fluid at the wall is not moving.

Slip

The Slip option prescribes a no-penetration condition, w-n=0. It is implicitly assumed
that there are no viscous effects at the slip wall and hence, no boundary layer develops.
From a modeling point of view, this can be a reasonable approximation if the main

effect of the wall is to prevent fluid from leaving the domain.

Sliding Wall

The Sliding wall boundary condition is appropriate if the wall behaves like a conveyor
belt; that is, the surface is sliding in its tangential direction. A velocity is prescribed at
the wall and the boundary itself does not have to actually move relative to the reference

frame.

¢ For 3D components, values or expressions for the Velocity of sliding wall u,, should
be specified. If the velocity vector entered is not in the plane of the wall, COMSOL
Multiphysics projects it onto the tangential direction. Its magnitude is adjusted to

be the same as the magnitude of the vector entered.

* For 2D components, the tangential direction is unambiguously defined by the
direction of the boundary. For this reason, the sliding wall boundary condition has
different definitions in different space dimensions. A single entry for the Velocity of

the tangentially moving wall Uy, should be specified in 2D.

* For 2D axisymmetric components when Swirl flow is selected in the physics interface

properties, the Velocity of moving wall, ¢ component v, may also be specified.
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Moving Wall
For an arbitrary wall movement, the condition u = uy, may be prescribed. In this case,
the components of the Velocity of moving wall u, should be specified.

Specifying this boundary condition does not automatically cause the associated wall to
move. An additional Moving Mesh interface needs to be added to physically track the
wall movement in the spatial reference frame.

Leaking Wall

This boundary condition may be used to simulate a wall where fluid is leaking into or
leaving the domain with the velocity u = u; through a perforated wall. The
components of the Fluid velocity u; on the leaking wall should be specified.

CONSTRAINT SETTINGS

This section is displayed by clicking the Show button ("& ) and selecting Advanced
Physics Options.

* Theory for the Wall Boundary Condition

ﬁl e Moving Mesh Interface in the COMSOL Multiphysics Reference
Manual
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The Two-Phase Darcy’s Law Interface

The Two-Phase Darcy’s Law (tpdl) interface ( @ ), found under the Porous Media and
Subsurface Flow branch ( # ) when adding a physics interface, is used to simulate fluid
flow through interstices in a porous medium. It solves Darcy's law for the total
pressure and the transport of the fluid content for one fluid phase. The physics
interface can be used to model low velocity flows or media where the permeability and
porosity are very small, for which the pressure gradient is the major driving force and
the flow is mostly influenced by the frictional resistance within the pores. The physics

interface can be used for stationary and time-dependent analyses.

The main feature is the Fluids and Matrix Properties node, which provides an interface
for defining the two immiscible fluids properties along with the porous medium
properties. The physics interface is available in 2D, 2D axisymmetric, and 3D.

When this physics interface is added, the following default nodes are also added in the
Model Builder— Fluids and Matrix Properties, No Flow (the default boundary condition),
and Initial Values. Then, from the Physics toolbar, add other nodes that implement, for
example, boundary conditions and mass sources. You can also right-click Two-Phase

Darcy’s Law to select physics features from the context menu.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers and

underscores (_) are permitted in the Name field. The first character must be a letter.
The default Name (for the first physics interface in the model) is tpdl.

PHYSICAL MODEL

Enter a Reference pressure level p,..¢ (SI unit: Pa). The default value is 1[atm].

DEPENDENT VARIABLES
The dependent variables (field variables) are the Pressure and Fluid content 1. The name
can be changed but the names of fields and dependent variables must be unique within

a component.
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CONSISTENT STABILIZATION

To display this section, click the Show button ("a ) and select Stabilization.

There are two consistent stabilization methods available —Streamline diffusion and
Crosswind diffusion. Streamline diffusion is active by default. The Residual setting applies
to both the consistent stabilization methods. Approximate residual is the default setting
and it means that derivatives of the capillary diffusion tensor components are
neglected. This setting is usually accurate enough and computationally faster. If

required, select Full residual instead.

DISCRETIZATION

To display this section, click the Show button ("& ) and select Discretization.

* Domain, Boundary, and Pair Nodes for the Two-Phase Darcy’s Law
@ll Interface

* Theory for the Two-Phase Darcy’s Law Interface

Domain, Boundary, and Pair Nodes for the Two-Phase Darcy’s Law
Interface

The Two-Phase Darcy’s Law Interface has these domain, boundary, and pair nodes,
listed in alphabetical order, available from the Physics ribbon toolbar (Windows users),
Physics context menu (Mac or Linux users), or right-click to access the context menu

(all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the
parent node and selecting it from the Attributes menu.

¢ Fluid and Matrix Properties * Mass Flux

e Inlet ¢ No Flux

¢ Initial Values ¢ Outlet

¢ Interior Wall * DPressure and Saturation
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For axisymmetric models, COMSOL Multiphysics takes the axial
a symmetry boundaries (at r = 0) into account and automatically adds an
|

Axial Symmetry node that is valid on the axial symmetry boundaries only.

Fluid and Matrix Properties

The Fluids and Matrix Properties node adds Equation 7-7 and Equation 7-8 and defines

properties including density, dynamic viscosity, relative permeability, and porosity.

d
g(psp)+v-(pu) =0 (7-7)
%(clsp)+V “(cyu) = V-DVe, (7-8)

CAPILLARY MODEL
The list defaults to Capillary diffusion or choose Capillary pressure.

For Capillary diffusion, choose Isotropic to define a scalar or Diagonal, Symmetric, or
Anisotropic to enter a tensor, and then enter values or expressions in the D, (SI unit:
m?2/s) field or fields.

For Capillary pressure, sclect a Pressure model—van Genuchten (the default), Brooks and

Corey, or User defined.

* For van Genuchten, enter an Entry capillary pressure p,. (SI unit: Pa), the Constitutive
relations constant m,, (dimensionless), and Constitutive relations constant I,

(dimensionless).

* For Brooks and Corey, enter an Entry capillary pressure p,. (SI unit: Pa) and the Pore
size distribution index 4, (dimensionless).

* For User defined, enter a Capillary pressure p, (SI unit: Pa).

FLUID | PROPERTIES
Select the material to use for Fluid 1. Select Domain material (the default value) to use
the material defined for the domain. Select another material to use that material’s

properties.
Define the properties for Fluid 1:

The default Density pq (ST unit: kg/ ms) uses values From material based on the Fluid |

selection. For User defined enter another value or expression. The default is 0 kg/ m?.
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Select a Dynamic viscosity £7 (SI unit: Pa-s). The default uses values From material as
defined by the Fluid 1 selection. For User defined enter another value or expression. The
default is 0 Pa-s.

Select the Relative permeability x.1 (a dimensionless number between 0 and 1) for
fluid 1. The default is 1.

FLUID 2 PROPERTIES

The settings to define the properties for Fluid 2 are similar as for Fluid 1.

MATRIX PROPERTIES
Select the material to use as porous matrix. Select Domain material (the default) from
the Porous material list to use the material defined for the porous domain. Select

another material to use that material’s properties.

The default Porosity &, (a dimensionless number between 0 and 1) uses the value From
material, defined by the Porous material sclection. For User defined enter another value

or expression The default is 0.

The default Permeability x (ST unit: m? ) uses the value From material, as defined by the
Porous material sclection. For User defined select Isotropic to define a scalar or Diagonal,
Symmetric or Anisotropic to enter a tensor and enter other values or expressions in the

field or matrix.

Initial Values

The Initial Values node adds initial values for the pressure and the saturation of fluid 1
(that is, the fraction of that fluid inside the pore space) that can serve as initial

conditions for a transient simulation or as an initial guess for a nonlinear solver.

INITIAL VALUES

Enter a value or expression for the initial value of the Pressure p (SI unit: Pa). The
default value is O Pa. Enter a value or expression for the initial value of the Saturation
fluid I 51 (a dimensionless number between 0 and 1). The default value is 0. The
saturation of Fluid 2 is then calculated as sg = 1 — s7.

No Flux

The No Flux node is the default boundary condition stating that there is no flow across

impervious boundaries. The mathematical formulation is:
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n-pu=20
where n is the vector normal to the boundary.

Also, the No Flux boundary enforces a zero gradient condition for the fluid content

across the selected boundary

n-Ve; =0

Pressuve and Saturation

Use the Pressure and Saturation node to specify the pressure and fluid volume fractions
on a boundary. In many cases the distribution of pressure and saturation are known as

numbers, distributions, or expressions involving time, ¢, for example.

PRESSURE AND SATURATION
Enter a value or expression for the Pressure p (SI unit: Pa), and for the Saturation
fluid I s; (a dimensionless number between 0 and 1). The default values are 0. The

saturation of Fluid 2 is then calculated as sg = 1 — 5.

Mass Flux

Use the Mass Flux node to specify the mass flux into or out of the model domain
through some of its boundaries. It is often possible to determine the mass flux from
the pumping rate or from measurements. With this boundary condition, positive

values correspond to flow into the model domain
-n-pu =N,

where N is a value or expression for the inward (or outward) Darcy’s flux that is

specified.

MASS FLUX AND SATURATION
Enter a value or expression for the Inward mass flux N (SI unit: kg/ (m2 -s)). A positive
value of N represents an inward mass flux, whereas a negative value represents an

outward mass flux.

Enter a value or expression for the Saturation fluid 1 s (a dimensionless number
between 0 and 1) in the mass flux. The default value is 0.
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Inlet

The Inlet node adds a boundary condition for the inflow (or outflow) perpendicular
(normal) to the boundary:

-n-pu = (slp1+szp1)U0

where Uy is a specified value or expression for the inward (or outward) Darcy’s velocity.
A positive value of the velocity U corresponds to flow into the model domain whereas

a negative value represents an outflow.

INLET

Enter a value or expression for the Normal inflow velocity Uy, (SI unit: m/s). A positive
value of Uy represents an inflow velocity, whereas a negative value represents an
outward velocity.

Enter a value or expression for the Saturation fluid 1 s (a dimensionless number
between 0 and 1). The default value is 0.

Outlet

The Outlet node adds a boundary condition for the outflow perpendicular (normal) to

the boundary:
-n-D. Ve, =0

where D, is the capillary diffusion (SI unit: m? /s)and c¢q = s1p1 is the fluid 1 content
(SI unit: kg/ ms). This means that the normal gradient of fluid saturation does not
change through this boundary.

PRESSURE

Enter a value or expression for the Pressure p. The default value is 0. If the reference
pressure pof, defined at the physics interface level is 0, enter the absolute pressure.

Otherwise, enter the relative pressure.

Interior Wall

The Interior Wall boundary condition can only be applied on interior boundaries.

It is similar to the No Flux boundary available on exterior boundaries except that it
applies on both sides of an internal boundary. It allows discontinuities of velocity and
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pressure across the boundary. The Interior Wall boundary condition can be used to
avoid meshing thin structures by applying no-flux condition on interior curves and

surfaces instead.
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Theory for the Darcy’s Law Interface

The Darcy’s Law Interface theory is described in this section.

In a porous medium, the global transport of momentum by shear stresses in the fluid
is often negligible: the pore walls impede momentum transport between fluid
occupying different pores. In most applications, a detailed description of the resolution
of every pore is not practical. A homogenization of the porous and fluid media into a
single medium is a common alternative approach. Darcy’s law, together with the
continuity equation and equation of state for the pore fluid provides a complete
mathematical model suitable for a variety of applications involving porous media flows

when the pressure gradient is the major driving force.

Darcy’s Law—Equation Formulation

Darcy’s law states that the velocity field is determined by the pressure gradient, the

fluid viscosity, and the structure of the porous medium:

K
u=-Sy (7-9)
i

In this equation, x (SI unit: m?> ) denotes the permeability of the porous medium, p
(ST unit: kg/(m-s)) the dynamic viscosity of the fluid, p (SI unit: Pa) the pressure, and
u (ST unit: m/s) the Darcy velocity. The Darcy’s Law interface combines Darcy’s law

with the continuity equation:
0 -
5 PR +V - (pu) = @y (7-10)

In the above equation, p (SI unit: kg/ ms) is the density of the fluid, € (dimensionless)
is the porosity, and @y, (SI unit: kg/ (m3~s)) is a mass source term. Porosity is defined
as the fraction of the control volume that is occupied by pores. Thus, the porosity can

vary from zero for pure solid regions to unity for domains of free flow.

If the Darcy’s Law interface is coupled to an energy balance, then the fluid density can
be a function of the temperature, pressure, and composition (for mixture flows). For

gas flows in porous media, the relation is given by the ideal gas law:

p = RT (7-11)
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where R= 8.314 J /(mol-K) is the universal gas constant, M (SI unit: kg/mol) is the

molecular weight of the gas, and T (SI unit: K) is the temperature.
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Theory for the Brinkman Equations
Interface

The Brinkman Equations Interface theory is described in this section:

* About the Brinkman Equations
¢ Brinkman Equations Theory

e References for the Brinkman Equations Interface

About the Brinkman Equations

The Brinkman equations describe fluids in porous media for which the momentum
transport within the fluid due to shear stresses is of importance. This mathematical
model extends Darcy’s law to include a term that accounts for the viscous transport in
the momentum balance, and it treats both the pressure and the flow velocity vector as
independent variables. Use the Free and Porous Media Flow interface to model
combinations of porous media and free flow domains. These types of problems are

often encountered in applications such as monolithic reactors and fuel cells.

ﬂ The Free and Porous Media Flow Interface

In porous domains, the flow variables and fluid properties are defined at any point

inside the medium by means of averaging of the actual variables and properties over a
certain volume surrounding the point. This control volume must be small compared
to the typical macroscopic dimensions of the problem, but it must be large enough to

contain many pores and solid matrix elements.

Porosity is defined as the fraction of the control volume that is occupied by pores.
Thus, the porosity can vary from zero for pure solid regions to unity for domains of

free flow.

The physical properties of the fluid, such as density and viscosity, are defined as
intrinsic volume averages that correspond to a unit volume of the pores. Defined this
way, they present the relevant physical parameters that can be measured experimentally,
and they are assumed to be continuous with the corresponding parameters in the

adjacent free flow.
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The flow velocity is defined as a superficial volume average, and it corresponds to a
unit volume of the medium including both the pores and the matrix. It is sometimes
called the Darcy velocity, defined as the volume flow rate per unit cross section of the
medium. Such a definition makes the velocity field continuous across the boundaries

between porous regions and regions of free flow.

Brinkman Equations Theory

The dependent variables in the Brinkman equations are the Darcy velocity and the
pressure. The flow in porous media is governed by a combination of the continuity

equation and the momentum equation, which together form the Brinkman equations:

0
g(epp) +V-(pu) = Q,, (7-12)

-SP;(%I+ (a- V):—p) =

(7-13)

{u(Vu + (Vu)T) - %p(v . u)IH - [Klp + 8_;”}“ +F
P

—Vp+V-|:l
Ep

In these equations:

e 4 (ST unit: kg/(m-s)) is the dynamic viscosity of the fluid

* u (ST unit: m/s) is the velocity vector

e p(SI unit: kg/ms) is the density of the fluid

e p (SI unit: Pa) is the pressure

* &, is the porosity

e K (SI unit: m2) is the permeability tensor of the porous medium, and

* Qpy (SI unit: l(g/(ms-s)) is a mass source or mass sink

Influence of gravity and other volume forces can be accounted for via the force term
F (ST unit: kg/(mz-sz)).

When the Neglect inertial term (Stokes-Brinkman) check box is selected, the term
(u - V)(u/ey) on the left-hand side of Equation 7-6 is disabled.

The mass source, Qy,, accounts for mass deposit and mass creation within the domains.

The mass exchange is assumed to occur at zero velocity.
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The Forchheimer drag option, Bg (SI unit: kg/ m4), adds a viscous force proportional
to the square of the fluid velocity, Fg = —Bgjulu, to the right-hand side of
Equation 7-6.

In case of a flow with variable density, Equation 7-5 and Equation 7-6 must be solved
together with the equation of state that relates the density to the temperature and
pressure (for instance the ideal gas law).

For incompressible flow, the density stays constant in any fluid particle, which can be

expressed as
i(e p)+u-Vp =0
at P

and the continuity equation (Equation 7-5) reduces to

pV~u = Qbr

References for the Brinkman Equations Interface

1. D. Nield and A. Bejan, Convection in Porous Media, 3rd ed., Springer, 2006.

2. M. Le Bars and M.G. Worster, “Interfacial Conditions Between a Pure Fluid and a
Porous Medium: Implications for Binary Alloy Solidification,” J. of Fluid Mechanics,
vol. 550, pp. 149-173, 2006.
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Theory for the Free and Porous
Media Flow Interface

The Free and Porous Media Flow Interface uses the Navier-Stokes equations to
describe the flow in open regions, and the Brinkman equations to describe the flow in

porous regions.

The same fields, wand p, are solved for in both the free flow domains and in the porous
domains. This means that the pressure in the free fluid and the pressure in the pores is
continuous over the interface between a free flow domain and a porous domain. It also
means that continuity is enforced between the fluid velocity in the free flow and the

Darcy velocity in the porous domain. This treatment is one of several possible models

for the physics at the interface. Examples of other models can be found in Ref. 1.

The continuity in u and p implies a stress discontinuity at the interface between a
free-flow domain and a porous domain. The difference corresponds to the stress
absorbed by the rigid porous matrix, which is a consequence implicit in the

formulations of the Navier-Stokes and Brinkman equations.

Reference for the Free and Porous Media Flow Interfuce

1. M.L. Bars and M.G. Worster, “Interfacial Conditions Between a Pure Fluid and a
Porous Medium: Implications for Binary Alloy Solidification,” J. Fluid Mech.,
vol. 550, pp. 149-173, 2006.
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Theory for the Two-Phase Darcy’s
Law Interface

Darcy’s Law

Darcy’s law states that the velocity field is determined by the pressure gradient, the
fluid viscosity, and the permeability of the porous medium. According to Darcy’s law,

the velocity field is given by
u = —EVp (7-14)

In this equation:

e u (SI unit: m/s) is the Darcy velocity vector

ek (SI unit: m2) is the permeability of the porous medium
* W (ST unit: Pa-s) is the fluid’s dynamic viscosity, and

* p (SI unit: Pa) is the fluid’s pressure

The permeability, k, represents the resistance to flow over a representative volume
consisting of solid grains and pores.

In the presence of two fluid phases, the average density p and average viscosity 1 are

calculated from the saturation and fluid property of each phase

1=s,+s, (7-15)

p = 51P1t+S2Pg (7-16)

K K
1o oy 2 (7-17)
u My )

here, s1 and sy represent the saturation of each phase, p; and py the densities, and K1

and 1,9 the relative permeabilities.

The Two-Phase Darcy’s Law interface combines Darcy’s law (Equation 7-14) with the
continuity equation for the average density p

0 _ .
57 Pg) + V- (pu) = 0 (7-18)
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here, &, is the porosity, defined as the fraction of the control volume that is occupied
by pores. Inserting Darcy’s law (Equation 7-14) into the continuity equation

(Equation 7-18) produces the governing equation
9 (pe,)+ V- p[—EVp} =0 (7-19)
Jt " P u

When either of the fluids is compressible, its density can be related to the pressure (for

instance using the ideal gas law).

Capillary Pressure

Beside the continuity equation for the mixture (Equation 7-19), the Two-Phase
Darcy’s Law interface also solves the transport equation for the fluid content of one of
the phases, ¢1 = s1p1

%(spcl)+v-(clu) = V.D.Ve, (7-20)

here, D, (SI unit: m? /s) is the capillary diffusion coefficient, which can be directly
specified, or it can be derived from a capillary pressure expression. Normally, the fluid

content ¢y will be the concentration of the wetting phase.

When capillary pressureis selected as capillary model, the capillary diffusion coefficient

is computed from the saturation of one of the phases and the capillary pressure

K 9

D, = (s, - 1)oe (7-21)
M1 ds1

The capillary pressure is defined as the pressure difference between the phases, and it

can be defined as a function of saturation, p.(s1). The capillary pressure can be a user

defined expression, or it can be derived from van Genuchten or Brooks and Corey

models.

For van Genuchten model, the expression for the capillary pressure as a function of

saturation follows the curve

1 1-m
p. = pec(—-—i—/—-n—l - lj (7-22)
S1

where p, is the entry capillary pressure and m is a constitutive exponent.
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For the Brooks and Corey model, the capillary pressure curve depends on saturation as
1

P. = Pec 1/ (7-23)
$1

where A is the pore distribution index.
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Chemical Species Transport Interfaces

The physics interfaces under the Chemical Species Transport branch ( <:%)
accommodate all types of material transport that can occur through diffusion and
convection. The section Modeling Chemical Species Transport helps you choose

the best physics interface to start with.
In this chapter:

e The Transport of Diluted Species Interface

¢ The Transport of Concentrated Species Interface

¢ The Reacting Flow Multiphysics Interfaces

¢ The Reacting Flow in Porous Media Interfaces

¢ Theory for the Transport of Diluted Species Interface

e Theory for the Transport of Concentrated Species Interface

e Theory for the Reacting Flow Interfaces
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Modeling Chemical Species Transport

In this section:

¢ Seclecting the Right Physics Interface
* Coupling to Other Physics Interfaces

* Adding a Chemical Species Transport Interface

Selecting the Right Physics Interface

The behavior of chemical reactions in real environments is often not adequately
described by the assumptions of perfectly mixed or controlled environments. This
means that the transport of material through both time and space need to be
considered. Physics interfaces in the Chemical Species Transport branch accommodate
all types of material transport that can occur through diffusion and convection—either
alone or in combination with one another. The branch includes physics interfaces
solving equations for diluted as well as concentrated mixtures, where the species

propagation can occur in solids, free flowing fluids, or through porous media.

The Transport of Diluted Species Interface (") is applicable for solutions (either
fluid or solid) where the transported species have concentrations at least one order of
magnitude less than the solvent. The settings for this physics interface can be chosen
to simulate chemical species transport through diffusion (Fick’s law) and convection

(when coupled to fluid flow).

The Transport of Concentrated Species Interface (,gjg ) is used for modeling transport
within mixtures where no single component is clearly dominant. Often the
concentrations of the participating species are of the same order of magnitude, and the
molecular effects of the respective species on each other need to be considered. This
physics interface supports transport through Fickean diffusion, a mixture average
diffusion model, and as described by the Maxwell-Stefan equations.

REACTING FLOW

The Reacting Flow Multiphysics Interfaces (53 ) combines the functionality of the

Laminar Flow and Transport of Concentrated Species interfaces. Using this physics
interface the mass and momentum transport in a reacting fluid can be modeled, with
the couplings between the velocity field and the mixture density set up automatically.
This physics interface is applicable for fluid flow in the laminar regime.
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The Reacting Turbulent Flow, k-¢ Interface (7%7) combines the functionality of the
Turbulent Flow, k-€ and Transport of Concentrated Species interfaces. Using this
physics interface, the mass and momentum transport in reacting turbulent fluid flow
can be modeled, with the couplings between the velocity field and the mixture density
set up automatically. The physics interface solves for the mean velocity and pressure
fields, together with an arbitrary number of mass fractions. The fluid-flow turbulence
is modeled using the standard £-€ model, solving for the turbulent kinetic energy % and

the rate of dissipation of turbulent kinetic energy €.

The Reacting Turbulent Flow, k-w Interface (227) combines the functionality of the
Turbulent Flow, k- and Transport of Concentrated Species interfaces. Using this
physics interface, the mass and momentum transport in reacting turbulent fluid flow
can be modeled, with the couplings between the velocity field and the mixture density
set up automatically. The physics interface solves for the mean velocity and pressure
fields, together with an arbitrary number of mass fractions. The fluid-flow turbulence
is modeled using the Wilcox revised k-» model, solving for the turbulent kinetic

energy k and the rate of specific dissipation of turbulent kinetic energy o.

The Reacting Turbulent Flow, SST Interface (277) combines the functionality of the
Turbulent Flow, SST and Transport of Concentrated Species interfaces. Using this
physics interface, the mass and momentum transport in reacting turbulent fluid flow
can be modeled, with the couplings between the velocity field and the mixture density
set up automatically. The physics interface solves for the mean velocity and pressure
fields, together with an arbitrary number of mass fractions. The fluid-flow turbulence
is modeled using the Menter SST model, solving for the turbulent kinetic energy % and
the rate of specific dissipation of turbulent kinetic energy ®. The physics interface also

includes a wall distance equation that solves for the reciprocal wall distance.

The Reacting Turbulent Flow, Low Re k-¢ Interface (227) combines the functionality
of the Turbulent Flow, Low Re k-¢ and Transport of Concentrated Species interfaces.
Using this physics interface, the mass and momentum transport in reacting turbulent
fluid flow can be modeled, with the couplings between the velocity field and the
mixture density set up automatically. The physics interface solves for the mean velocity
and pressure fields, together with an arbitrary number of mass fractions. The fluid-flow
turbulence is modeled using the AKN low-Reynolds number &-&¢ model, solving for
the turbulent kinetic energy & and the rate of dissipation of turbulent kinetic energy €.
The physics interface also includes a wall distance equation that solves for the

reciprocal wall distance.
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REACTING FLOW IN POROUS MEDIA

The Reacting Flow in Porous Media, Transport of Diluted Species Interface (&),
merges the functionality of the Transport of Diluted Species and the Free and Porous
Media Flow interfaces into a multiphysics interface. This way, coupled mass and
momentum transport in free and porous media can be modeled from a single physics
interface, with the component coupling for the velocity field set up automatically. In
addition, the effective transport coefficients in a porous matrix domain can be derived

based on the corresponding values in for a non-porous domain.

The Reacting Flow in Porous Media, Transport of Concentrated Species Interface
(&), combines the Transport of Concentrated Species and the Free and Porous
Media Flow interfaces. This means that mass and momentum transport can be
modeled from a single physics interface, with the couplings between the velocity field
and the mixture density set up automatically. Also, the effective transport coefficients
in a porous matrix domain are derived based on the corresponding values for a
non-porous domain. This physics interface is applicable for fluid flow in the laminar

regime.

Coupling to Other Physics Interfaces

When you are simulating applications that can be described by the material transport
interfaces in the Chemical Species Transport branch, there is often a need to couple the
material transport to other physics interfaces. Convection is often the cause of the

material transport, so couplings to Fluid Flow interfaces is required. The CFD Module
includes physics interfaces for Laminar Flow and Porous Media Flow as well as more

advanced descriptions of fluid flow, such as turbulent and Multiphase Flow.

Moreover, most chemical reactions or other types of material processing, such as
casting, either require or produce heat, which in turn affects both the reaction and
other physical processes connected to the system. This module includes physics
interfaces for heat transfer through conduction and convection as well as through
porous media. More extensive description of heat transfer, such as surface-to-surface

radiation, can be found in the Heat Transfer Module.

Finally, COMSOL Multiphysics supports simulations of electrostatics or DC-based
physical phenomena, even when the conductivity is nonlinear. If the electric field is
AC/DC in nature, or if your system is affected by electromagnetic waves, then the
AC/DC Module and RF Module include appropriate physics interfaces for such
phenomena. Furthermore, some applications of electrochemical reactions, particularly
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in electrochemical power source applications, are better handled by the Batteries &
Fuel Cells Module.

Adding a Chemical Species Transport Interface

A chemical species transport interface can be added when first creating a new model,

or at any time during the modeling process.

@l Creating a New Model in the COMSOL Multiphysics Reference Manual

I To add a physics interface:

- Select New to open the Model Wizard, after selecting a space dimension, go to the

Select Physics page.
- From the Home toolbar, click Add Physics (}4-‘-; ). Or right-click the Component
node in the Model Builder and sclect Add Physics. Go to the Add Physics window.
2 Under Chemical Species Transport, navigate to the physics interface to add and
double-click it.

There are other ways to add a physics interface depending on whether you are in the
Model Builder or Add Physics window:

- In the Model Wizard, click Add or right-click and select Add Physics ( == ). The
physics interface displays under Added physics interfaces.

- In the Add Physics window, click Add to Component ( <= ) or right-click and select
Add to Component.

3 Specify the number of species (concentrations or mass fractions) and the names:
- In the Model Wizard, on the Review Physics Interface page under Dependent
Variables.

- In the Add Physics window, click to expand the Dependent Variables section.

- After adding the physics interface, you can also edit this information—click the
node in the Model Builder, then, on the Settings window under Dependent

Variables, specify the information.

4 Continue by adding more interfaces and specifying the number of species
(concentrations or mass fractions) that are to be simulated in a mass transport

physics interface when adding that interface.
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5 In the Dependent Variables section, enter the Number of species. To add a single
species, click the Add Concentration button ( == ) underneath the table or enter a
value into the Number of species ficld. Click the Remove Concentration button ( =)

underneath the table if required.

The Transport of Concentrated Species interface needs to contain at least two species
(the default). Also edit the strings or names directly in the table. The names must

be unique for all species (and all other dependent variables) in the model.
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The Transport of Diluted Species
Interface

The Transport of Diluted Species (tds) interface (g ), found under the Chemical Species
Transport branch ( #:% ), is used to calculate the concentration field of a dilute solute in
a solvent. Transport and reactions of the species dissolved in a gas, liquid, or solid can
be handled with this interface. The driving forces for transport can be diffusion by
Fick’s law, convection when coupled to a flow field, and migration, when coupled to
an electric field.

The interface supports simulation of transport by convection and diffusion in 1D, 2D,
and 3D as well as for axisymmetric components in 1D and 2D. The dependent variable
is the molar concentration, c. Modeling multiple species transport is possible, whereby

the physics interface solves for the molar concentration, c¢;, of each species i.

Some features are only available in a limited set of add-on products. For
a detailed overview of which features are available in each product, visit

http://www.comsol.com/products/specifications/

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.
The default Name (for the first physics interface in the model) is tds.

DOMAIN SELECTION

If any part of the model geometry should not partake in the mass transfer model,

remove that part from the selection list.

TRANSPORT MECHANISMS

Mass transport due to diffusion is always included. Use the check boxes available under

Additional transport mechanisms to control other transport mechanisms.
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Note: Not all additional transport mechanisms listed below are available in all

products. For details see http://www.comsol.com/products/specifications /.

* By default, the Convection check box is selected. Clear the check box to disable

convective transport.

¢ Select the Migration in electric field check box to activate the migration transport of

ionic species. See further the theory section Adding Transport Through Migration.

Mass Transport in Porous Media

The Mass transport in porous media check box activates functionality specific to species
transport in porous media. When selected, the following transport mechanisms are
available:

* Select the Dispersion in porous media check box to activate the dispersion mechanism
in porous media. See further Dispersion in the theory chapter.

¢ Sclect the Volatilization in partially saturated porous media check box to model
volatilization in partially saturated domains. Theory for the Transport of Diluted

Species Interface
The following features are also enabled when selecting the Mass transport in porous
media check box:
* Adsorption

e Porous Media Transport Properties

CONSISTENT STABILIZATION

To display this sections, click the Show button ("& ) and select Stabilization.

¢ When the Crosswind diffusion check box is selected, a weak term that reduces
spurious oscillations is added to the transport equation. The resulting equation

system is always nonlinear. There are two options for the Crosswind diffusion type:

- Do Carmo and Galedo — the default option. This type of crosswind diffusion
reduces undershoots and overshoots to a minimum but can in rare cases give

equation systems that are difficult to fully converge.

- Codina. This option is less diffusive compared to the Do Carmo and Galedo
option but can result in more undershoots and overshoots. It is also less effective

for anisotropic meshes. The Codina option activates a text field for the Lower
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gradient limit g};,,,. It defaults to 0.1[mol/m~3) /tds.helem, where tds.helem
is the local element size.

* For both consistent stabilization methods, select an Equation residual. Approximate
residual is the default and means that derivatives of the diffusion tensor components
are neglected. This setting is usually accurate enough and is computationally faster.

If required, select Full residual instead.

INCONSISTENT STABILIZATION

To display this section, click the Show button ( & ) and select Stabilization. By default,
the Isotropic diffusion check box is not selected, because this type of stabilization adds
artificial diffusion and affects the accuracy of the original problem. However, this

option can be used to get a good initial guess for under-resolved problems.

ADVANCED SETTINGS

To display this section, click the Show button (“& ) and select Advanced Physics Options.
Normally these settings do not need to be changed. Select a Convective term—
Non-conservative form (the default) or Conservative form. The conservative formulation
should be used for compressible flow. See Convective Term Formulation for more

information.

DISCRETIZATION

To display this section, click the Show button (& ) and sclect Discretization.

The Compute boundary fluxes check box is activated by default so that COMSOL
Multiphysics computes predefined accurate boundary flux variables. When this option
is checked, the solver computes variables storing accurate boundary fluxes from each

boundary into the adjacent domain.

If the check box is cleared, the COMSOL Multiphysics software instead computes the
flux variables from the dependent variables using extrapolation, which is less accurate
in postprocessing results but does not create extra dependent variables on the

boundaries for the fluxes.
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The flux variables affected in the interface are:

e ndflux_c (where cis the dependent variable for the concentration). This is the
normal diffusive flux and corresponds to the boundary flux when diffusion is the

only contribution to the flux term.

* ntflux_c (where cis the dependent variable for the concentration). This is the
normal total flux and corresponds to the boundary flux plus additional transport

terms, for example, the convective flux when you use the non-conservative form.

Also the Apply smoothing to boundary fluxes check box is available if the previous check
box is checked. The smoothing can provide a more well-behaved flux value close to

singularities.

For details about the boundary fluxes settings, see Computing Accurate Fluxes in the
COMSOL Multiphysics Reference Manual.

The Value type when using splitting of complex variables sctting should in most pure
mass transfer problems be set to Real, which is the default. It makes sure that the
dependent variable does not get affected by small imaginary contributions, which can
occur, for example, when combining a Time Dependent or Stationary study with a
frequency-domain study. For more information, see Splitting Complex-Valued
Variables in the COMSOL Multiphysics Refevence Manual.

DEPENDENT VARIABLES
The dependent variable name is Concentration ¢ by default. The names must be unique

with respect to all other dependent variables in the component.

Add or remove species variables in the model and also change the names of the

dependent variables that represent the species concentrations.

Enter the Number of species. Use the Add concentration ( == ) and Remove

concentration ( :=. ) buttons as needed.
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FURTHER READING

e Theory for the Transport of Diluted Species Interface

e Numerical Stabilization in the COMSOL Multiphysics Reference
Manual.

e Domain, Boundary, and Pair Nodes for the Transport of Diluted
{i}‘ Species Interface
e Inthe COMSOL Multiphysics Reference Manual, see Table 2-3 for
links to common sections and Table 2-4 for common feature nodes.
You can also search for information: press F1 to open the Help window

or Ctrl+F1 to open the Documentation window.

e Effective Diffusivity in Porous Materials: Application Library path
COMSOL_Multiphysics/Diffusion/effective_diffusivity

i o Thin-Layer Diffusion: Application Library path COMSOL_Multiphysics/
Diffusion/thin_layer_diffusion

The Transport of Diluted Species in Porous Media Interface

This interface (& ), found under the Chemical Species Transport branch ( 722 ), is used
to calculate the species concentration and transport in free and porous media. The
interface is the same as the Transport of Diluted Species interface but it uses other
defaults: The Mass Transport in Porous Media property is selected, and a Porous
Media Transport Properties node is added by default. The interface includes reaction
rate expressions and solute sources for modeling of species transport and reaction in
porous media.

This interface is dedicated to modeling transport in porous media, including immobile
and mobile phases, where the chemical species may be subjected to diffusion,
convection, migration, dispersion, adsorption, and volatilization in porous media. It
supports cases where cither the solid phase substrate is exclusively immobile, or when

a gas-filling medium is also assumed to be immobile.

It applies to one or more diluted species or solutes that move primarily within a fluid
that fills (saturated) or partially fills (unsaturated) the voids in a solid porous medium.
The pore space not filled with fluid contains an immobile gas phase. Models including
a combination of porous media types can be studied.
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The main feature nodes are the Porous Media Transport Properties and Partially
Saturated Porous Media nodes, which add the equations for the species concentrations
and provide an interface for defining the properties of the porous media, as well as
additional properties governing adsorption, volatilization, dispersion and diffusion,
migration, and the velocity field to model convection.

The physics interface can be used for stationary and time-dependent analysis.

When this physics interface is added, these default nodes are also added to the Model
Builder—Porous Media Transport Properties, No Flux (the default boundary condition),
and . Then, from the Physics toolbar, add other nodes that implement, for example,
boundary conditions, reaction rate expressions, and species sources. You can also
right-click Transport of Diluted Species in Porous Media to select physics features from

the context menu.

SETTINGS

The rest of the settings are the same as The Transport of Diluted Species Interface.

FURTHER READING

* Theory for the Transport of Diluted Species Interface

l@l e Domain, Boundary, and Pair Nodes for the Transport of Diluted
Species Interface

o Variably Saturated Flow and Transport—Sorbing Solute:
Application Library path Subsurface_Flow_Module/Solute_Transport/
ﬂ]]] sorbing_solute
Web link: http://www.comsol.com/model /

variably-saturated-flow-and-transport-sorbing-solute-490

Domain, Boundary, and Pair Nodes for the Transport of Diluted
Species Interface

The Transport of Diluted Species Interface has the following domain, boundary, and

pair nodes, listed in alphabetical order, available from the Physics ribbon toolbar
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(Windows users), Physics context menu (Mac or Linux users), or by right-clicking to

access the context menu (all users).

To add a node, go to the Physics toolbar, no matter what operating system
m you are using. Subnodes are available by clicking the parent node and
selecting it from the Attributes menu.

* Adsorption ¢ Outflow

* Concentration ¢ Periodic Condition

* Flux e DPoint Mass Source

¢ Flux Discontinuity e Reactions

* InflowlInitial Values * Symmetry

* Initial Values ¢ Thin Diffusion Barrier

e Line Mass Source e Thin Impermeable Barrier
* No Flux * Transport Properties

¢ Open Boundary e Turbulent Mixing

Some features may require certain add-on modules. See details http://

www.comsol.com/products/specifications /

For axisymmetric components, COMSOL Multiphysics takes the axial
symmetry boundaries (at r = 0) into account and automatically adds an
Axial Symmetry node that is valid on boundaries representing the

symmetry axis.

In the COMSOL Multiphysics Refevence Manual, see Table 2-3 for links
to common sections and Table 2-4 for common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Transport Properties

The settings in this node are dependent on the check boxes selected under Transport

Mechanisms on the Settings window for the Transport of Diluted Species interface. It
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includes only the sections required by the activated transport mechanisms. It has all the
equations defining transport of diluted species as well as inputs for the material

properties.

When the Convection check box is selected, the Turbulent Mixing subnode is available
from the context menu as well as from the Physics toolbar, Attributes menu. Note that
this feature is only available in some COMSOL products. See details: http://

www.comsol.com/products/specifications /.

MODEL INPUTS
The temperature model input is always available. Select the source of the Temperature.
For User defined, enter a value or expression for the temperature in the input field. This

input option is always available.

You can also select the temperature solved for by a Heat Transfer interface added to
the model component. These physics interfaces are available for selection in the

Temperature list.

CONVECTION

If transport by convection is active, the velocity field of the solvent needs to be
specified. Select the source of the Velocity field. For User defined, enter values or
expressions for the velocity components in the input fields. This input option is always

available.

You can also select the velocity field solved for by a Fluid Flow interface added to the
model component. These physics interfaces are available for selection in the Velocity
field list.

DIFFUSION

Select an option from the Material list. This selection list can only be used if a material
has been added in the Materials node and if that material has a diffusion coefficient
defined. Else, you need to type in the diffusivity in the User Defined edit field.

Enter the Diffusion coefficient D, for each species. This can be a scalar value for isotropic
diffusion or a tensor describing anisotropic diffusion. Select the appropriate tensor
type —lsotropic, Diagonal, Symmetric, or Anisotropic that describes the diffusion
transport, and then enter the values in the corresponding element (one value for each

species).
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Note that multiple species, as well as Migration in Electric fields (described below) is
only available for certain COMSOL Multiphysics add-on products. See details: http: /

/www.comsol.com/products/specifications/ .

MIGRATION IN ELECTRIC FIELD
This section is available when the Migration in electric field check box is selected. From

the Electric potential list, select the source of the electric field.

* Enter a value or expression for the Electric potential V, which is User defined; this
input option is always available.

* Select the electric potential solved by an AC/DC-based interface that has also been
added to the model.

* Select the electric potential defined or solved by Electrochemistry interface that has

been added to the component.

By default the Mobility is set to be calculated based on the species diffusivity and the
temperature using the Nernst-Einstein relation. For User defined, and under Mobility,
select the appropriate scalar or tensor type — Isotropic, Diagonal, Symmetric, or

Anisotropic — and type in the value of expression of the mobility up, .

Enter the Charge number z. (dimensionless, but requires a plus or minus sign) for each

species.

The temperature (if you are using mobilities based on the Nernst-Einstein relation) is

taken from Model Inputs section.

Note that the migration in electric fields feature is only available in some COMSOL

products. See details: http: //www.comsol.com/products/specifications/.

EXAMPLE MODELS

Separation Through Dialysis: Application Library path

Chemical_Reaction_Engineering_Module/Separation_Processes/dialysis

Web link: http://www.comsol.com/model /
separation-through-dialysis-258
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Transport in an Electrokinetic Valve: Application Library path

Microfluidics_Module/Fluid_Flow/electrokinetic_valve

Web link:
http:/ /www.comsol.com/model /electrokinetic-valve-603

Turbulent Mixing

Note that the Turbulent Mixing node is only available for some product add-ons. See
details: http://www.comsol.com /products/specifications/.

This subnode is available from the context menu (right-click the Transport Properties
parent node) as well as from the Physics toolbar, Attributes menu, if Convection is
selected as a transport mechanism. Use this node to account for the turbulent mixing
caused by the eddy diffusivity. An example is when the specified velocity field
corresponds to a RANS solution.

TURBULENT MIXING PARAMETERS
Some physics interfaces provide the turbulent kinematic viscosity, and these appear as
options in the Turbulent kinematic viscosity v list. The list always contains the User

defined option where any value or expression can be entered.
The default Turbulent Schmidt number Scy is 0.71 (dimensionless).
FURTHER READING

See the section About Turbulent Mixing in the CFD Module User’s Guide (this link
is available online or if you have the CFD Module documentation installed).

Tuvbulent Mixing of & Trace Species: Application Library path
CFD_Module/Single-Phase_Tutorials/turbulent_mixing

ﬂ]]] Web link:
http:/ /www.comsol.com/model /
turbulent-mixing-of-a-trace-species-12727
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Initinl Values

The Initial Values node specifies the initial values for the concentration of each species.
These serve as an initial guess for a stationary solver or as initial conditions for a

transient simulation.

DOMAIN SELECTION
If there are several types of domains with different initial values defined, it might be
necessary to remove some domains from the selection. These are then defined in an

additional Initial Values node.

INITIAL VALUES
Enter a value or expression for the initial value of the Concentration or concentrations,

c;. This also serves as a starting guess for stationary problems.

Mass-Based Concentrations

Use the Mass-Based Concentrations node to add postprocessing variables for mass-based
concentrations (SI unit: kg/ m3) and mass fractions (dimensionless) for all species.

MIXTURE PROPERTIES
The default Solvent density Ogjyent 1S taken From material. For User defined, enter a
value or expression manually. Define the Molar mass of each species, which is needed

to calculate the mass-based concentration.

Reactions

Use the Reactions node to account for the consumption or production of species

through chemical reactions. Define the rate expressions as required.

DOMAIN SELECTION
From the Selection list, choose the domains on which to define rate expression or

expressions that govern the source term in the transport equations.

Several reaction nodes can be used to account for different reactions in different parts

for the modeling geometry.

REACTION RATES
Add a rate expression R; (SI unit: mol/(m3~s)) for species 7. Enter a value or expression
in the field. Note that if you have the Chemistry interface available, provided with the
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Chemical Reaction Engineering Module, the reaction rate expressions can be
automatically generated and picked up using the drop-down menu. For an example,

see the application Fine Chemical Production in o Plate Reactor as linked below.

REACTING VOLUME
This section is only available when the Mass Transport in Porous Media property is
available and selected. See http://www.comsol.com/products/specifications/ for

more details on availability.

When specifying reaction rates for a species in porous media, the specified reaction rate
may have the basis of the total volume, the pore volume, or the volume of a particular
phase.

* For Total volume, the reaction expressions in mol/ (m‘?’-s) are specified per unit

volume of the model domain (multiplied by unity).

* For Pore volume, the reaction expressions in mol/ (ms-s) are specified per unit
volume of total pore space. The reaction expressions will be multiplied by the

domain porosity, €. (€, equals unity for nonporous domains.)

* For Liquid phase, the reaction expressions in mol/ (ms-s) are specified per unit
volume of liquid in the pore space. The expressions will be multiplied by the liquid

volume fraction 8. (8 equals €, for Saturated Porous Media domains).

* For Gas phase, the expressions are multiplied by the gas volume fraction a, = €, - 6.

a, equals 0 for Saturated Porous Media domains.

FURTHER READING
See the theory chapter on chemical species transport, starting with the section Mass
Balance Equation.

* Fine Chemical Production in o Plate Reactor: Application Library
path Chemical_Reaction_Engineering_Module/
ﬂ:ﬂ] Reactors_with_Mass_and_Heat_Transfer/plate_reactor

Web link: http: //www.comsol.com/model /

fine-chemical-production-in-a-plate-reactor-8589
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No Flux

This node is the default boundary condition on exterior boundaries. It represents
boundaries where no mass flows in or out of the boundaries. Hence, the total flux is

ZCro.

Inflow

Use this node to specify all species concentrations at an inlet boundary.

If you want to specify the concentration of a subset of the partaking species, this can
be done by using the Concentration node instead.

For the Electroanalysis interface, this node is available when you select the Convection

check box on the physics interface Settings window.

CONCENTRATION
For the concentration of each species ¢ ¢ (SI unit: mol /! ms), enter a value or

expression.

BOUNDARY CONDITION TYPE

This section in the settings is only available for some products. Search for “Inflow” on
the page: http://www.comsol.com/products/specifications/ for more details on
availability.

The option Concentration constraint constrains the concentration values on the
boundary by the use of pointwise constraints. The other option, Flux (Danckwerts) can
be more stable and fast to solve when high reaction rates are anticipated in the vicinity
of the inlet. Oscillations on the solutions can also be avoided in such cases. The latter
condition uses a flux boundary condition based on the velocity across the boundary

and the concentration values. See further details in the theory section.

CONSTRAINT SETTINGS

To display this section, click the Show button (“& ) and select Advanced Physics Options.

You can find details about the different constraint settings in the section Constraint

Reaction Terms.

FURTHER READING

See the theory chapter in the section .
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Outflow

This node is not available if Diffusion only is included in the model.

Set this condition at outlets where species are transported out of the model domain by
fluid motion. It is assumed that convection is the dominating transport mechanism
across outflow boundaries, and therefore that diffusive transport can be ignored, that

is:

n-(-DVe) =0

Concentration

This condition node adds a boundary condition for the species concentration. For

example, a ¢ = ¢ condition specifies the concentration of species c.

CONCENTRATION

Individually specify the concentration for each species. Select the check box for the
Species to specify the concentration, and then enter a value or expression in the
corresponding field. To use another boundary condition for a specific species, click to

clear the check box for the concentration of that species.

CONSTRAINT SETTINGS
To display this section, click the Show button ("= ) and select Advanced Physics Options.
You can find details about the different constraint settings in the section Constraint

Reaction Terms.

Flux

This node can be used to specify the total species flux across a boundary. The total flux
of species ¢ is defined accordingly:

-n-(cu-DVc) = N,

where Ny is an arbitrary user-specified flux expression (SI unit: mol/(mz-s)). For
example, N can represent a flux from or into a much larger surrounding environment,
a phase change, or a flux due to chemical reactions. Ny can also be a function of the
concentration and the electric potential (if the mass transport includes migration of

ionic species).
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When diffusion is the only transport mechanism present, the flux condition is extended

to include a mass transfer term to describe flux into a surrounding environment:
-n-(-DVc) = Ny+k(c,—c)

where k. is a mass transfer coefficient (SI unit: m/s), and ¢y, is the concentration
(ST unit: mol/ ms) in the surroundings of the modeled system (the bulk
concentration). The mass transfer coefficient (to be specified) is often given by

boundary-layer theory.

INWARD FLUX
This is used to individually specify the flux of each species. To use another boundary
condition for a specific species, click to clear the check box for the mass fraction of that

species.

Note: Use a minus sign when specifying a flux leaving the system.

Symmetry

The Symmetry node can be used to represent boundaries where the species
concentration is symmetric, that is, where there is no mass flux in the normal direction

across the boundary.

This boundary condition is identical to that of the No Flux node, but applies to all

species and cannot be applied to individual species.

Flux Discontinuity

This node represents a discontinuity in the mass flux across an interior boundary:
-n-(N;-N,)) = N, N = (cu-DVe)

where the value N (SI unit: mol/| (rn2 -s)) specifies the jump in flux at the boundary.
This can be used to model a boundary source, for example a surface reaction,

adsorption or desorption.
FLUX DISCONTINUITY
In this section the jump in species flux (or surface source) is specified.

Select the Species check box for the species to specify and enter a value or expression

for the material flux jump in the corresponding field. To use a different boundary
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condition for a specific species, click to clear the check box for the flux discontinuity

of that species.

Periodic Condition

The Periodic Condition node can be used to define periodicity or antiperiodicity
between two boundaries. The node can be activated on more than two boundaries, in
which case the feature tries to identify two separate surfaces that can each consist of
several connected boundaries. For more complex geometries, it might be necessary to
add the Destination Selection subnode, which is available from the context menu

(right-click the parent node) as well as from the Physics toolbar, Attributes menu.
With this subnode, the boundaries that constitute the source and destination surfaces

can be manually specified.

FURTHER READING

For an example of using a periodic condition, see this application example:

The KAV Equation and Solitons: Application Library path
[ﬂ]] COMSOL_Multiphysics/Equation_Based/kdv_equation

Line Mass Source

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

The Line Mass Source feature models mass flow originating from a tube or line region

with an infinitely small radius.

For the “Reacting Flow in Porous Media, Diluted Species” interface, which is available
in some add-on products, the Line Mass Source node is available in two versions, one

for the fluid flow (Fluid Line Source) and one for the species (Species Line Source).
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SELECTION
The Line Mass Source feature is available for all dimensions, but the applicable selection

differs between the dimensions.

MODEL DIMENSION  APPLICABLE GEOMETRICAL ENTITY
2D Points

2D Axisymmetry Points not on the symmetry axis and the symmetry axis
3D Edges

SPECIES SOURCE
Enter the source strength, (il,c , for each species (SI unit: mol/(m-s)). A positive value
results in species injection from the line into the computational domain, and a negative

value means that the species is removed from the computational domain.

Line sources located on a boundary affect the adjacent computational domains. This
effect makes the physical strength of a line source located in a symmetry plane twice

the given strength.

FURTHER READING

See the section Mass Sources for Species Transport.

Point Mass Source

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

The Point Mass Source feature models mass flow originating from an infinitely small

domain around a point.

For the “Reacting Flow in Porous Media, Diluted Species” interface, which is available
in some add-on products, the Point Mass Source node is available in two versions, one

for the fluid flow (Fluid Point Source) and one for the species (Species Point Source).

SPECIES SOURCE

Enter the source strength, q'p,C , for each species (SI unit: mol/s). A positive value
results in species injection from the point into the computational domain, and a
negative value means that the species is removed from the computational domain.

Point sources located on a boundary or on an edge affect the adjacent computational
domains. This has the effect, for example, that the physical strength of a point source

located in a symmetry plane is twice the given strength.
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FURTHER READING

See the section Mass Sources for Species Transport.

Open Boundary

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to set up mass transport across boundaries where both convective inflow
and outflow can occur. Use this boundary condition to specify an exterior species
concentration on parts of the boundary where fluid flows into the domain. A condition
equivalent to the Outflow node applies to the parts of the boundary where fluid flows
out of the domain.

The direction of the flow across the boundary is typically calculated by a fluid flow
interface and is provided as a model input to the Transport of Diluted Species

interface.

EXTERIOR CONCENTRATION

Enter a value or expression for the Exterior concentration.

Thin Diffusion Barvier

Use this boundary condition to model a thin layer through which mass is transported
by diffusion only. To set up the node, specify the layer thickness and a diffusion

coefficient for each transported species.

THIN DIFFUSION BARRIER
Enter a Layer thickness dg (SI unit: m). The default is 0.005 m (5 mm). Enter a
Diffusion coefficient D . (SI unit: m? /s). The default is 0.

Thin Impermenble Barrvier

This feature models a thin mass transfer barrier. The feature is available on interior
boundaries and introduces a discontinuity in the concentration across the boundary.
On each side of the boundary, a no-flux condition is prescribed for the mass transport.
The Thin Impermeable Barrier boundary feature can be used to avoid meshing thin

structures.
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Solving a model involving coupled fluid flow and mass transfer, the Thin Impermeable
Barrier feature can be combined with an Interior Wall or Rotating Interior Wall feature

in order to model a thin solid wall.

Equilibrium Reaction

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to model an equilibrium reaction in a domain. This feature is available

with two species or more.

The equilibrium reaction is defined by the relation between the chemical activities of
the chemical species participating in the reaction (the equilibrium condition) and the

stoichiometry of the reaction.

The node solves for an additional degree of freedom (the reaction rate) to fulfill the

equilibrium condition at all times in all space coordinates.

If the Apply equilibrium condition on inflow boundaries check box is selected, the
specified inflow concentration values in all active Inflow boundary nodes for the physics

interface are modified to comply with the equilibrium condition.

EQUILIBRIUM CONDITION
The list defaults to Equilibrium constant or sclect User defined. For cither option, the

Apply equilibrium condition on inflow boundaries check box is selected by default.

For Equilibrium constant, cnter an Equilibrium constant K, (dimensionless). The
default is 1. Enter a value or expression for the Unit activity concentration Cy( (SI
unit: mol/ms). The default is 1.1073 mol/ms. Equilibrium constant creates an
equilibrium condition based on the stoichiometric coefficients, the species activities,

and the law of mass action.
For User defined, cnter an Equilibrium expression E.; (dimensionless).
STOICHIOMETRIC COEFFICIENTS

Enter a value for the stoichiometric coefficient, (dimensionless). The defaultis 0. Use

negative values for reactants and positive values for products in the modeled reaction.

Species with a stoichiometric coefficient value of 0 are not affected by the Equilibrium

Reaction node.

THE TRANSPORT OF DILUTED SPECIES INTERFACE

435


http://www.comsol.com/products/specifications/
http://www.comsol.com/products/specifications/

Surface Equilibrium Reaction

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products /specifications/ for more details on availability.

Use this node to model an equilibrium reaction on a boundary (surface). The settings

for this node are similar to Equilibrium Reaction.

Porous Electrode Coupling

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products /specifications/ for more details on availability.

Use this node to add a molar source in a domain that is coupled to one or multiple

Porous Electrode Reaction nodes of an Electrochemistry Interface.

The molar source is calculated from the number of electrons, stoichiometric
coefficients, and volumetric current densities of the coupled porous electrode reactions

specified in the Reaction Coefficients subnodes.

In the Transport of Concentrated Species interface, the molar sources (or sinks) are

multiplied by the species molar masses to obtain the corresponding mass sources.

Additional Reaction Coefficients subnodes are available from the context menu

(right-click the parent node) as well as from the Physics toolbar, Attributes menu.

Note that if you are also modeling the momentum transport and expect a
non-negligible total mass source or sink, which is often the case in gas diffusion
electrodes, you need to also add a corresponding Porous Electrode Coupling node in
the Fluid Flow interface.

Reaction Coefficients

Add this node to the Electrode Surface Coupling and Porous Electrode Coupling
features to define molar fluxes and sources based on electrode current densities in an

Electrochemistry interface.

The molar flux or source is proportional to the stoichiometric coefficients and the

current density according to Faraday’s law.

Current densities from Electrode Reaction (i}, SI unit: A/ m2) or Porous Electrode

Reaction nodes (i, SI unit: A/ m3) of any Electrochemistry interface in the model are
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available for selection as the Coupled reaction, and user-defined expressions are also

supported.

Enter the Number of participating electrons 1, (dimensionless) and the Stoichiometric

coefficient v, (dimensionless) as explained in the theory section linked below.

Use multiple subnodes to couple to multiple reactions.

Electrode Surface Coupling

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to define a flux boundary condition based on current densities of one or

multiple Electrode Reaction nodes in an Electrochemistry interface.

The flux is proportional to the current densities and the stoichiometric coefficients
according to Faraday’s law as defined by summation over the Reaction Coefficients

subnodes.

In the Transport of Concentrated Species interface, the molar fluxes are multiplied by

the species molar masses to obtain the corresponding mass fluxes.

Note that if you are also modeling the momentum transport and expect a
non-negligible total mass flux over the boundary, which is often the case for gas
diffusion electrodes, you need to also add a corresponding Electrode Surface Coupling

node in the Fluid Flow interface.

Porous Medin Transport Properties

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to model the concentration of diluted species transported through
interstices in porous media. A part form convection and diffusion, the node contains

functionality to include species evolution through adsorption, dispersion, and reaction.

MODEL INPUTS
The temperature model input is always available. Select the source of the Temperature.
For User defined, enter a value or expression for the temperature in the input field. This

input option is always available.
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You can also select the temperature solved for by a Heat Transfer interface added to
the model component. These physics interfaces are available for selection in the

Temperature list.

MATRIX PROPERTIES

Select an option from the Porous material list. The default is Domain material.

By default the Porosity, &, (dimensionless) is taken From material. For User defined,

enter a different value. The default is 0.3.

When the Mass transport in porous media check box is selected in the Settings window
of the physics interface, a setting for the Density p of the porous media is available. By

default it is set to be taken From material.

CONVECTION

If transport by convection is active, the velocity field of the solvent needs to be
specified. Select the source of the Velocity field. For User defined, enter values or
expressions for the velocity components in the input fields. This input option is always

available.

You can also select the velocity field solved for by a Fluid Flow interface added to the
model component. These physics interfaces are available for selection in the Velocity
field list.

DIFFUSION

Select a Fluid material (when available and applicable).

Specify the Fluid diffusion coefficient D ; (SI unit: mz/s), Enter a value or expression
for each of the species in the corresponding input field. The defaultis 1 x 10 mz/s.

Select the Effective diffusivity model: Millington and Quirk model (the default),
Bruggeman model, Tortuosity model, or User defined. For Tortuosity model, enter a value
for the tortuosity 7 ; (dimensionless). The default is 1.

MIGRATION IN ELECTRIC FIELD
This section is available when the Migration in electric field check box is selected. From

the Electric potential list, select the source of the electric field.

¢ Enter a value or expression for the Electric potential V, which is User defined; this

input option is always available.
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* Select the electric potential solved by an AC/DC-based interface that has also been
added to the model.

¢ Select the electric potential defined or solved by Electrochemistry interface that has

been added to the component.

By default the Mobility is set to be calculated based on the species effective diffusivity
and the temperature using the Nernst-Einstein relation. For User defined, and under
Mobility, sclect the appropriate scalar or tensor type — Isotropic, Diagonal, Symmetric,

or Anisotropic — and type in the value of expression of the effective mobility # e c.

Enter the Charge number 2, for each species.

DISPERSION
This section is available when the Dispersion in porous media check box is selected on

the Settings window for the physics interface.

Select the Specify dispersion for each species individually check box to specify the
dispersion tensor Dy (SI unit: m?> /s) for each species separately. The default is to use

the same dispersion tensor Dy, for all species.

Select an option from the Dispersion tensor list—User defined (the default) or
Dispersivity. For User defined, use it to specify the dispersion components as
user-defined constants or expressions. Select Isotropic, Diagonal, Symmetric, or

Anisotropic based on the properties of the dispersion tensor.

Select Dispersivity when Convection has been added as the transport mechanism. Specify
the dispersivities (SI unit: m) to define the dispersion tensor Dpy (SI unit: m? /s)
together with the velocity field u. Select an option from the Dispersivity model list:
Isotropic (the default) or Transverse isotropic based on the properties of the porous
media. For isotropic porous media, specify the longitudinal and transverse
dispersivities. For transverse isotropic porous media, specify the longitudinal,

horizontal transverse, and vertical transverse dispersivities.

Adsorption

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to model adsorption of the fluid phase species onto the porous media
surface. It is available as a subnode to the Porous Media Transport Properties and the

Partially Saturated Porous Media nodes.
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Select a Sorption type — Langmuir (the default), Freundlich, or User defined to specify
how to compute cp, the amount of species sorbed to the solid phase (moles per unit
dry weight of the solid):

¢ For Langmuir:

Enter a Langmuir constant &y, . (ST unit: m3/mol) and an Adsorption maximum

Cp,max,c (SI unit: mol/kg):

¢ For Freundlich:

Enter a Freundlich constant kf . (SI unit: mol/kg), a Freundlich exponent Np

(dimensionless), and a Reference concentration c,ef ¢ (SI unit: mol/ms).

¢ For User defined:

Enter an Adsorption isotherm kp . (SI unit: ms/kg).

For more information, see Adsorption in the theory section.

FURTHER READING

See the theory chapter in the section .

Partially Saturated Porous Media

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to model the concentration of diluted species transported by a liquid
through in partially filled porous media. The interstices of the porous media contains
the liquid carrier phase and gas pockets. A part form convection and diffusion, the
node contains functionality to include species evolution through adsorption,

dispersion, reaction, and volatilization.

MODEL INPUTS
The temperature model input is always available. Select the source of the Temperature.
For User defined, enter a value or expression for the temperature in the input field. This

input option is always available.
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You can also select the temperature solved for by a Heat Transfer interface added to
the model component. These physics interfaces are available for selection in the

Temperature list.

SATURATION

Select Saturation or Liquid volume fraction from the list.

For Saturation, enter a value for s (dimensionless) between 0 and 1. The liquid volume

fraction is then computed from the saturation and porosity as 6 = s&,.

For Liquid volume fraction, enter a value for @ (dimensionless) between 0 and the value
of porosity. The saturation is then computed from the porosity and the liquid volume
fraction as s = g,

Select a Fluid fraction time change: Fluid fraction constant in time (the default), Time

change in fluid fraction, or Time change in pressure head.

* For Time change in fluid fraction, enter d8/d¢ (SI unit: 1/s).

* For Time change in pressure head, cnter dH,/d¢ (SI unit: m/s) and a Specific
moisture capacity C, (SI unit: 1/m).

CONVECTION

If transport by convection is active, the velocity field of the solvent needs to be
specified. Select the source of the Velocity field. For User defined, enter values or
expressions for the velocity components in the input fields. This input option is always

available.

You can also select the velocity field solved for by a Fluid Flow interface added to the
model component. These physics interfaces are available for selection in the Velocity
field list.

DIFFUSION

Select a Liquid material from the list.

Specify the Liquid diffusion coefficient Dy, . (ST unit: m? /s). Enter a value or expression
for each of the species in the corresponding input field. The defaultis 1 x 107 m? /.

Select the Effective diffusivity model, liquid: Millington and Quirk model (the default),
Bruggeman model, Tortuosity model, or User defined. For Tortuosity model, enter a value

for 7, (dimensionless). The default is 1.
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When the Volatilization in partially saturated porous media check box is selected on the
Settings window for the physics interface, also define the Gas material, Gas diffusion

coefficient, and Effective diffusivity model, gas.

MIGRATION IN ELECTRIC FIELD

This section is available when the Migration in electric field check box is selected. It is
similar to that in Porous Media Transport Properties feature. Select the source of electric
field from the Electric potential list. The default selection to Mobility is the
Nernst-Einstein relation.

DISPERSION
This section is available when the Dispersion in porous media check box is selected on
the Settings window for the physics interface. The settings are the same as for Porous

Media Transport Properties.

VOLATILIZATION
This section is available when the Volatilization in partially saturated porous media check

box is selected on the Settings window for the physics interface.

Enter a value for the Volatilization kg . (dimensionless) for each species.

Volatilization

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

This feature is available when the Volatilization in partially saturated porous media check
box is selected on the Settings window for the physics interface.

Use the boundary condition to model a thin layer through which mass is transported
by volatilization only. To set up the node, specify the layer thickness and the
atmospheric concentration of each species in the thin layer for each transported

species.

VOLATILIZATION

Enter a Layer thickness dg and the atmospheric concentration for each species. The Gas
diffusion coefficient D  (SI unit: mz/s) and the Volatilization coefficient kg .
(dimensionless) for each species are taken from the adjacent Partially Saturated Porous

Media domain.
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Reactive Pellet Bed

This feature is only available if you are licensed to use the Chemical Reaction
Engineering Module. See details: http: / /www.comsol.com/products/specifications.

Use this feature to model packed bed reactors with catalytic pellets. For details, see the
section Theory for the Reactive Pellet Bed in the Chemical Reaction Engineering
Module User’s Guide. By default, subnodes for Reactions and Initial Values are added.

BED PARAMETERS
Here you can specify the bed porosity, which is the void fraction in the packed bed
structure. Select From densities to calculate the porosity from the bed density and the

individual pellet density. Select User defined to specify the porosity directly.

PELLET SHAPE AND SIZE

The default shape is spherical. Cylinders, flakes, and user-defined shapes can also be
selected. A uniform pellet size or a discrete size distribution can be selected. Select a
Pellet size distribution — Uniform size (the default), Two sizes, Three sizes, Four sizes, or

Five sizes to select up to five different particle sizes.

Depending on the shape selection, equivalent radii or volumes and surface areas will
be required as input. If a size distribution is selected, the volume percentage of each

size is required as input.

Note that different chemical reactions can be specified for each pellet size if a

distribution is specified.

SURFACE SPECIES

In order to add surface species, click the Add button and enter the species name in the
Surface species table. Added surface species are be available inside all pellet types
defined in the Pellet Shape and Size section, but not in the bulk fluid.

For each pellet type, specify the Reactive specific surface area, S}, ;o5 (SI unit: 1,/m),
corresponding to the surface area, per volume, available for surface reactions.

PELLET PARAMETERS

Enter a Pellet porosity £, (dimensionless) to specify the porosity of the pellet internals.

Sclect Diffusion model—Millington and Quirk model (the default), Bruggeman model,
Tortuosity model, or User defined to describe the effective correction of the diffusion
coefficient in the pellet. In the case of the Tortuosity model, a value for the tortuosity

Tye Within the pellet is required.
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Enter also the Diffusion coefficient Dy, . (SI unit: mz/s). If a User defined diffusion
model is sclected, an Effective diffusion coefficient D,o¢r . (SI unit: m? /s)is entered. The
default value is 1.10 mz/s in both cases.

PELLET-FLUID SURFACE
For the coupling of concentration between the pellet internals and the surrounding
fluid, two Coupling type options are available:

* Continuous concentration, assuming that all resistance to mass transfer to/from the
pellet is within the pellet and no resistance to pellet-fluid mass transfer is on the bulk
fluid side. The concentration in the fluid will thus be equal to that in the pellet pore

just at the pellet surface: ¢ . ; = c¢; . This constraint also automatically ensures flux

pe,i
continuity between the internal pellet domain and the free fluid domain through

so-called reaction forces in the finite element formulation.

* Film resistance (mass flux): The flux of mass across the pellet-fluid interface into the
pellet is possibly rate determined on the bulk fluid side, by film resistance. The

resistance is expressed in terms of a film mass transfer coefficient, hp;, such that:
Ni,inward = hD, i(ci - Cpe, i) .

The Film resistance (mass flux) option computes the inward surface flux,
N; inward=Ppi(Ci-cpe,i)- Api is the mass transfer coefficient (SI unit: m/s) and is
calculated with the default Automatic setting from a dimensionless Sherwood number

expression or with User defined mass transfer coefficients.

The Active specific surface area (SI unit: m'l) is required to couple the mass transfer
between the pellets and the bed fluid. Select either the Automatic setting that calculates
the specific surface area from the shape information given above. User defined is also

available for explicit surface area specification.

The Sherwood number expression can be computed from three available expressions:
Fréssling, Rosner, and Garner and Keey. The Frossling equation is the default and
probably the most commonly used for packed spheres. All of these are based on the
dimensionless Reynolds, Re, and Schmidt, Se, numbers, which are computed from
Density and Dynamic viscosity. Sclect these to be taken either From material or choose
the User defined alternative.

PELLET DISCRETIZATION
The extra dimension in the pellet needs to be discretized into elements. Select a
Distribution — Cubic root sequence (the default), Linear, or Square root sequence. Enter

the Number of elements N,
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CONSTRAINT SETTINGS

To display this section, click the Show button (“& ) and select Advanced Physics Options.
See the details about the different constraint settings in the section Constraint

Reaction Terms.

FURTHER READING

Theory for the Reactive Pellet Bed in the Chemical Reaction Engineering Module
User’s Guide.

For an application using the Reactive Pellet Bed feature, see

A Multiscale 3D Packed Bed Reactor: Application Library path
Chemical_Reaction_Engineering_Module/Reactors_with_Porous_Catalysts/

l]]]] packed_bed_reactor_3d

e Web link: http://www.comsol.com/model /
a-multiscale-3d-packed-bed-reactor-17019

Reactions

The Reactions subfeature to the Reactive Pellet Bed is used to define reaction terms to
the transport within the reactive pellets. The feature also defines the corresponding

averaged heat sources to be applied to heat transport in the bulk fluid.

DOMAIN SELECTION
From the Selection list, choose the domains on which to define rate expression or

expressions that govern source terms in the transport equations.

Several reaction nodes can be used to account for different reactions in different parts

for the modeling geometry.

REACTION RATES
Add a rate expression R; (SI unit: mol/ (ms-s)) for species 7 using a value or an

expression. One reaction rate per species and pellet type can be entered.

Note that if you have the Chemistry interface available, provided with the Chemical
Reaction Engineering Module, the reaction rate expressions can be automatically
generated and picked up using the drop-down menu. For an example, see the

application Fine Chemical Production in a Plate Reactor as linked below.
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SURFACE REACTION RATES
The section is available when one or more surface species have been added in the

Surface Species section of the Reactive Pellet Bed feature.

Specify the rate expression Rgypf; (ST unit: mol/ (m2~s)) corresponding to the surface
reaction rate of each volumetric species 7 participating in the surface reaction.
Furthermore, specify the surface reaction rates for the participating surface species in

the corresponding table.

If several pellet types have been defined, one set of surface reaction rates per pellet type

can be defined.

Note that if you have the Chemistry interface available, provided with the Chemical
Reaction Engineering Module, the reaction rate expressions can be automatically

generated and picked up using the drop-down menu.

HEAT SOURCE

Specity the heat source originating from the heat of reaction of the chemical reactions
inside the pellet can be specified. Both heat sources from reactions in the fluid, and
heat sources resulting from surface reactions can be defined. When using several pellet

types, heat sources for each type can be added.

The heat sources are most conveniently picked up from a Chemistry feature that
defines the reaction rate and the heat of reactions. In that case, the Rate expression can
be selected from the drop-down menu. Else it can be set to User Defined.

The defined heat source can be used by a Heat Source feature in any of the heat

transfer interfaces.

Species Source

In order to account for consumption or production of species in porous domains, the
Species Source node adds source terms expressions S; to the right-hand side of the

species transport equations.

DOMAIN SELECTION
From the Selection list, choose the domains on which to define rate expression or

expressions that govern the source term in the transport equations.

If there are several types of domains, with subsequent and different reactions occurring
within them, it might be necessary to remove some domains from the selection. These

are then defined in an additional Species Source node.

446 ‘ CHAPTER 8: CHEMICAL SPECIES TRANSPORT INTERFACES



SPECIES SOURCE
Add a source term S; (SI unit: mol/ (msos)) for each of the species solved for. Enter a

value or expression in the field of the corresponding species.

Hygroscopic Swelling

The Hygroscopic Swelling multiphysics coupling node ( =*) is used for moisture
concentration coupling between the Solid Mechanics interface and either the
Transport of Diluted Species or Transport of Diluted Species in Porous Media

interfaces.

Hygroscopic swelling is an effect of internal strain caused by changes in moisture

content. This strain can be written as

€hs = Bh(cmo_cmo,ref)

where By, is the coefficient of hygroscopic swelling, ¢, is the moisture concentration,

and ¢y per IS the strain-free reference concentration.

It requires a license of either the MEMS Module or the Structural Mechanics Module.
The multiphysics feature will appear automatically if both the Transport of Diluted
Species and the Solid Mechanics interfaces are added to the same component. For the
most current information about licensing, please see See http: //www.comsol.com/

products/specifications /.

FURTHER READING
More information about how to use hygroscopic swelling can be found in Hygroscopic

Swelling Coupling section in the Structural Mechanics Module User’s Guide.

More information about multiphysics coupling nodes can be found in the section The
Multiphysics Node.

Fracture

This feature is only available in a limited set of add-on products. See http://

www.comsol.com/products/specifications/ for more details on availability.

Use this node to model mass transport along thin fractures in porous media. The node
assumes that the transport in the tangential direction along the fracture is dominant,

as a result of lower flow resistance.
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FRACTURE PROPERTIES
Specify a value for the Fracture thickness d,.

POROUS MATERIAL

Select an option from the Porous material list. The default is Domain material.

By default the Porosity, &, (dimensionless) is taken From material. Sclect User defined

to enter a different value or expression.

CONVECTION
Select an option from the Velocity field list to specify the convective velocity along the
fracture. For a consistent model, use a Fracture Flow feature in a Darcy’s Law interface

to compute the fluid flow velocity in the fracture.

For User defined, enter values or expressions for the velocity components in the table

shown.

. The settings for the Diffusion, and Dispersion sections are the same as for
I_El Porous Media Transport Properties.
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The Transport of Concentrated
Species Interface

The Transport of Concentrated Species (tcs) interface (g ), found under the Chemical
Species Transport branch ( #:* ) when adding a physics interface, is used to study
gaseous and liquid mixtures where the species concentrations are of the same order of
magnitude and none of the species can be identified as a solvent. In this case, properties
of the mixture depend on the composition, and the molecular and ionic interactions
between all species need to be considered. The physics interface includes models for
multicomponent diffusion, where the diffusive driving force of each species depends

on the mixture composition, temperature, and pressure.

The physics interface solves for the mass fractions of all participating species. Transport

through convection, diffusion, and migration in an electric field can be included.

It supports simulations of transport by convection, migration, and diffusion in 1D,
2D, and 3D as well as for axisymmetric components in 1D and 2D. The physics
interface defines the equations for the species mass fractions, including a diffusion

model (Mixture-averaged, Maxwell-Stefan, or Fick’s law).

The available transport mechanisms and diffusion models differs between various
COMSOL products (see http://www.comsol.com/products/specifications/).

Some examples of what can be studied with this physics interface include:

¢ The evolution of chemical species transported by convection and diffusion.

e The migration in an electric field in the case of ionic species, in mixtures and

solutions that cannot be deemed as being diluted.

* Concentrated solutions or gas mixtures, where the concentration of all participating
species are of the same order of magnitude, and their molecular and ionic interaction
with each other therefore must be considered. This implies that the diffusive
transport of a single species is dependent on the mixture composition, and possibly

on the temperature, the electric potential, the pressure, or any combination.

When this physics interface is added, the following default nodes are also added in the
Model Builder— Transport Properties, No Flux, and Initial Values. Then, from the Physics
toolbar, add other nodes that implement, for example, boundary conditions and
reactions. You can also right-click Transport of Concentrated Species to select physics
features from the context menu.
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SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is tcs.

EQUATION

The basic equation for an individual species i is:
%(p(ni) +V-(pou) = -V j,+R, (8-1)

The displayed formulation changes depending on the active transport mechanisms and
the selected diffusion model.

TRANSPORT MECHANISMS

The Transport of Concentrated Species interface always accounts for transport due to
diffusion.

The available diffusion models and the additional transport mechanisms differs
between various COMSOL products (see http://www.comsol.com/products/

specifications /).

Diffusion Model

* The Maxwell-Stefan option employs the most detailed diffusion model, but is also the
most computationally expensive. The model is intended for diffusion dominated
models, and requires that the multicomponent Maxwell-Stefan diffusivities of all

component pairs are known. No stabilization is available when selecting this model.

* The Mixture-averaged option is less computationally expensive than the
Maxwell-Stefan model. It is a simpler model that can be used when variations in the
partial pressures and temperature can be assumed to not affect the multicomponent
diffusion. The model includes stabilization but requires the multicomponent
Maxwell-Stefan diffusivities of all component pairs.

e The Fick’s law model is a general model that should be used when the diffusion is
assumed Fickian, or when no multicomponent diffusivities are available. Also, when

molecular diffusion is not the dominating transport mechanism and a robust but
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low order model is wanted, the Fick’s law options should be used. The model

includes stabilization.

Additional Transport Mechanisms
Under Additional transport mechanisms, click to select or clear any combination of
check boxes as needed. The Convection check box is selected by default. The second

term on the left-hand side of Equation 8-1 represents mass transport by convection.

Migration in Electric Field
Select the Migration in electric field check box to activate migration of ionic species due

to an electric field. The resulting migration term is part of the relative mass flux vector.

Mass Transport in Porous Media
The Mass transport in porous media check box activates functionality specific to species

transport in porous media. When selected the following features are enabled:

e Porous Media Transport Properties

* Porous Electrode Coupling

Knudsen Diffusion

For Mixture-averaged and Fick’s law, it is possible to include Knudsen diffusion. This
mechanism accounts for species collisions with the surrounding media, for example,
the pore walls the species pass through. It is also an important component when setting

up a Dusty gas model.

Mixture-Averaged Diffusion Model
When using the Mixture-averaged diffusion model the relative mass flux vector is

mVM o 1VT

i = —(pD:-”VmﬁpmiDl o TP

where the last term on the right-hand side is the migratory flux, which is added by

selecting the Migration in electric field check box.

The mixture-averaged diffusion coefficient D;" is computed as

1-o;

m 1
D=y
Tk
k¢iDik

where Dj;, (ST unit: m? /s) is the multicomponent Maxwell-Stefan diffusivities, which
are supplied as inputs to the model.
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Maxwell-Stefan Diffusion Model
When using the Maxwell-Stefan diffusion model the relative mass flux vector is

Q DT
k=1
where Dik (ST unit: m? /) are the multicomponent Fick diftusivities, dj, (SI unit: 1/

m) is the diffusional driving force, 7" (SI unit: K) is the temperature, and DiT (ST
unit: kg/(m-s)) is the thermal diffusion coefficient.

The diffusional driving force is defined as

Q
1
d, = ka+l_’ (%, — 0,) VD — pO, 8, + O, Z pw;g; (8-2)
=1

where gy, is an external force (per unit mass) acting on species k. In the case of an ionic
species, the external force due to the electric field, which is added by selecting the

Migration in electric field check box, is
g, =—7,V0 (8-3)

where 2z}, is the species charge number, F' (SI unit: A-s/mol) is Faraday’s constant and
¢ (SI unit: V) is the electric potential.

Fick’s Law Diffusion Model
When using the Fick’s law diffusion model the relative mass flux vector is
. F FVM TV
i; = —(pDi Vo, + po,D; A +D; T
where Df (SI unit: m? /s) is a user-defined diffusion coefficient (isotropic, diagonal,
or symmetric). The last term on the right-hand side is the migratory flux, which is

added by selecting the Migration in electric field check box.

SPECIES
Select the species that this physics interface solves for using the mass constraint in
Equation 8-4 (that is, its value comes from the fact that the sum of all mass fractions

must equal 1). In the From mass constraint list, select the preferred species. To
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minimize the impact of any numerical errors, use the species with the highest

concentration. By default, the first species is used.
Q
0; =1- z o; (8-4)
i=2

CONSISTENT AND INCONSISTENT STABILIZATION

To display this section, click the Show button (& ) and select Stabilization.

* There are two consistent stabilization methods available when using the
Mixture-Averaged Diffusion Model or Fick’s Law Diffusion Model—Streamline

diffusion and Crosswind diffusion. Both are active by default.

The Residual setting applies to both the consistent stabilization methods.
Approximate residual is the default setting and it means that derivatives of the
diffusion tensor components are neglected. This setting is usually accurate enough

and computationally faster. If required, select Full residual instead.

e There is one inconsistent stabilization method, Isotropic diffusion, which is available

when using the Mixture-Averaged Diffusion Model or Fick’s Law Diffusion Model.

ADVANCED SETTINGS

To display this section, click the Show button (“& ) and select Advanced Physics Options.

Normally these settings do not need to be changed.

Regularization
From the Regularization list, select On (the default) or Off. When turned On, regularized

mass fractions are calculated such that
0w ;, reg <1

Regularized mass fractions are used for the calculation of composition-dependent

material properties, such as the density.

Pseudo time stepping

The Use pseudo time stepping for stationary equation form option adds pseudo time
derivatives to the equation when the Stationary equation form is used in order to speed
up convergence. When selected, a CFL number expression should also be defined. For
the default Automatic option, the local CFL number (from the Courant—Friedrichs—
Lewy condition) is determined by a PID regulator. For more information, see Pscudo

Time Stepping for Mass Transport.
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DISCRETIZATION
To display this section, click the Show button (“& ) and select Discretization. For more
information about these settings, see the Discretization section in the The Transport

of Diluted Species Interface documentation.

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

* Domain, Boundary, and Pair Nodes for the Transport of Concentrated
'ﬁl Species Interface

* Theory for the Transport of Concentrated Species Interface

Species Transport in the Gas Diffusion Layers of @ PEM: Application
Library path Batteries_and_Fuel_Cells_Module/Fuel_Cells/
pem_gdl_species_transport_2d

[ﬂ]] Web link:
http:/ /www.comsol.com/model /
species-transport-in-the-gas-diffusion-layers-of-a-pem-260

DEPENDENT VARIABLES
Add or remove species in the model and also change the names of the dependent

variables that represent the species concentrations.

Specity the Number of species. There must be at least two species. To add a single
species, click the Add concentration button ( == ) under the table. To remove a species,

select it in the list and click the Remove concentration button ( = ) under the table.

=%

Edit the names of the species directly in the table.

The species are dependent variables, and their names must be unique with

n respect to all other dependent variables in the component.

@l Adding a Chemical Species Transport Interface
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Domain, Boundary, and Pair Nodes for the Transport of
Concentrated Species Interfuce

The Transport of Concentrated Species Interface has these domain, boundary, and pair
nodes, listed in alphabetical order, available from the Physics ribbon toolbar (Windows
users), Physics context menu (Mac or Linux users), or right-click to access the context
menu (all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.

In the COMSOL Multiphysics Refevence Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

For axisymmetric components, COMSOL Multiphysics takes the axial
symmetry boundaries (at 7 = 0) into account and automatically adds an
Axial Symmetry node to the component that is valid on the axial symmetry

boundaries only.

These nodes are described in this section or as indicated:

e Flux * Porous Media Transport Properties
* Flux Discontinuity * Reaction

e Inflow * Reaction Sources

* Initial Values e Symmetry

* Mass Fraction e Thin Impermeable Barrier!

* No Flux * Turbulent Mixing

* Open Boundary * Transport Properties

* Outflow

! The node is described for the Transport of Diluted Species interface.
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Transport Properties

The Transport Properties is the main node used to model mass transfer in a fluid
mixture with the Transport of Concentrates species interface. The node adds the
equations governing the mass fractions of all present species, and provides inputs for

the transport mechanisms and for the material properties of the fluid mixture.

The settings in this node are dependent on the check boxes selected under Transport
Mechanisms in the Settings window of the Transport of Concentrated Species
interface.

When the Convection check box is selected, the Turbulent Mixing subnode is available

from the context menu as well as from the Physics toolbar, Attributes menu.

The options available in this feature differs between COMSOL products. (See http:/

/www.comsol.com/products/specifications /).

MODEL INPUTS

Specify the temperature and pressure to be used in the physics interface. The
temperature model input is used when calculating the density from the ideal gas law,
but also when thermal diftusion is accounted for by supplying thermal diffusion
coefficients. The pressure model input is used in the diffusional driving force in
Equation 8-2 (that is, when a Maxwell-Stefan Diffusion Model is used) and when

calculating the density from the ideal gas law.

Temperature
Select the source of the Temperature field T

¢ Select User defined to enter a value or an expression for the temperature (ST unit: K).

This input is always available.

e Ifrequired, select a temperature defined by a Heat Transfer interface present in the
model (if any). For example, select Temperature (ht) to use the temperature defined
by the Heat Transfer in Fluids interface with the ht name.

Absolute Pressure
Select the source of the Absolute pressure p:

¢ Select User defined to enter a value or an expression for the absolute pressure
(SI unit: Pa). This input is always available.

¢ Inaddition, select a pressure defined by a Fluid Flow interface present in the model
(if any). For example, select Absolute pressure (spf) to use the pressure defined in a

Laminar Flow interface with spf as the Name.
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DENSITY

Define the density of the mixture and the molar masses of the participating species.

Mixture Density
Select a way to define the density from the Mixture density list—ldeal gas or User
defined:

* For Ideal gas, the density is computed from the ideal gas law in the manner of:

_ pM

p
R,T

Here M is the mean molar mass of the mixture and R, is the universal gas constant.
The absolute pressure, p, and temperature, 7', used corresponds to the ones defined

in the Model Inputs section.

* For User defined enter a value or expression for the Mixture density p.

Molar Mass
Enter a value or expression for the Molar mass My, for each species. The default value

is 0.032 kg,/mol, which is the molar mass of O, gas.

CONVECTION

This section is available when the Convection check box is selected.
Select the source of the Velocity field u:

* Seclect User defined to enter manually defined values or expressions for the velocity
components. This input is always available.

* Selecta velocity field defined by a Fluid Flow interface present in the model (if any).
For example, select Velocity field (spf) to use the velocity field defined by the Fluid
Properties node fp1 in a Single-Phase Flow, Laminar Flow interface with spf as the

Name.

DIFFUSION
Specify the molecular and thermal diftusivities of the present species based on the

selected Diffusion model.

When using a Maxwell-Stefan Diffusion Model or a Mixture-Averaged Diftusion
Model, specify the Maxwell-Stefan diffusivity matrix D;;, and the Thermal diffusion
coefficients Dg .

When using a Fick’s Law Diffusion Model, specify the Diffusion coefficient Di and the

Thermal diffusion coefficients DZ; for each of the species.

THE TRANSPORT OF CONCENTRATED SPECIES INTERFACE | 457



Maxwell-Stefan Diffusivity Matrix

Using a Maxwell-Stefan Diffusion Model or a Mixture-Averaged Diffusion Model, the
Maxwell-Stefan diffusivity matrix D;;, (SI unit: m? /s) can be specified. For a simulation
involving @ species the Maxwell-Stefan diffusivity matrix is a @-by-@ symmetric
matrix, where the diagonal components are 1. Enter values for the upper triangular

components, D;;, which describe the inter-diffusion between species ¢ and j. The

L:ja
numbering of the species corresponds to the order, from top to bottom, used for all
the input fields for species properties (see for example the molar mass fields in the

Density section).

Diffusion Coefficient

Using a Fick’s Law Diffusion Model, the diffusion is by default assumed to be isotropic
and governed by one Diffusion coefficient Di (ST unit: m? /s) for each species. To allow
for a general representation, it is also possible to use diffusion matrices (diagonal,

symmetric, or anisotropic).

Thermal Diffusion Coefficient

To model thermal diffusion, prescribe the Thermal diffusion coefficients DiT

(ST unit: kg/m-s), by entering one thermal diffusion coefficient for each species in the
corresponding field. In a multicomponent mixture, the sum of the thermal diffusion

coefficients is zero. The default value for all thermal diffusion coefficients is 0.

Specify the molecular and thermal diftusivities of the present species based on the

selected Diffusion model.

KNUDSEN DIFFUSION
The Knudsen diffusion transport mechanism accounts for the interaction of the species
with the surroundings (inter-species collisions excluded), for example the pore wall

when a species passes through porous media.

Depending on which Diffusion model is selected, cither the Fick’s law or the
Mixture-averaged diffusion coefficient D?/I is corrected with the Knudsen diffusion

coefficient DLK in the following way

For gases, the Kinetic gas theory is often valid and requires the Mean path length 1.,
(ST unit: m). Typically, for transport in porous media, the pore diameter can be entered

here. For other cases, choose User defined.
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MIGRATION IN ELECTRIC FIELD
This section is available when the Migration in electric field check box is selected for the

Transport of Concentrated Species interface.

Electric Potential
* Select User defined to enter a value or expression for the electric potential . This input

is always available.

¢ Ifrequired, select an electric potential defined by an AC/DC interface that is
present in the model (if any). For example, select Electric potential (ec) to use the
electric field defined by the Current Conservation node cucn1 in an Electric

Currents interface ec.

Settings for the mobilities are used for the Mixture-averaged and Fick’s law transport
models. By default the mobility is set to be calculated based on the species diffusivities
and the temperature using the Nernst-Einstein relation. To manually specify the
mobilities, select User defined for the mobility wy, ¢ (SI unit: s-mol/kg) and enter one

value for each species.

Enter the Charge number z. (dimensionless, but requires a plus or minus sign) for each

species.

The temperature (if you are using mobilities based on the Nernst-Einstein relation) is
taken from the Model Inputs section.

Porous Medin Transport Properties

The Porous Media Transport Properties node is used to model mass transfer in porous
media using the Transport of Concentrated Species interface. The node adds the
equations governing the mass fractions of all present species, and provides inputs for
the transport mechanisms and for the material properties of the fluid mixture.

The settings in this node are dependent on the check boxes selected under Transport
Mechanisms in the Settings window of the Transport of Concentrated Species
interface.

The options available in this feature differs between COMSOL products. (See http:/

/www.comsol.com/products/specifications /).

MODEL INPUTS

Specify the temperature and pressure to be used in the physics interface. The
temperature model input is used when calculating the density from the ideal gas law,
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but also when thermal diffusion is accounted for by supplying thermal diffusion
coefficients. The pressure model input is used in the diffusional driving force in
Equation 8-2 (that is, when a Maxwell-Stefan Diffusion Model is used) and when
calculating the density from the ideal gas law.

Temperature
Select the source of the Temperature ficld 7"

* Select User defined to enter a value or an expression for the temperature (SI unit: K).
This input is always available.

e Ifrequired, select a temperature defined by a Heat Transfer interface present in the
model (if any). For example, select Temperature (ht) to use the temperature defined

by the Heat Transfer in Fluids interface with the ht name.

Absolute Pressure
Select the source of the Absolute pressure p:

* Seclect User defined to enter a value or an expression for the absolute pressure
(SI unit: Pa). This input is always available.

¢ Inaddition, select a pressure defined by a Fluid Flow interface present in the model
(if any). For example, select Absolute pressure (spf) to use the pressure defined in a

Laminar Flow interface with spf as the Name.
MATRIX PROPERTIES
Enter a value or expression for the Porosity, &, (dimensionless), of the porous media.

In order use a porosity defined in a material; specify the material using the Porous

material list, and select From material from the Porosity list.

DENSITY
Use this section to define the mixture density, and to specify the molar masses of the

participating species.

Mixture Density
Select a way to define the density from the Mixture density list—Ildeal gas or User
defined:

* For Ideal gas, the density is computed from the ideal gas law in the manner of:
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g

=
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Here M is the mean molar mass of the mixture and R, is the universal gas constant.
The absolute pressure, p, and temperature, 7', used corresponds to the ones defined
in the Model Inputs section.

* For User defined enter a value or expression for the Mixture density p.

Molar Mass
Enter a value or expression for the Molar mass M, for each species. The default value

is 0.032 kg,/mol, which is the molar mass of O, gas.

CONVECTION

This section is available when the Convection check box is selected.
Select the source of the Velocity field u:

* Seclect User defined to enter values or expressions for the velocity components. This
input is always available.

* Select a velocity field defined by a Fluid Flow interface present in the model (if any).
For example, select Velocity field (spf) to use the velocity field defined by the Fluid
Properties node fp1 in a Single-Phase Flow, Laminar Flow interface with spf as the

Name.

DIFFUSION
Specify the species molecular and thermal diffusivities in nonporous media in the

manner described for the Transport Properties node.

To account for the effect of porosity in the diffusivities, select an Effective diffusivity
model — Millington and Quirk model, Bruggeman model, Tortuosity model, or No
correction. Using one of the first four models, the effective transport factor, f,, is

defined from the porosity and the fluid tortuosity factor in the manner of:
€
f.=-=2 (8-5)
Tp

For No correction, the effective transport factor is set to one.

-1/3

* For the Millington and Quirk model, the effective transport factor is T = €,

. ~ . -1/2
* For the Bruggeman model, the effective transport factor is Ty, = €,

* For the Tortuosity model, specify the tortuosity factor is Ty .
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The species diffusivities and mobilities are automatically adjusted for porous media

transport using the effective transport factor.

MIGRATION IN ELECTRIC FIELD
This section is available when the Migration in electric field check box is selected in the
Transport Mechanisms section of the interface, select the source of the Electric

potential V:

* Select User defined to enter a value or expression for the electric potential. This input

is always available.

e Ifrequired, select an electric potential defined by an AC/DC interface that is
present in the model (if any). For example, select Electric potential (ec) to use the
electric field defined by the Current Conservation node cucni in an Electric

Currents interface ec.

Settings for the mobilities are needed for the Mixture-averaged and Fick’s law diffusion
models. By default the mobility is set to be calculated based on the species diffusivities
(adjusted by the Effective diffusivity model in the Diffusion section) using the

Nernst-Einstein relation. To manually specify the mobilities, select User defined for the

mobility #y, i (SI unit: s-mol/kg) and enter one value for each species.

Enter the Charge number 2z (dimensionless, but requires a plus or minus sign) for each

species.

The temperature (if you are using mobilities based or the Nernst-Einstein relation) is

taken from the Model Inputs section.

Turbulent Mixing

Use this node to account for the turbulent mixing caused by the eddy diffusivity. An

example is when the specified velocity field corresponds to a RANS solution.

The Turbulent Mixing subnode is available from the context menu (right-click the
Transport Properties parent node) or from the Physics toolbar, Attributes menu. The

node defines the turbulent kinematic viscosity using a turbulent Schmidt number.

This feature is available if Convection is selected as a transport mechanism and if the

Diffusion model is Mixture-averaged or Fick’s law.

462 ‘ CHAPTER 8: CHEMICAL SPECIES TRANSPORT INTERFACES



TURBULENT MIXING
Some physics interfaces provide the turbulent kinematic viscosity, and these appear as
options in the Turbulent kinematic viscosity vy (SI unit: m2/ s) list. The list always

contains the User defined option that makes it possible to enter any value or expression.

The default Turbulent Schmidt number Scy is 0.71 (dimensionless).

@ About Turbulent Mixing

Reaction

Use the Reaction node to define species source terms resulting from a single chemical
reaction. For turbulent flow, the Reaction node includes the Eddy-dissipation

turbulent-reactions model.

REACTION RATE
Select a Reaction rate — Automatic (the default), or User defined. Selecting Automatic

the laminar flow reaction rate is computed using the mass action law.
For User defined, input a custom expression or constants for the Reaction rate 7.

Specify the reaction stoichiometry by entering values for the stoichiometric coefficients
(dimensionless) of each species. Enter negative values for reactants and positive values

for products.

RATE CONSTANTS
When the Use Arrhenius expressions check box is not selected, input custom expressions

or constants for the Forward rate constant kf and Reverse rate constant %".

When the Use Arrhenius expressions check box is selected, enter values for the following
parameters of the forward and reverse reactions:

¢ Forward frequency factor Af and Reverse frequency factor AT (dimensionless)

* Forward activation energy Ef and Reverse activation energy E¥

* Forward temperature exponent nf and Reverse temperature exponent n”

(dimensionless)
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TURBULENT FLOW
Note this section is only available when then licensed to the CED Module (see http:/

/www.comsol.com/products /specifications /).

When the Turbulent-reaction model is set to None, laminar flow is assumed and the
reaction source terms are defined from the reaction stoichiometry and reaction rates

prescribed.

When the Turbulent-reaction model is set to Eddy-dissipation, turbulent flow will be
accounted for in the reaction mass sources in the manner described in The Reaction
Source Term for Turbulent Flow. In this case, enter values for the Turbulent reaction

model parameters op and B gp (dimensionless).

The Eddy-dissipation model also requires an estimation of the turbulent mixing time of
the fluid flow turbulence. When a Fluid Flow interface defining it is present in the
model, it can be selected from the Turbulence time scale list. For example, select
Turbulence time scale (spf/fpl) to use the time scale defined by the Fluid Properties node

fp1 in a Turbulent Flow, &-¢€ interface with the Name set to spf.

REGULARIZATION

Select Rate expression in order to regularize the individual rate expressions that are
added to each species. If the mass fraction for a reactant species ®; becomes smaller
than its damping limit, widl, the rate expression added to species ; is reduced linearly.
If w; <0 for a reactant species, the reaction rate contribution to that species is
completely removed. Similarly, the if the mass fraction for a product species ®; becomes
larger than l—u)jdl, the rate expression added to that species is damped linearly. If
®;21 for a product species, the reaction rate contribution to that species is

completely removed.

The default value for the damping limit, (oidl, is 1e_6, which is appropriate for most
applications, but can require adjustment when working with for example catalytic trace

species.

Regularization of the rate expressions adds considerable stability to the reaction
expressions, but should optimally only be used as a mean to reach convergence. If the
regularization is active in too large parts of the domain, the mass balance can become
affected since the regularization acts on the contributions to each individual species,
not the reaction as a whole.
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Reaction Sources

In order to account for consumption or production of species due to one or more
reactions, the Reaction Sources node adds source terms to the right-hand side of the

species transport equations.

REACTIONS
Add an expression for the reaction mass source, R;, for each individual species present,
except for the one computed from the mass constraint (see Species). Enter a value or

expression in the field for the corresponding species.

Select the Mass transport to other phases check box if mass is leaving or entering the
fluid as a result of the reactions, for instance due to condensation or vaporization in a
porous matrix. In this case the mass source for the species calculated from the mass
constraint can also be specified. The net mass transfer corresponds to the sum of the

mass sources for all species.

REACTING VOLUME
When specifying reaction sources for a species in porous media, the specified mass
source may have the basis of the total volume, or the pore volume. For nonporous

domains, the Reacting Volume sctting has no impact.
» For Total volume, the reaction mass source expressions are specified per unit volume
of the model domain.

* For Pore volume, the reaction mass source expressions are specified per unit volume
pore space. In this case the reaction mass sources will be multiplied by the domain

porosity €, (€, equals unity for nonporous domains).

Initial Values

The Initial Values node adds initial values for the mass fractions that can serve as an
initial condition for a transient simulation, or as an initial guess for a nonlinear solver.

If required, add additional Initial Values nodes from the Physics toolbar.

INITIAL VALUES
The initial mass fractions can be specified using a number of quantities. Select the type

of input from the Mixture specification list. Select:

* Mass fractions (the default) to enter mass fractions (@, ; for example)

* Mole fractions to enter mole fractions (x, ,; for example)
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* Molar concentrations (SI unit: mol/ms) to enter molar concentrations (¢, ; for

example)
¢ Number densities (SI unit: 1/m3) to enter number densities (n( ,; for example)
* Densities (SI unit: kg/ms) to enter densities (pg , for example)

Enter a value or expression in the field for each species except for the one computed

from the mass constraint.

INITIAL MIXTURE DENSITY
When the selecting Molar concentrations, Number densities, or Densities are selected
from the Mixture specification list, the should also be specified. Select Ideal gas or User

defined from the Initial mixture density list.

¢ For Ideal gas, also specify the Initial pressure p, and the Initial Temperature T|;. Note
that dependent variables solved for are evaluated to zero for initial values. When
solving for pressure or temperature together with the mass fractions, apply the initial

values from the corresponding interfaces here as well.

* For User defined, input a custom for the Initial mixture density p,(.

Muass Fraction

The Mass Fraction node adds boundary conditions for the species mass fractions. For

example, the following condition specifies the mass fraction of species i: ; = @; o.

Set the mass fractions of all species except the one computed from the mass constraint.
This ensures that the sum of the mass fractions is equal to one (see Species). This node

is available for exterior and interior boundaries.

MASS FRACTION

Specity the mass fraction for each species individually. Select the check box for the
species to specify the mass fraction, and enter a value or expression in the
corresponding field. To use another boundary condition for a specific species, click to

clear the check box for the mass fraction of that species.

CONSTRAINT SETTINGS
To display this section, click the Show button ( “& ) and select Advanced Physics Options.
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Flux

The Flux node can be used to specify the total mass flux across a boundary. The total

inward flux is defined in the manner of:
-n-(pou+j;) = Ny ; (8-6)

In Equation 8-6, Ny ; (ST unit: Pa-s/m) is an arbitrary flux expression for species i and
can be a function of ®;, temperature, pressure or even electric potential. Set the mass
flux of all species except the one computed from the mass constraint. This ensures that
the sum of the mass fractions is equal to one (see Species). This node is available for
exterior boundaries. The Flux node can, for example, be used to describe a

heterogeneous reaction or a separation process occurring at the boundary.

INWARD FLUX

Specify the Inward flux for each species individually. Select the check box for the species
to prescribe a flux and enter a value or expression for the flux in the corresponding
field. To use another boundary condition for a specific species, click to clear the check
box for the flux of that species. Use a positive value for an inward flux.

Inflow

The Inflow node adds a boundary condition for an inflow boundary where one
condition for each species is specified. It is available for exterior boundaries. The
condition can be specified using the following quantities:

¢ The mass fraction: ® = ®

* The mole fraction: x = x

* The molar concentration: ¢ = ¢

e The number density, which describes the number of particles per volume: n =ng
e The density: p =pg

A concentration quantity other than the mass fractions can only be used when all
species are defined, as in this boundary condition. The other quantities are
composition dependent and therefore unambiguous only when all species are defined.

For this reason the Mass Fraction node, which allows some species to use a different

boundary condition, only includes inputs for the mass fractions.
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INFLOW

Select a Mixture specification:

* Mass fractions (the default) to enter mass fractions (@, ,; for example)
* Mole fractions to enter mole fractions (x, ,, for example)

* Molar concentrations (SI unit: mol/m3) to enter molar concentrations (¢, ; for

example)
¢ Number densities (SI unit: 1/m3) to enter number densities (n, ,; for example)
* Densities (SI unit: kg/ms) to enter densities (pg , for example)

Enter a value or expression in the field for each species except for the one computed

from the mass constraint.

CONSTRAINT SETTINGS
To display this section, click the Show button ("& ) and select Advanced Physics Options.

No Flux

The No Flux node, which is the default boundary condition available for exterior
boundaries, represents boundaries where no mass flows in or out; that is, the total flux

is zero:
-n-N = -n (pou+j,) =0
NO FLUX
Select Apply for all species to specify no flux for all species. Select Apply for to specify no

flux for each species individually. To use another boundary condition for a specific

species, click to clear the check box for that species.

Outflow

The Outflow node is the preferred boundary condition at outlets where the species are
to be transported out of the model domain. It is useful, for example, in mass transport
models where it is assumed that convection is the dominating effect driving the mass
flow through the outflow boundary. This node is available for exterior boundaries. The
boundary condition is applied to all species and corresponds to one of the following

equations depending on the selected diffusion model:

¢ For the Mixture-Averaged Diffusion Model:
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-n-pD!"Ve, = 0
¢ For the Fick’s Law Diffusion Model:

—n - pD/Vo, = 0

Symmetry

The Symmetry node can be used to represent boundaries where the species
concentration is symmetric; that is, there is no mass flux in the normal direction across

the boundary:
-n-N =-n (pou+j,) =0

This boundary condition is identical to the No Flux node, but applies to all species and
cannot be applied to individual species. The Symmetry node is available for exterior

boundaries.

Flux Discontinuity

The Flux Discontinuity node represents a discontinuity in the mass flux across an interior

boundary:
-n-(Ng-N,) = N, N = (pou+j,)

where the value of Ny specifies the size of the flux jump evaluated from the down to

the upside of the boundary.

FLUX DISCONTINUITY

Specify the jump in species mass flux. Use a positive value for increasing flux when
going from the downside to the upside of the boundary. The boundary normal points
in the direction from the downside to the upside of an interior boundary and can be

plotted for visualization.

Select the Species check boxes to specify a flux discontinuity, and enter a value or
expression for the Flux discontinuity N (SI unit: kg/(mz-s)) in the corresponding field,
Ny, w1 for example. To use a different boundary condition for a specific species, click

to clear the check box for the flux discontinuity of that species.
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Open Boundary

Use the Open Boundary node to set up mass transport across boundaries where both
convective inflow and outflow can occur. Use the node to specify an exterior species
composition on parts of the boundary where fluid flows into the domain. A condition
equivalent to the Outflow node applies to the parts of the boundary where fluid flows
out of the domain. The direction of the flow across the boundary is typically calculated
by a Fluid Flow interface and is entered as Model Inputs.

EXTERIOR COMPOSITION

Enter a value or expression for the species composition. Select:

* Mass fractions (the default) to enter mass fractions (®g (1, for example)
* Mole fractions to enter mole fractions (xg 1, for example)

* Molar concentrations (SI unit: mol/m3) to enter molar concentrations (¢ 1, for
example)
* Number densities (SI unit: l/ms) to enter number densities (1 1, for example)

and to describe the number of particles per volume n =n

* Densities (SI unit: kg/ms) to enter densities (9 1, for example)

A concentration quantity other than the mass fractions can only be used

g when all species are defined.
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The Reacting Flow Multiphysics
Interfaces

The CED Module includes predefined multiphysics interfaces that couples fluid with

mass transport and reactions.

Selecting a multiphysics interface under the Chemical Species Transport>Reacting Flow
branch of the Model Wizard or Add Physics windows, one of the Single-Phase Flow
interfaces (laminar or turbulent flow) and a Transport of Concentrated Species interface
are added to the Model Builder.

In addition, the Multiphysics node is added, which includes the multiphysics coupling
feature Reacting Flow. The Reacting Flow feature predefines and controls the couplings

between the separate interfaces in order to facilitate easy set up of models.
In this section:

e The Reacting Laminar Flow Interface

e The Reacting Turbulent Flow, k-¢ Interface

* The Reacting Turbulent Flow, k-w Interface

¢ The Reacting Turbulent Flow, SST Interface

e The Reacting Turbulent Flow, Low Re k-¢ Interface
¢ The Reacting Flow Coupling Feature

e Physics Interface Features

The Reacting Laminar Flow Interface

The Reacting Laminar Flow multiphysics interface is used to simulate laminar flow

coupled to species transport in a gas or liquid.

It combines the Laminar Flow, and Transport of Concentrated Species interfaces. The
Reacting Flow multiphysics coupling, which is added automatically, couples fluid flow
and mass transport. The fluid flow can either be free flow, or flow in a porous medium.
The species transport supports both a mixture, where the concentrations are of

comparable order of magnitude, and low-concentration solutes in a solvent.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.
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On the constituent physics interfaces:

The equations solved by the Laminar Flow interface are the Navier-Stokes equations for
conservation of momentum and the continuity equation for conservation of mass. A
Fluid Properties feature is active by default on the entire interface selection. A Fluid and
Matrix Properties feature can be added in order to model flow in porous media by

solving the Brinkman equations.

The Transport of Concentrated Species interface solves for an arbitrary number of mass
fractions. The species equations include transport by convection, diffusion and,

optionally, migration in an electric field.

The Reacting Turbulent Flow, k-€ Interface

The Reacting Turbulent Flow, k- multiphysics interface is used to simulate flow in the

turbulent regime coupled to species transport in a gas or liquid.

It combines the Turbulent Flow, k-€ and Transport of Concentrated Species interfaces.
The Reacting Flow multiphysics coupling, which is added automatically, couples the
fluid flow and mass transport and applies turbulence modeling for the mass transport.
The species transport supports both a mixture, where the concentrations are of

comparable order of magnitude, and low-concentration solutes in a solvent.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:

The equations solved by the Turbulent Flow, k-€ interface are the Navier-Stokes
equations for conservation of momentum and the continuity equation for
conservation of mass. Turbulence effects are modeled using the standard two-equation
k-e model with realizability constraints. Flow close to walls is modeled using wall

functions.

The Transport of Concentrated Species interface solves for an arbitrary number of mass
fractions. The species equations include transport by convection, diffusion and,
optionally, migration in an electric field. Mass transport close to solid walls is modeled
using wall functions, and reactions within the turbulent flow are modeled using the
eddy dissipation model.
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The Reacting Turbulent Flow, k- Interface

The Reacting Turbulent Flow k- multiphysics interface is used to simulate flow in the
turbulent regime coupled to species transport in a gas or liquid.

It combines the Turbulent Flow k-® and Transport of Concentrated Species interfaces.
The Reacting Flow multiphysics coupling, which is added automatically, couples fluid
flow and mass transport and applies turbulence modeling for the mass transport. The
species transport supports both a mixture, where the concentrations are of comparable

order of magnitude, and low-concentration solutes in a solvent.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:

The equations solved by the Turbulent Flow k-@ interface are the Navier-Stokes
equations for conservation of momentum and the continuity equation for
conservation of mass. The fluid flow turbulence is modeled using the Wilcox revised
k- model with realizability constraints. Flow close to walls is modeled using wall

functions.

The Transport of Concentrated Species interface solves for an arbitrary number of mass
fractions. The species equations include transport by convection, diffusion and,
optionally, migration in an electric field. Mass transport close to solid walls is modeled
using wall functions, and reactions within the turbulent flow are modeled using the
eddy dissipation model.

The Reacting Turbulent Flow, SST Interfuce

The Reacting Turbulent Flow, SST multiphysics interface is used to simulate flow in the

turbulent regime coupled to species transport in a gas or liquid.

It combines the Turbulent Flow, SST and Transport of Concentrated Species interfaces.

The Reacting Flow multiphysics coupling, which is added automatically, couples fluid
flow and mass transport and applies turbulence modeling for the mass transport. The
species transport supports both a mixture, where the concentrations are of comparable

order of magnitude, and low-concentration solutes in a solvent.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:
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The equations solved by the Turbulent Flow, SST interface are the Navier-Stokes
equations for conservation of momentum and the continuity equation for
conservation of mass. The fluid flow turbulence is modeled using the SST model. The
SST model is a low-Reynolds number model which means that it resolves the velocity,
pressure, and mass fractions all the way down to the wall. For that reason this physics
interface is suited for studying mass transfer at high Schmidt numbers. The SST model
depends on the distance to the closest wall, and the interface therefore includes a wall

distance equation.

The Transport of Concentrated Species interface solves for an arbitrary number of mass
fractions. The species equations include transport by convection, diffusion and,
optionally, migration in an electric field. Reactions within the turbulent flow are

modeled using the eddy dissipation model.

The Reacting Turbulent Flow, Low Re k-€ Interface

The Reacting Turbulent Flow, Low Re k-& multiphysics interface is used to simulate flow

in the turbulent regime coupled to species transport in a gas or liquid.

It combines the Turbulent Flow, Low Re k-€ and Transport of Concentrated Species
interfaces. The Reacting Flow multiphysics coupling, which is added automatically,
couples fluid flow and mass transport and applies turbulence modeling for the mass
transport. The species transport supports both a mixture, where the concentrations are

of comparable order of magnitude, and low-concentration solutes in a solvent.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:

The equations solved by the Turbulent Flow, Low Re k-€ interface are the Navier-Stokes
equations for conservation of momentum and the continuity equation for
conservation of mass. The fluid flow turbulence is modeled using the AKN
low-Reynolds number k-e¢ model. The low-Reynolds number model resolves the
velocity, pressure, and mass fractions all the way down to the wall. For that reason this
physics interface is suited for studying mass transfer at high Schmidt numbers. The
AKN model depends on the distance to the closest wall, and the interface therefore

includes a wall distance equation.

The Transport of Concentrated Species interface solves for an arbitrary number of mass

fractions. The species equations include transport by convection, diffusion and,
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optionally, migration in an electric field. Reactions within the turbulent flow are

modeled using the eddy dissipation model.

The Reacting Flow Coupling Feature

Use the Reacting Flow (== ) multiphysics coupling to simulate mass transport and
reactions in a gas or liquid mixture where the fluid flow can be dependent on the

mixture composition.

DOMAIN LEVEL SYNCHRONIZATION

The Reacting Flow coupling synchronizes the features from a Single-Phase Flow, or
Brinkman Equations, interface and a Transport of Concentrated Species interface.
When added, the density in the Single-Phase Flow interface is automatically
synchronized to the one defined by the Transport of Concentrated Species interface.
Conversely, the velocity field used by the latter interface is synchronized to the one

computed in the former interface.

THE STEFAN VELOCITY

The Reacting Flow coupling feature automatically couples mass transfer on boundaries
and applies a corresponding velocity contribution for the flow. Prescribing a net mass
boundary flux in the Transport of Concentrated Species interface, either using a Flux or
Mass Fraction feature, the Reacting Flow feature computes the The Stefan Velocity, and

applies this in Wall features using the same selection.

MASS TRANSFER TO OTHER PHASES IN POROUS MEDIA

When coupled to the Brinkman Equations interface, the Reacting Flow node
automatically computes the net mass source or sink in a Reactions (when Mass transfer
to other phases is enabled) node in the Transport of Concentrated Species interface and
adds the corresponding source/sink to the momentum equations of the Fluid and

Matrix Properties domains.

TURBULENT MASS TRANSFER
When a turbulence model is used, the Reacting Flow coupling applies turbulence

modeling for the mass transport in the following manners:

¢ Turbulent mass transport is added, defined from the turbulent viscosity and a
turbulent Schmidt number (for more information, see Turbulent Mass Transport
Models).
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* Mass transport wall functions. When a turbulence model using wall functions is used
for the fluid flow, the Reacting Flow coupling automatically adds wall functions for
the mass transport on the same boundaries (for more information, see Mass

Transport Wall Functions).

SETTINGS
The Label is the default multiphysics coupling feature name.

The Name is used primarily as a scope prefix for variables defined by the coupling node.
Refer to such variables in expressions using the pattern <name>.<variable_name>.In
order to distinguish between variables belonging to different coupling nodes or physics
interfaces, the name string must be unique. Only letters, numbers and underscores (_)

are permitted in the Name field. The first character must be a letter.
The default Name (for the first multiphysics coupling feature in the model) is rf1.
DOMAIN SELECTION

The Reacting Flow coupling is automatically defined on the intersection of the

selections for the coupled interfaces.

The Selection list displays the domains where the coupling feature is active.
TURBULENCE

When the flow interface uses a turbulence model, select an option from the Mass

transport turbulence model list—Kays-Crawford, High Schmidt Number, or User-defined

turbulent Schmidt number.

For User-defined turbulent Schmidt number, enter a Turbulent Schmidt number Scp

(dimensionless).

The turbulent mass transfer added to the mass fraction equations is defined as

Hr
Ni,T = —Q i

where pp is the turbulent viscosity defined by the flow interface, and the turbulent
Schmidt number, Sct, depends on the Mass transport turbulence model used.

Note, since the Reacting Flow coupling feature adds the turbulent mass transport, it
should not be combined with a Turbulent Mixing feature (subfeature to Transport

Properties in the Transport of Concentrated Species interface).
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COUPLED INTERFACES
This section defines the physics involved in the multiphysics coupling. The Fluid flow

and Species transport lists include all applicable physics interfaces.
The default values depend on how this coupling node is created.

e Ifit is added from the Physics ribbon (Windows users), Physics contextual toolbar
(Mac and Linux users), or context menu (all users), then the first physics interface

of each type in the component is selected as the default.

e Ifit is added automatically when a multiphysics interface is chosen in the Model
Wizard or Add Physics window, then the two participating physics interfaces are

selected.

You can also select None from either list to uncouple the node from a physics interface.
If the physics interface is removed from the Model Builder, for example Laminar Flow is

deleted, then the Species transport list defaults to Nene as there is nothing to couple to.

If a physics interface is deleted and then added to the model again, then
in order to reestablish the coupling, you need to choose the physics

interface again from the Fluid flow or Species transport lists. This is

I

applicable to all multiphysics coupling nodes that would normally default
to the once present interface. See Multiphysics Modeling Approaches in
the COMSOL Multiphysics Refevence Manual.

Physics Interface Features

Physics nodes are available from the Physics ribbon toolbar (Windows users), Physics
context menu (Mac or Linux users), or right-click to access the context menu (all

users).

In general, to add a node, go to the Physics toolbar, no matter what

g operating system you are using.

LAMINAR FLOW

The available physics features for The Laminar Flow interface are listed in the section
Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow in the COMSOL
Multiphysics Reference Manual.
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TURBULENT FLOW, k-€

The available physics features for The Turbulent Flow, k-¢ interface are listed in the

section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, k-0

The available physics features for The Turbulent Flow, k- interface are listed in the
section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, SST

The available physics features for The Turbulent Flow, SST interface are listed in the
section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TURBULENT FLOW, LOW RE k-€

The available physics features for The Turbulent Flow, Low Re k-¢ interface are listed
in the section Domain, Boundary, Pair, and Point Nodes for Single-Phase Flow.

TRANSPORT OF CONCENTRATED SPECIES

The available physics features for The Transport of Concentrated Species interface are
listed in the section Domain, Boundary, and Pair Nodes for the Transport of
Concentrated Species Interface.
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The Reacting Flow in Porous Media
Interfaces

The CED Module includes two predefined multiphysics interface that couples fluid

flow in porous media with mass transport and reactions in porous media.

Selecting a multiphysics interface under the Chemical Species Transport>Reacting Flow
in Porous Media branch of the Model Wizard or Add Physics windows, a Brinkman
Equations interface combined with either the Transport of Diluted Species in Porous
Media interface or the Transport of Concentrated Species interfaces are added to the
Model Builder.

In addition, the Multiphysics node is added, which includes the multiphysics coupling
feature. The multiphysics coupling feature controls the coupling between the separate

interfaces in order to facilitate easy set up of models.
In this section:

* The Reacting Flow in Porous Media, Transport of Diluted Species Interface

e The Reacting Flow in Porous Media, Transport of Concentrated Species Interface
e The Flow Coupling Feature

¢ The Reacting Flow Coupling Feature

e Physics Interface Features

The Reacting Flow in Porous Media, Transport of Diluted Species
Interface

The Reacting Flow in Porous Media, Transport of Diluted Species interface ( ) is used
to study the flow and chemical composition of a gas or liquid moving through the

interstices of a porous medium.

It combines the Brinkman Equations, and Transport of Diluted Species in Porous Media
interfaces. The Flow coupling multiphysics coupling feature, which is added

automatically, couples the fluid flow and mass transport.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:
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The Brinkman Equations interface computes the fluid velocity and pressure fields of
single-phase flow in porous media in the laminar flow regime. A Fluid and Matrix

Properties feature is active by default on the entire interface selection.

The Transport of Diluted Species in Porous Media interface computes the species
concentration in free and porous media, assuming that the species are of solutes,
dissolved in a solvent of significantly higher concentration. The species equations
include transport by convection, diffusion and, optionally, migration in an electric
field.

The Reacting Flow in Porous Media, Transport of Concentrated
Species Interface

The Reacting Flow in Porous Media, Transport of Concentrated Species intcrface (&) is
used to study the flow and chemical composition of a gas or liquid moving through
the interstices of a porous medium. The fluid can consist of a mixture of species where

the individual concentrations are of comparable order of magnitude.

It combines the Brinkman Equations, and Transport of Concentrated Species interfaces.
The Reacting Flow multiphysics coupling feature, which is added automatically, couples

the fluid flow and mass transport.

The interface can be used for stationary and time-dependent analysis in 2D, 2Daxi and
3D.

On the constituent physics interfaces:

The Brinkman Equations interface computes the fluid velocity and pressure fields of
single-phase flow in porous media in the laminar flow regime. A Fluid and Matrix

Properties feature is active by default on the entire interface selection.

The Transport of Concentrated Species interface solves for an arbitrary number of mass
fractions in free and porous media. In the current multiphysics interface a Porous Media

Transport Properties feature is active by default on the entire interface selection.

The Flow Coupling Feature

For the settings of this feature see Flow Coupling in the Heat Transfer Module User’s
Guide.
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The Reacting Flow Coupling Feature

For the settings of this feature see The Reacting Flow Coupling Feature in the
Chemical Reaction Engineering Module User’s Guide.

Physics Interface Features

Physics nodes are available from the Physics ribbon toolbar (Windows users), Physics
context menu (Mac or Linux users), or right-click to access the context menu (all

users).

BRINKMAN EQUATIONS

The available physics features for The Brinkman Equations interface are listed in the
Domain, Boundary, Point, and Pair Nodes for the Brinkman Equations Interface
section in the CFD Module User’s Guide.

TRANSPORT OF DILUTED SPECIES

The available physics features for The Transport of Diluted Species interface are listed
in the Domain, Boundary, and Pair Nodes for the Transport of Diluted Species

Interface section.

TRANSPORT OF CONCENTRATED SPECIES

The available physics features for The Transport of Concentrated Species interface are
listed in the Domain, Boundary, and Pair Nodes for the Transport of Concentrated

Species Interface section.
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Theory for the Transport of Diluted
Species Interface

The Transport of Diluted Species Interface provides a predefined modeling
environment for studying the evolution of chemical species transported by diffusion
and convection. The physics interface assumes that all species present are dilute; that
is, that their concentration is small compared to a solvent fluid or solid. As a rule of
thumb, a mixture containing several species can be considered dilute when the
concentration of the solvent is more than 90 mol%. Due to the dilution, mixture
properties such as density and viscosity can be assumed to correspond to those of the

solvent.

When studying mixtures that are not dilute, the mixture and transport properties
depend on the composition, and a different physics interface is recommended. See The

Transport of Concentrated Species Interface for more information.

Fick’s law governs the diffusion of the solutes, dilute mixtures, or solutions, while the
phenomenon of ionic migration is sometimes referred to as electrokinetic flow. The
Transport of Diluted Species interface supports the simulations of chemical species
transport by convection, migration, and diffusion in 1D, 2D, and 3D as well as for

axisymmetric components in 1D and 2D.

In this section:

* Convective Term Formulation * Mass Sources for Species Transport
¢ Crosswind Diffusion ¢ Solving a Diffusion Equation Only
¢ Danckwerts Inflow Boundary e References

Condition

* Mass Balance Equation

Mass Balance Equation

The default node attributed to the Transport of Diluted Species interface models
chemical species transport through diffusion and convection and solves the mass

conservation equation for one or more chemical species i:
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ac;

5;1+V-(—DVci)+u~Vci =R, (8-7)
Equation 8-7 in its form above includes the transport mechanisms diffusion and
convection. If Migration in Electric Field is activated (only available in some add-on
products), the migration mechanism will be added to the equation as well. See more
details in the section Adding Transport Through Migration.

* ¢; is the concentration of the species (SI unit: mol/ ms)

¢ D; denotes the diffusion coefficient (SI unit: m? /s)

* R;isareaction rate expression for the species (SI unit: mol/(ms-s))
e uis the velocity vector (SI unit: m/s)

The flux vector N (ST unit: mol/ (m2 -s)) is associated with the mass balance equation
above and used in boundary conditions and flux computations. For the case where the
diffusion and convection are the only transport mechanisms, the flux vector is defined

as
N; = -DVc +uc (8-8)

If Migration in Electric Fieldsis activated, the flux vector is amended with the

migration term as shown in the section Adding Transport Through Migration.

The first term on the left side of Equation 8-7 corresponds to the accumulation (or
indeed consumption) of the species.

The second term accounts for the diffusive transport, accounting for the interaction
between the dilute species and the solvent. An input field for the diffusion coefficient

is available. Anisotropic diffusion coefficient tensor input is supported.

The third term on the left side of Equation 8-7 describes the convective transport due
to a velocity field w. This field can be expressed analytically or obtained from coupling
this physics interface to one that computes fluid flow, such as Laminar Flow.

On the right-hand side of the mass balance equation (Equation 8-7), R; represents a
source or sink term, typically due to a chemical reaction or desorption on a porous

matrix. To specify R;, another node must be added to the Transport of Diluted Species
interface—the Reaction node, which has a field for specifying a reaction equation using

the variable names of all participating species.
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Equilibrium Reaction Theory

The feature Equilibrium Reaction is described in this section. A chemical equilibrium
reaction system is defined by the stoichiometry of the reaction and the relation
between the chemical activities of the chemical species participating in the reaction (the

equilibrium condition).

The kinetics of the reaction is so fast that the equilibrium condition is fulfilled at all

times in all space coordinates.

The equilibrium condition is commonly based on the stoichiometric coefficients,
v; (dimensionless), of the reaction; the species activities of the reacting species

a; (dimensionless); and an equilibrium constant, Kﬁq (1) according to:

v;
[T @

K = i € products
C
q -v;

[T «

i € reactants

where the species activities are defined as
o=y G
1~ eyd
Ca0
where ¢, (SI unit: mol/ ms) is the standard molarity, and v, ; (dimensionless) an
activity coefficient.

Defining the stoichiometric coefficients positive for products and negative for

reactants, the above equilibrium condition can also be written:

ch = Haly"
i

Ye,; is set to unity when the Equilibrium constant is selected on the

Settings window. For nonunity activity coefficients, a user defined

equilibrium condition can be used.
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EQUILIBRIUM REACTIONS AND INFLOW BOUNDARY CONDITIONS
Contradictory constraints arise if the boundary conditions for concentrations or
activities are set so that the domain equilibrium condition is not fulfilled. Special
treatment is therefore needed at Inflow boundaries, where the concentrations are set
for all species in the mass transport interfaces.

One way of avoiding competing constraints on an inflow boundary is to add an
additional reaction coordinate degree of freedom, solved for to create a set of modified
inflow concentrations that fulfill the domain equilibrium condition. The reaction
coordinate gives rise to a concentration shift, which is the offset to the inflow
concentrations provided by the user. The shift for each species obeys the stoichiometry
of the reaction and the equilibrium expression. The modified inflow concentrations are
then used in the boundary conditions for the domain mass transport equations. The
resulting modified inflow concentrations can be seen as the stationary solution for a
batch reactor with the user inflow concentrations as initial concentrations. In addition,
the domain reaction rate degree of freedom of the equilibrium reaction is constrained

to zero on all Inflow boundaries.

EQUILIBRIUM REACTIONS AND CONCENTRATION BOUNDARY
CONDITIONS

No special treatment is made with regards to input concentration values of the
Concentration boundary node. Using this feature, you can explicitly set one or a set of
concentrations, and the equilibrium condition acts on the rest of the concentrations.
However, there is no solution to the problem if more concentrations than the number

of species minus the number of equilibrium reactions are set using this feature.

EQUILIBRIUM REACTIONS AND TIME-DEPENDENT SIMULATIONS
Spurious oscillations may occur in a time-dependent problem if the initial conditions
do not fulfill the equilibrium condition. Since equilibrium reactions are assumed to be
infinitely fast, the solution is to initialize the problem using an additional study step,
solving for a stationary problem with all non-equilibrium reaction rates set to zero.

Manual scaling of the reaction rate dependent variables is needed in this study step.

Convective Term Formulation

The default node attributed to The Transport of Diluted Species Interface assumes
chemical species transport through diffusion and convection and implements the mass

balance equation in Equation 8-7.
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There are two ways to present a mass balance where chemical species transport occurs
through diffusion and convection. These are the non-conservative and conservative

formulations of the convective term:

non-conservative: % +u-Ve =V-(DVe)+R (8-9)
conservative: %§+ V-(cu) = V- (DVe)+R (8-10)

and each is treated slightly differently by the solver algorithms. In these equations D
(ST unit: mz/s) is the diffusion coefficient, R (SI unit: mol/(m3~s)) is a production or
consumption rate expression, and u (SI unit: m/s) is the solvent velocity field. The

diffusion process can be anisotropic, in which case D is a tensor.

If the conservative formulation is expanded using the chain rule, then one of the terms
from the convection part, cV-u, would equal zero for an incompressible fluid and
would result in the non-conservative formulation above. This is in fact the default
formulation in this physics interface and ensures that nonphysical source terms do not
emerge from a solution for the flow field. To switch between the two formulations,
click the Show button (& ) and select Advanced Physics Options.

Solving a Diffusion Equation Only

Remove the convection term from Equation 8-9 and Equation 8-10 by clearing the
Convection check box in the Transport Mechanisms section for The Transport of

Diluted Species Interface. The equation then becomes

i _ g
Pl V. (DVc)+R

Mass Sources for Species Transport

There are two types of mass sources in the Transport of Diluted Species interface: point

sources and line sources.

Note: The features below are only available in a limited set of add-on products. For a
detailed overview of which features are available in each product, visit

http: //www.comsol.com /products/specifications /
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POINT SOURCE

A point source is theoretically formed by assuming a mass injection/¢jection, Q. (SI
unit: mol/ (ms-s)), in a small volume 8V and then letting the size of the volume tend
to zero while keeping the total mass flux constant. Given a point source strength, qp,c
(ST unit: mol/s), this can be expressed as

lim [Qc=g¢ (8-11)
V-0 P
%
An alternative way to form a point source is to assume that mass is injected /extracted
through the surface of'a small object. Letting the object surface area tend to zero while
keeping the mass flux constant results in the same point source. For this alternative

approach, effects resulting from the physical object’s volume need to be neglected.

The weak contribution

qp ctest(c)

is added at a point in the geometry. As can be seen from Equation 8-11, @ must tend
to plus or minus infinity as 8V tends to zero. This means that in theory the

concentration also tends to plus or minus infinity.

Observe that “point” refers to the physical representation of the source. A point source
can therefore only be added to points in 3D components and to points on the
symmetry axis in 2D axisymmetry components. Other geometrical points in 2D

components represent physical lines.

The finite element representation of Equation 8-11 corresponds to a finite
concentration at a point with the effect of the point source spread out over a region
around the point. The size of the region depends on the mesh and on the strength of
the source. A finer mesh gives a smaller affected region but also a more extreme
concentration value. It is important not to mesh too finely around a point source since
this can result in unphysical concentration values. It can also have a negative effect on

the condition number for the equation system.

LINE SOURCE

A line source can theoretically be formed by assuming a source of strength Ql,c (SI
unit: mol/ (ms-s)), located within a tube with cross section 8S and then letting 8S tend
to zero while keeping the total mass flux per unit length constant. Given a line source

strength, g . (ST unit: mol/(m-s)), this can be expressed as
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li dc = G 8-12
SSHEO Ql,c QI,L ( )
3S

As in the point source case, an alternative approach is to assume that mass is injected /
extracted through the surface of a small object. This results in the same mass source,

but requires that effects resulting from the physical object’s volume are neglected.

The weak contribution
q) ctest(c)

is added on lines in 3D or at points in 2D (which represent cut-through views of lines).
Line sources can also be added on the axisymmetry line in 2D axisymmetry
components. It cannot, however, be added on geometrical lines in 2D since those

represent physical planes.

As with a point source, it is important not to mesh too finely around the line source.

For feature node information, see Line Mass Source and Point Mass
ﬁ Source in the COMSOL Multiphysics Refervence Manual.

For the Reacting Flow in Porous Media, Diluted Species interface, which
is available with the CFD Module, Chemical Reaction Engineering
Module, or Batteries & Fuel Cells Module, these shared physics nodes are

renamed as follows:
n ¢ The Line Mass Source node is available as two nodes, one for the fluid
flow (Fluid Line Source) and one for the species (Species Line Source).

* The Point Mass Source node is available as two nodes, one for the fluid
flow (Fluid Point Source) and one for the species (Species Point Source).

Adding Transport Through Migration

Note: Migration is only available in a limited set of add-on products. For a detailed
overview of which features are available in each product, visit

http://www.comsol.com/products/specifications /
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In addition to transport due to convection and diffusion, the Transport of Diluted
Species interface supports ionic species transport by migration. This is done by
selecting the Migration in Electric Field check box under the Transport Mechanisms

section for the physics interface. The mass balance then becomes:

ac

7 +V (D Ve;—zuy Fe,VV+cm) = R, (8-13)

where

* ¢; (SI unit: mol/ ms) denotes the concentration of species i

e D; (ST unit: mz/s) is the diffusion coefficient of species i

e u (ST unit: m/s) is the fluid velocity

e F (SI unit: A-s/mol) refers to Faraday’s constant

e V (SI unit: V) denotes the electric potential

* 2z; (dimensionless) is the charge number of the ionic species, and

* Uy ; (ST unit: mol-s/kg) is its ionic mobility

The velocity, u, can be a computed fluid velocity field from a Fluid Flow interface or
a specified function of the spatial variables x, y, and z. The potential can be provided
by an expression or by coupling the system of equations to a current balance, such as
the Electrostatics interface. Sometimes it is assumed to be a supporting electrolyte
present, which simplifies the transport equations. In that case, the modeled charged
species concentration is very low compared to other ions dissolved in the solution.

Thus, the species concentration does not influence the solution’s conductivity and the

net charge within the fluid.

The Nernst-Einstein relation can in many cases be used for relating the species mobility
to the species diffusivity according to

D.

1

“ni = BT

where R (ST unit: J/(mol-K)) is the molar gas constant and 7' (SI unit: K) is the

temperature.
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Note: In the Nernst-Planck Equations interface, the ionic species contribute to the
charge transfer in the solution. It includes an electronentrality condition and also
computes the electric potential field in the electrolyte. For more information, see
Theory for the Nernst-Planck Equations Interface. This interface is included in the

Chemical Reaction Engineering Module.

Supporting Electrolytes

In electrolyte solutions, a salt can be added to provide a high electrolyte conductivity
and decrease the ohmic losses in a cell. These solutions are often called supporting
electrolytes, buffer solutions, or carrier electrolytes. The added species, a negative and
a positive ion pair, predominates over all other species. Therefore, the supporting
electrolyte species can be assumed to dominate the current transport in the solution.
In addition, the predominant supporting ions are usually selected so that they do not
react at the electrode surfaces since the high conductivity should be kept through the
process, that is, they should not be electro-active species. This also means that the
concentration gradients of the predominant species in a supporting electrolyte are

usually negligible.

Modeling and solving for a supporting electrolyte in the Electrostatics or Secondary
Currvent Distribution interfaces will give a potential distribution that drives the

migration in the Transport of Diluted Species Interface.

The current density vector is proportional to the sum of all species fluxes as expressed

by Faraday’s law:
is= FzZiNi
i

The electroneutrality condition ensures that there is always a zero net charge at any
position in a dilute solution. Intuitively, this means that it is impossible to create a
current by manually pumping positive ions in one direction and negative ions in the
other. Therefore, the convective term is canceled out to yield the following expression

for the electrolyte current density, where j denotes the supporting species:

i=FY -2lu, Fe;Vo (8-14)
j
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Equation 8-14 is simply Ohm’s law for ionic current transport and can be simplified to
i=-«xVd (8-15)

where ¥ is the conductivity of the supporting electrolyte. A current balance gives the

current and potential density in the cell
V.i=0
which, in combination with Equation 8-15, yields:
V. (-xVd) =0 (8-16)

Equation 8-16 can be easily solved using the Electrostatics or Secondary Current
Distribution interface and, when coupled to the Transport in Diluted Species interface,

the potential distribution shows up in the migration term.

Crosswind Diffusion

Transport of diluted species applications can often result in models with a very high
cell Péclet number—that is, systems where convection or migration dominates over
diffusion. Streamline diffusion and crosswind diffusion are of paramount importance
to obtain physically reasonable results. The Transport of Diluted Species interface
provides two crosswind diffusion options using different formulations. Observe that
crosswind diffusion makes the equation system nonlinear even if the transport

equation is linear.

DO CARMO AND GALEAO
This is the formulation described in Numerical Stabilization. The method reduces

over- and undershoots to a minimum, even for anisotropic meshes.

In some cases, the resulting nonlinear equation system can be difficult to converge.
This can happen when the cell Péclét number is very high and the model contains
many thin layers, such as contact discontinuities. You then have three options:

* Refine the mesh, especially in regions with thin layers.

¢ Use a nonlinear solver with a constant damping factor less than one.

¢ Switch to the Codina crosswind formulation.

CODINA
The Codina formulation is described in Ref. 1. It adds diffusion strictly in the direction

orthogonal to the streamline direction. Compared to the do Carmo and Galedo
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formulation, the Codina formulation adds less diffusion but is not as efficient at
reducing over- and undershoots. It also does not work as well for anisotropic meshes.
The advantage is that the resulting nonlinear system is easier to converge and that

under-resolved gradients are less smeared out.

Danckwerts Inflow Boundary Condition

Constraining the composition to fixed values at an inlet to a reactor may sometimes
result in issues with unreasonably high reaction rates or singularities at the inlet
boundary. These problems may many times be mitigated by using a flux boundary
condition instead, based on the inlet concentrations and the fluid velocity. In chemical
engineering, this type of flux boundary condition is also known as a Danckwerts

condition.

Use the Danckwerts condition to specify inlet concentrations to domains where high

reaction rates are anticipated in the vicinity to the inlet (Ref. 2).
Given an inlet concentration ¢;,g, the Danckwerts inflow boundary condition reads

n‘Ni =n - (u Ci,o)
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About Turbulent Mixing

A flow field obtained using a turbulence model does not explicitly contain the small
eddies. These unresolved eddies still have a profound effect on the species transport,

an effect known as turbulent mixing.

The Transport of Diluted Species interface supports the inclusion of turbulent mixing
via the gradient-diffusion hypothesis which adds the following contribution to the

diffusion coefficient tensor:

\%

P | (8-17)

Scr
where v is the turbulent kinematic viscosity, Scy is the turbulent Schmidt number and
Iis the unit matrix. While having the form of a diffusive contribution, Equation 8-17
really models a convective phenomenon and it can therefore only be applied along with

convection.
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The Schmidt number is typically given a value between 0.7 and 0.72, but it can range
between 0.3 and 1.3 (at least) depending on the application.
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Theory for the Transport of
Concentrated Species Interface

The Transport of Concentrated Species Interface theory is described in this section:

* Multicomponent Mass Transport

* Multicomponent Diffusion: Mixture-Average Approximation
e Multispecies Diffusion: Fick’s Law Approximation

* Multicomponent Thermal Diffusion

* Turbulent Mixing

e Regularization of Reaction Rate Expression

* References for the Transport of Concentrated Species Interface

Multicomponent Mass Transport

Suppose a reacting flow consists of a mixture withi=1, ..., @ speciesandj =1, ..., N
reactions. Equation 8-1 then describes the mass transport for an individual species:

%(p(x)i) +V-(pou) = -V-j,+R, (8-18)

where, p (SI unit: kg/ ms) denotes the mixture density and u (SI unit: m/s) the mass
averaged velocity of the mixture. The remaining variables are specific for each of the
species, I, being described by the mass transfer equation:

* ; is the mass fraction (1)

e j; (SI unit: kg/ (m2 -s)) is the mass flux relative to the mass averaged velocity, and
* R; (SI unit: kg/ (ms-s)) is the rate expression describing its production or

consumption.

The relative mass flux vector j; can include contributions due to molecular diffusion
and thermal diffusion.

Summation of the transport equations over all present species gives Equation 8-19 for

the conservation of mass
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assuming that
Q Q Q
Zwiz 1, Zji=0, ZRL»=0
i=1 i=1 i=1

Using the mass conservation equation, the species transport for an individual species,

i, is given by:
p%((oi) +p(u-Vyo, = -V j,+R; (8-20)

Q — 1 of the species equations are independent and possible to solve for using
Equation 8-20. To compute the mass fraction of the remaining species, COMSOL

Multiphysics uses the fact that the sum of the mass fractions is equal to 1:

o =1-%" o (8-21)

Multicomponent Diffusion: Mixture-Average Approximation

The mixture-averaged diffusion model assumes that the relative mass flux due to

molecular diffusion is governed by a Fick’s law type expression
Vx,
Jmd,i = - Di' — (8-22)

X

where p; is the density and x; the mole fraction of species i. The diffusion hence
depends on a single concentration gradient and is proportional to a diffusion
coefficient D;n . The diffusion coefficient describes the diffusion of species i relative to
the remaining mixture and is referred to as the mixture-averaged diffusion coefficient.

Equation 8-22 can be expressed in terms of mass fractions as
. m ©; m
Jmd,i = -\pD; Vo, + pMDi VM

using the definition of the species density and mole fraction
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;
pi = pmi’xi =M-

i

Assuming isobaric and isothermal conditions, the following expression for the
mixture-averaged diffusion coefficient can be derived from the Maxwell-Stefan
equations (Ref. 3):

B 1-o;
P,
k;tiDik

The mixture-averaged diffusivities are explicitly given by be the multicomponent

D"

1

Maxwell-Stefan diftusivities D;;,. For low-density gas mixtures, the D;;, components
can be replaced by the binary diffusivities for the species pairs present.

When using the mixture-averaged diffusion model, the species mass transport

equations are

J _
pg(‘”,‘) +p(u-V)o, =

VM TV
V. [pD;ani + pcoiD;n-—M— +D; T +R;
Apart from molecular diffusion, transport due to thermal diffusion is accounted for
through the third term within the parenthesis on the right-hand side. Here DiT (SI
unit: kg/(m-s)) is the thermal diffusion coefficient.

Mudltispecies Diffusion: Fick’s Law Approximation

Using a Fick’s law approximation, the relative mass flux due to molecular diffusion is

assumed to be governed by

. F in
imd,i = PP (8-23)
i

F . . . . .
where D; ,; represents a general diffusion matrix (SI unit: m? /s) describing the
diffusion of species i into the mixture. This form makes it possible to use any diffusion
coefficient, matrix, or empirical model based on Fick’s law. For example, in situations
when the mass transport is not dominated by diffusion, an alternative is to use the

diffusion coefficients at infinite dilution,
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F 0
Dj pr = D;
These coefficients are typically more readily available compared to the binary diffusion

diffusivities, especially for liquid mixtures.

When using multicomponent diffusivities based on Fick’s law, as described above, or
when using mixture-averaged coefficients, the sum of the relative mass fluxes is not
strictly constrained to zero. To reduce the relative error it is preferable to choose the
species with the highest mass fraction as the species that is not solved for, and which is
instead computed from the mass conservation constraint in Equation 8-4. It is not
always necessary to know in advance which species has the highest mass fraction—it is
possible to change the species solved for by the mass conservation constraint in

Equation 8-4.

When using the Fick’s law approximation for the diffusion model, the species mass

transport equations are:

d _
Pﬁ(ﬂ)i) +p(u-Vyo, =

V- (prVmi + pmiDEw + DTV—

LM zT+Ri

Apart from molecular diffusion, transport due to thermal diffusion is accounted for
through the third term within the parenthesis on the right-hand side. Here DLT is the
thermal diffusion coefficient (SI unit: kg/(m-s)).

Multicomponent Thermal Diffusion

Mass diffusion in multicomponent mixtures due to temperature gradients is referred
to as the Soret effect. This occurs in mixtures with high temperature gradients and
large variations in molecular weight (or size) of the species. Typically species with high
molecular weight accumulate in lower temperature regions while the diffusion due to
the Soret effect transports species with low molecular weight to higher temperature
regions. In COMSOL Multiphysics, thermal diffusion is included by prescribing the
thermal diffusion coefficients D; . In a multicomponent mixture, the sum of the

thermal diffusion coefficients is zero:
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Turbulent Mixing

A flow field obtained using a turbulence model does not explicitly contain the small
eddies. These unresolved eddies still have a profound effect on the species transport,

an effect known as turbulent mixing.

The Transport of Concentrated Species Interface supports the inclusion of turbulent
mixing via the gradient-diffusion hypothesis. In the case of mixture-averaged diffusion,
it adds the following contribution to the diffusion coefficient for each species:

Vr
§E; (8-24)
while for Fick’s law diffusion, it adds the following contribution to the diffusion

coefficient tensor:

v

- (8-25)

Scr
Here, vy is the turbulent kinematic viscosity, Scy is the turbulent Schmidt number and
I is the unit matrix. While having the form of diffusive contributions, Equation 8-24
and Equation 8-25 really model a convective phenomenon and they can therefore only

be applied along with convection.

The Schmidt number is typically given a value between 0.7 and 0.72, but it can range
between 0.3 and 1.3 (at least) depending on the application.

Regularization of Reaction Rate Expression

The flexibility of COMSOL means that a reaction can result in nearly any reaction rate
contribution R;® to a mass fraction ®;. But a reactant, ,, can physically only be
consumed if ®, >0 and a product, oy, can only be formed if ®;, < 1. The Reaction
feature in Transport of Concentrated Species Interface contains a way to regularize

make the rate expression contributions comply to these restrictions.

When sclected the “core”, or unregularized reaction rate contribution, R;¢, to a mass

fraction o; is replaced by

Pl R; - |R;
i T 9T Tl
max(;, ®; )

1 R+

dl
2 )

max(w;, 0) +
max(1 -, ;

max(1-w;, 0) (8-26)
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The first term on the right hand side of Equation 8-26 is active if R;® < 0, that is if o;
is a reactant. The reaction rate contribution, R;, is equal to the “core” reaction rate,
R aslong as o; > u)idl. As w; approaches zero, the regularization damps out negative

R, and for o; < 0, R; for reactant w; is equal to zero.

The second term on the right hand side of Equation 8-26 is active if R;® > 0, that is if
®; is a product. The reaction rate contribution, R;, is equal to the “core” reaction rate,
R, as long as w; < l—widl. As ; approaches one, the regularization damps out

positive R; and for w; > 1, R; for product w; is equal to zero.

The damping limits, (oidl, should be in an order of magnitude that can be considered
numerical noise for species i. The damping limits are per default set to le_6, which is
appropriate for most applications. It can be advantageous to lower some limits when
working with for example catalytic trace species and the limits can sometimes be raised

to gain additional robustness.
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Theory for the Reacting Flow
Interfaces

The following sections describe theory applicable for the Reacting Flow interfaces:

* Pseudo Time Stepping for Mass Transport

e The Stefan Velocity

¢ The Chemical Reaction Rate

e Turbulent Mass Transport Models

e Mass Transport Wall Functions

e Turbulent Reactions

e The Reaction Source Term for Turbulent Flow

e References for the Reacting Flow Interfaces

Psendo Time Stepping for Mass Transport

In order to improve the solution robustness, pseudo time stepping can be used for the
Transport of Concentrated Species interface when solving a stationary model. Using
pseudo time stepping, a fictitious time derivative term:

®; — nojac(w;)
At

is added to the left-hand side of the mass fraction equations. Here p is the fluid mixture
density, o; is the mass fraction (dimensionless) of species Z, and At is the psendo time
step. Since w;—nojac(w;) is always zero, this term does not affect the final solution. It
does, however, affect the discrete equation system and effectively transforms a

nonlinear iteration into a time step of size A¢.

For a description of the pseudo time step term for the Navier-Stokes
equations and the pseudo time step see Pseudo Time Stepping for
Laminar Flow Models and Pseudo Time Stepping in the COMSOL
Multiphysics Reference Manual.

m
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The Stefun Velocity

Heterogeneous reactions on fluid-solid surfaces can affect the mass, momentum, and
energy balances at the interface separating the fluid and the solid. On the reacting

surface, the production or destruction rate, rg ; (SI unit: mol/ (m2 -s)), of a fluid phase
species is balanced by the total mass flux of the species. The mass balance for species i

on a boundary representing a fluid-solid interface is given by:
n-[po;(ut+uy ;)] = rs,iMi (8-27)

Here, n is the unit normal pointing out of the fluid domain, wu is the mass averaged
velocity of the fluid mixture (SI unit: m/s), ug ; denotes the diffusion velocity

(SI unit: m/s), the velocity of species i relative to the mixture, and M; is the species
molar mass (ST unit: kg/mol). Summing the mass balances at the surface, over all

species, results in an effective mixture velocity:

N
n-pu, = z roiM; (8-28)
i=1

referred to as the Stefan velocity, here denoted ug. To reach Equation 8-28 the fact
that the sum of all mass fractions is one, and that the sum of all relative diffusive fluxes

is zero, was used.

Equation 8-28 implies that surface reactions result in a net flux between the surface
and the domain. A net flux in turn corresponds to an effective convective velocity at
the domain boundary; the Stefan velocity. It should be noted here that when solving
for mass transport inside a fluid domain, an outer boundary of the domain corresponds
to a position just outside of the a actual physical wall (on the fluid side). The domain

boundary does not coincide with the physical wall.

In most reacting flow models, the species mass fractions in the fluid domain are solved
for, without including the surface concentrations (mol per area) on exterior walls is not
included in the model. One reason for this is that the surface reaction rates are often
not known. In this case, surface reactions can be modeled either by applying a mass
flux or prescribing the mass fraction, or a combination of both, on fluid boundaries
adjacent to the reacting surface. The Stefan velocity on a fluid domain boundary is

then defined as the net mass flux resulting from the boundary conditions applied:
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np ny

n-pu, = Z n- (pou +N; )+ Z n-N; (8-29)
i=1 j=1

Here, the first sum contains flux contributions resulting from boundary conditions
prescribing the mass fractions, and the second sum contains contributions from flux
conditions. The resulting Stefan velocity based on mass transport boundary conditions

is computed as:

np ny
Zn'Ni,d+ Zn'Ni,tor
et ot (8-30)

np
p1-> o
i

u

Using a Reacting Flow interface, the Stefan velocity, defined in the manner of
Equation 8-30, is automatically computed and applied on boundaries corresponding
to walls by the Reacting Flow coupling feature. When a Mass Fraction or Flux feature
(in the Transport of Concentrated Species interface) is applied on a selection shared by
a Wall feature (in the Single-Phase Flow interface), the Stefan velocity is prescribed in
the wall normal direction on the shared selection.

The Chemical Reaction Rate

For laminar flow, or when the Turbulent-reaction model is sct to None in a Reaction
feature (in Transport of Concentrated Species), the default (Automatic) reaction rate
used by the Reaction feature is based on the mass action law. Consider a general
reaction belonging to a set of j reactions and involving 7 species:

kjf (8-31)

aA + bB + ... XX + yY o+ ..

»

k

For such a reaction set, the reaction rates r; (SI unit: mol/ (m3~s)), can be described by

the mass action law:

f 7th Vij
r; = k] H ¢ —k; H ¢ (8-32)

i€ react ie prod
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Here, kf and kJr denote the forward and reverse rate constants, respectively. The
concentration of species 7 is denoted ¢; (SI unit: mol/ ms). The stoichiometric

coefficients are denoted v;;, and are defined to be negative for reactants and positive

>
for products. In practice, a reaction seldom involves more than two species colliding
in a reacting step, which means that a kinetic expression is usually of order 2 or less

(with respect to the involved concentrations).

In addition to the concentration dependence, the temperature dependence can be

included by using the predefined Arrhenius expressions for the rate constants:

n E
k = AT exp (—R-—;T)
Here, A denotes the frequency factor, n the temperature exponent, E the activation
energy (SI unit: J/mol) and R, the gas constant, 8.314 ] /(mol-K). The
pre-exponential factor, including the frequency factor A and the temperature factor
T", is given the units (m3 /mol)*~ 1 /s, where o is the order of the reaction (with

respect to the concentrations).

Turbulent Mass Transport Models

The RANS turbulence models included in the Reacting Flow interfaces are based on
averaging of the fluid flow equations. Applying a corresponding decomposition of the
fluctuating mass fraction, into mean and fluctuating parts, and averaging the mass
transport equations, additional unclosed terms are introduced in the equations. These
terms need to be modeled in order to close the set of equations. The most important
terms, containing the correlations of the velocity and mass fraction fluctuations,

referred to as the turbulent mass transport fluxes, are given by:

0(pu0")
ox;

1

Here the double primes denote Favre (density-based) fluctuations. In the case of
varying density flow, Favre averaging is favored over Reynolds averaging since it
reduces the number of unclosed terms and renders the equation on the same form as
the incompressible RANS equations. For more background on averaging, see

Turbulence Modeling.

The most common way to model this term is to use a gradient based assumption,
where the additional turbulent transport is related to the turbulent viscosity through a

turbulent Schmidt number Ser:
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e - FTow _ L) .
pu;" 0" = oo, _pDTaxi (8-33)

Here @ denotes the Favre averaged mass fraction which is the quantity solved for.

Using a RANS turbulence model, the turbulent mass flux is defined from
Equation 8-33, and the equation solved for each species is:

5 Vo~  —~ o VM  =TVT - _
V- (P(Di + §"C"]'_)V°)i +pw.D.— +D; +P;z;U,, ipvv) +R;

where the molecular diffusion coefficient, D;, is given by the diffusion model

(Mixture-Average or Fick’s Law).

KAYS-CRAWFORD
Assuming that the turbulent transport mechanisms of heat and mass processes are
analogous, the turbulent Schmidt number is defined by (Ref. 1):

0.3Pe — )1
Scp =[ L, T_(0.3PcT)2[1—e—1/<°-3P°w$°rw>]]

2Scr., /SCTW

where the Schmidt number at infinity is Scp., = 0.85, and the turbulent Peclet number
is defined as the ratio of the turbulent to molecular viscosity times the Schmidt

number:
A%
T
Pe+ = —Sc
Ty

HIGH SCHMIDT NUMBER MODEL

In the case of high Schmidt numbers, which is typical for mass transport in liquids, the
mass transfer near walls can be significantly different than that for Schmidt numbers of
order unity. A diffusion layer near a solid wall, due to, for example, a reaction on the
wall, does not have the same properties as the (momentum) boundary layer. Most
importantly the diffusion layer thickness is significantly smaller than the boundary layer
thickness for high Schmidt numbers. In order to correctly capture the mass flux at the
wall, the wall resolution required is dictated by the diffusion layer rather than by the

boundary layer.

THEORY FOR THE REACTING FLOW INTERFACES

505



The High Schmidt number model is based on the model by Kubacki and Dick (Ref. 2)
and is available when using the Low-Reynolds k-¢ turbulence model or the SST
turbulence model. In this case the fluid flow is resolved all the way to the physical wall
and consequently, and species boundary equations are applied directly on the wall
(without using wall functions).

In the near wall region, where the species transport is limited by diffusion, the mass
diffusivity is modeled using an analytical function of the non-dimensional wall distance
due to Na and Hanratty (Ref. 3):

DTVV * M
~ -2

The non-dimensional wall distance applied, I* , corresponds to that defined by the

turbulence model. The value of the constants b and m are given in Table 8-1.

TABLE 8-1: NA AND HANRATTY PARAMETERS

SCHMIDT NUMBER b m
0.1 <Sc<5 7.3-10% 3
5<Sc<50 53104 3
Sc > 50 46310 3.38

Further out from the wall, where the mass transport is governed by the turbulent
transport, the transport is modeled using a turbulent Schmidt number of the form
(Ref. 2):

A% Ve 3 -1
Scp. = (0.5882+0.228(7T)—0.0441(7T) [1—e-5-165/<VT/V>])

In order to combine the two descriptions, the blending function by Kader (Ref. 4) is

used:
V1 (-1) (-1/T)
T = SCT e +DT’W,e
where
v 4
P oonay?
(1+579)
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Mass Transport Wall Functions

Analogous to the single-phase flow wall functions (see Wall Functions applied for the
Wall boundary condition), there is a theoretical gap between the solid wall and the
computational domain of the fluid. This gap is often ignored when the computational

geometry is drawn.

Assuming that the turbulent heat and mass transfer in the near-wall region are
analogous, the same type of wall functions used for the temperature (Ref. 8) is also
applicable for the mass transport. The mass transfer wall function is formulated as a
function of the molecular and turbulent Schmidt numbers of each species, instead of

the corresponding Prandtl numbers.

Assume that there is a mass fraction ®; , just outside the wall and that it is in
equilibrium with the surface chemistry. The mass flux, for species i, between the wall

and a fluid with a mass fraction of w; ¢ at the lift-off position is:

1/43,1/2
pC k(0 \ — ®; ¢)

"
]

Mye =

where p is the fluid density, Cy, is a turbulence modeling constant, and % is the

turbulent kinetic energy. ®; is the dimensionless mass fraction given by (Ref. 8):

Scd, for 8% < &7
o = (15Sc2/3 - 58%) for 8%, <08% <8y,
w
SCT + + +
——E—lnSW +B for 83, <87,
where in turn
1/2
5+ o 3,.p.fCL2k . __10
W u wl SC1/3

.~ 10 o _ K
8 = 10,1055 Sc D

B = 15Sc2/3_ ;%(1 + ln(IOOO-S-—]CS;D

Ky is the von Karman constant, and D; , the mean species diftusion coefficient. The

latter corresponds directly to the mixture-averaged diffusion coefficient when using
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the Mixture-average diffusion model. Using the Fick’s law diffusion model, the mean
diffusion coefficient is computed as 1/N-tr(D;), where D; is the diftusion tensor and N

is the dimension of the model.

The computational result should be checked so that the distance between the
computational fluid domain and the wall, 8, is almost everywhere small compared to
any geometrical quantity of interest. The distance 8, is available as a post processing

variable (delta_w) on boundaries.

Turbulent Reactions

In turbulent flow the reaction rate is significantly affected by the turbulence. Turbulent
fluctuations can increase the reaction rate due to the increased mixing, but it can also
quench it through removal of species or the heat required for ignition. The interaction

between the flow and the reactions can be quantified through the Damkohler number

Da:

which compares the time scale of the largest turbulent flow structures (the integral
time scale), to the chemical time scale. In the limit of large Damkohler numbers

Da >> 1, the reactive time scale is significantly smaller than that of the turbulence. In
this regime the inner structure of a reaction zone is thin enough not to be affected by
turbulence. The reacting regions are, however, convected and wrinkled by the
turbulence. In this case the global reaction rate is proportional to the chemical reaction
rate times the surface of the reacting regions. In the limit of small Damkohler numbers
Da << 1, the chemical time scale is much larger than that of the turbulent flow. In this
case the global reaction rate is controlled by the chemistry, while the turbulence acts
by continuously mixing the species. This regime is referred to as a “perfectly stirred

reactor”.

MEAN VALUE CLOSURE
A mean turbulent production rate can be obtained by directly applying the mean

concentrations and temperature in the kinetic reaction rate expressions:

R, = v;M;rye
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where v; denotes the species stoichiometric coefficient, M; the molar mass
(SI unit: kg/mol), and rypyc; is the reaction rate from Equation 8-32 using mean

quantities.

This is referred to as mean value closure of the turbulent reaction rate, and corresponds
to keeping the first term in a Taylor series expansion of the turbulent reaction rate
following a Reynolds decomposition of the fluctuating variables (Ref. 5). The mean
value closure is directly applicable in the perfectly-stirred-reactor limit (Da << 1). In
this case the turbulence is able to mix the species in the sense of changing the mean
concentration, but the turbulent fluctuations do not affect the chemical reaction rate.
The mean value closure is also applicable in the limit of low turbulence levels since the

turbulent fluctuations tend to zero as the laminar flow regime is approached.

EDDY DISSIPATION MODEL
The eddy-dissipation model for the mean reaction rate originally developed by
Magnusson and Hjertager (Ref. 6) for non-premixed combustion. Using this reaction

model, the mean production rate of species i is defined as:

R. = v.M.%p - min min( Or ) B ( O ) =V.Mrg,:
[ 2% lTTp Ver ’ z VpMp - YT ED
p

The model assumes that both the Reynolds and Damkohler numbers are sufficiently
high for the reaction rate to be limited by the turbulent mixing time-scale tp. The
reaction can hence at most progress at the rate at which fresh reactants are mixed, at
the molecular level, by the turbulence present. Furthermore the reaction rate is limited
by the deficient reactant; the reactant with the lowest local concentration. When the
model parameter B is finite, the existence of product species is also required for
reaction, modeling the activation energy required for reaction (ignition). For gaseous
non-premixed combustion the model parameters have been found to correspond to
(Ref. 6):

a=4,=05

For liquid reactions it is recommended that the model parameters are calibrated against
experimental or simulation data. Using a mix of the mean value closure and a modified
version of the eddy-dissipation model Bakker and Fasano (Ref. 7) found the following

parameter values

oy =008, 0y =Py =By =c

THEORY FOR THE REACTING FLOW INTERFACES

509



to give good results for a competitive reaction pair when compared with experimental

results.

A common approximation for the turbulence mixing time-scale tpis T~ k/¢

(Ref. 5). Due to realizability constraints, a more accurate approximation is however

. (k 1
T+ = min| =, =———— (8-34)
T (e Cu37“ma)
where in turn
1
xmax 2 SijSiJ
for 2D and
B 2SijSij
max 3

for 3D and 2D axisymmetry. Equation 8-34 is directly applicable to the k-€ model.For
the £-o and SST turbulence models, Equation 8-34 reads

Tr = min([%), [3*3;%)

Equation 8-34 is used also for the low-Reynolds k-& model even though /¢ is not
actually the turbulence mixing time scale. To obtain a consistent turbulence mixing
time scale for low-Reynolds &-¢, k/e needs to be multiplied by a damping function that
goes to zero at solid walls. Ref. 5 does however notice that Ty is not a relevant time
scale close to walls since it is too small. The damping function is therefore neglected in
the eddy-dissipation model.

The Reaction Source Term for Turbulent Flow

For turbulent flow, or when the Turbulent-reaction model is sct to Eddy-dissipation in
the Reaction feature (in Transport of Concentrated Species), the reaction source term
is computed as the minimum of the mean value closure and that from the eddy
dissipation model:

R, = v;M; - min [r

i MVC,i» rEDC,i}
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This approach combines the regimes of the separate models. For fast reactions the
reaction rate is limited by the turbulent mixing. At the same time, in regions with low

turbulence levels, or low kinetic reactions rates, the latter limits the production rate.
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Thin-Film Flow Interfaces

The physics interfaces described in this section are found under the Thin-Film Flow
branch ( [ ).

In this chapter

¢ The Thin-Film Flow Interfaces

e Theory for the Thin-Film Flow Interfaces
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The Thin-Film Flow Interfaces

In this section:

¢ The Thin-Film Flow, Shell Interface

¢ The Thin-Film Flow, Domain Interface

¢ The Thin-Film Flow, Edge Interface

¢ Domain, Boundary, Edge, Point, and Pair Nodes for the Thin-Film Flow Branch

Interfaces

The physics interfaces found under the Thin-Film Flow branch ( [ ) when adding a
physics interface describe momentum transport. These physics interfaces can be added
either singularly or in combination with other physics interfaces describing mass and

energy transfer. The thin-film flow interfaces are shown in Table 9-1.

TABLE 9-1: THE THIN-FILM FLOW INTERFACES DEFAULT SETTINGS

PHYSICS INTERFACE LABEL  NAME SPACE DIMENSION GEOMETRIC ENTITY LEVEL
Thin-Film Flow, Shell tffs 3D Boundaries

Thin-Film Flow, Edge tffs 2D, 2D axisymmetric  Boundaries

Thin-Film Flow, Domain tff 2D Domains

Each of the physics interfaces can be configured to solve either the standard Reynolds
Equation (with a material or user-defined density specified at the absolute pressure), or
to solve the Modified Reynolds Equation, which should be used for gas flows. The
Modified Reynolds Equation assumes the ideal gas law and applies when gas pressure
changes in the flow itself result in significant density changes.

ﬁl Theory for the Thin-Film Flow Interfaces

The Thin-Film Flow, Shell Interface

The Thin-Film Flow, Shell (tffs) interface ( [ ), found under the Thin-Film Flow

branch ( £ ) when adding a physics interface, is used to solve the Reynolds equation
or the modified Reynolds equation in a narrow channel that is represented by a surface
within the geometry. It is used for lubrication, elastohydrodynamics, or gas damping

simulations when the fluid channel is thin enough for the Reynolds equation or the
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Modified Reynolds equation to apply. The physics interface is available for 3D

geometries.

This physics interface is defined in a boundary mode, which means that the boundary
level is the highest level for which this physics interface has equations and features; it
does not have any features or equations on the domain level. The boundary level

represents a reference surface on which the flow is solved. On one side of the boundary
level there is a wall and on the other a base surface, neither of which is represented in
the geometry. The wall and base surfaces are orientated with respect to the reference
surface normal as shown in Figure 9-1. Fluid flows in the gap between the wall and the

base.

wall

reference surface

base

Figure 9-1: Diagram illustrating the ovientation of the wall and the base surfaces with
respect to the refevence surface in the Thin-Film Flow interfaces. A vector from the
reference surface to the corvesponding point on the wall always points in the -1 ¢
divection, where Wyqr is the vefevence suvface normal. Similarly a vector from the veference
surfuce to the corvesponding point on the base points in the AN or divection. The height of
the wall above the veference surfuce (hy,) and the height of the base below the reference
surfuce (hy) ave also shown in the figure.

Using equations on the reference surface, the physics interface computes the pressure
in a narrow gap between the wall and the base. When modeling the flow, it is assumed
that the total gap height, h = h,,+hy, is much smaller than the typical lateral dimension
L of the reference surface. The physics interface is used to model laminar flow in thin

gaps or channels. A lubricating oil between two rotating cylinders is an example of this.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Fluid-Film Properties, Border, and Initial Values. Then, from the Physics
toolbar, you can add other nodes that implement, for example, boundary conditions.
You can also right-click Thin-Film Flow, Shell to select physics features from the context

menu.

SETTINGS
The Label is the default physics interface name.
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The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is tffs.

REFERENCE PRESSURE
Enter a Reference pressure level p,..¢ (SI unit: Pa). The default value is 1[atm]. This
pressure represents the ambient pressure and fluid loads are computed without

accounting for this pressure.

CAVITATION
To display this section, click the Show button (& ) and select Show Advanced Physics
Options. Select the Cavitation check box to use when modeling bearings, for example.

Then enter a Cavitation transition width (SI unit: Pa). The default is 1 MPa.

Under normal operating conditions, the gases dissolved in the lubricant cause
cavitation in the diverging clearance between the journal and the bearing. This

happens because the pressure in the lubricant drops below the saturation pressure.

See theory for Cavitation for more information.

Note: Cavitation is only available in the Thin-Film Flow, Shell physics interface with a
CFD Module license. It is not available for the Thin-Film Damping boundary
condition, which can be added to the physics interfaces in the Structural Mechanics

arca.

DEPENDENT VARIABLES
The dependent variable (field variable) is the Pressure pg. The name can be changed

but the names of fields and dependent variables must be unique within a component.

THIN-FILM FLOW INTERFACES



DISCRETIZATION

To display this section, click the Show button (& ) and select Discretization.

¢ Domain, Boundary, Edge, Point, and Pair Nodes for the Thin-Film
,& Flow Branch Interfaces

e Theory for the Thin-Film Flow Interfaces

* Journal Bearing: Application Library path CFD_Module/Thin-Film_Flow/

journal_bearing

Tilted Pad Thrust Beaving: Application Library path CFD_Module/
Thin-Film_Flow/tilted_pad_bearing

The Thin-Film Flow, Domain Interface

The Thin-Film Flow, Domain (tffs) interface ( &= ), found under the Thin-Film Flow
branch ( [ ) when adding a physics interface, is used to solve the Reynolds equation
or the modified Reynolds equation in a narrow channel that is represented by a domain
within the geometry. It is used for lubrication or gas damping simulations when the
fluid channel is thin enough for the Reynolds equation or the Modified Reynolds

equation to apply. The physics interface is available for 2D geometries.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Fluid-Film Properties, Border (the default boundary condition), and
Initial Values. Then, from the Physics toolbar, add other nodes that implement, for
example, boundary conditions. You can also right-click Thin-Film Flow, Domain to select

physics features from the context menu.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is tff.
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The rest of the settings are the same as for The Thin-Film Flow, Shell Interface.

* Domain, Boundary, Edge, Point, and Pair Nodes for the Thin-Film
'ﬁl Flow Branch Interfaces

* Theory for the Thin-Film Flow Interfaces

The Thin-Film Flow, Edge Interface

The Thin-Film Flow, Edge (tff) interface ( [ ) is used to solve the Reynolds equation or
the modified Reynolds equation in a narrow channel that is represented by an edge
within the geometry. It is used for lubrication, elastohydrodynamics, or gas damping
simulations when the fluid channel is thin enough for the Reynolds equation or the
Modified Reynolds equation to apply. The physics interface is for 2D and 2D

axisymmetric components.

The rest of the settings are the same as for The Thin-Film Flow, Shell Interface.

* Domain, Boundary, Edge, Point, and Pair Nodes for the Thin-Film
'ﬁl Flow Branch Interfaces

* Theory for the Thin-Film Flow Interfaces
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Domain, Boundary, Edge, Point, and Pair Nodes for the Thin-Film
Flow Branch Interfaces

For the physics interfaces under the Thin-Film Flow branch, the following domain,
boundary, edge, point, and pair nodes (listed in alphabetical order) are described in

this section:

* Border e Perforations
¢ Fluid-Film Properties ¢ Outlet

* Initial Values e Symmetry

e Inlet e Wall

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Fluid-Film Properties

Use the Fluid-Film Properties node to set the wall properties, base properties, fluid
properties, and the film flow model.

REFERENCE SURFACE PROPERTIES

In the Thin-Film Flow, Shell (tffs) and Thin-Film Flow, Edge (tffs) interfaces, the Reference
normal orientation sctting allows you to reverse the direction of the reference surface
normal used by the physics interface. By default this is set to Same direction as geometry

normal. To reverse the direction, select Opposite direction to geometry normal.

In the Thin-Film Flow, Domain (tff) interface, the Reference surface normal orientation
setting allows you to set the direction of the reference normal so that it either points
out of or into the plane of the domain. By default this is set to Reference surface normal

points out of plane, such that the reference surface normal is given by {0,0,1}. Selecting

Reference surface normal points into plane scts the reference surface normal to {0,0,-1}.

WALL PROPERTIES

Enter a value or expression for the Height of wall above reference plane /2,7 (SI unit: m).
The default is 10 pm.
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By default the Additional wall displacement is User defined. Enter values or expressions
for u,, (SI unit: m). The defaults are 0 m. Alternatively select a feature input (defined

by a separate physics interface) or None from the list.

When using a feature input to define an additional displacement based on the
movement of a structure, refer to Figure 9-1 to decide whether the additional

displacement should be added to the wall or the base.

* If the reference normal points out of the structure for which the displacement is
provided, the structure should be considered to be the wall, and its displacement

should be added to the additional wall displacement.

If the reference normal points into the structure for which the displacement is
provided, the structure is the base and its displacement should be added to the
additional base displacement.To determine the reference normal orientation before
fully solving the model, click Show Default Solver ( ™-_) on the Study toolbar (or
right-click the Study 1 node and select Show Default Solver). Then expand the
Study 1>Solver Configurations>Solver | node, right-click the Dependent variables

sub-node and select Compute to Selected.

4~ Study 1
E Step 1: Stationary
4 [Tr. Solver Configurations
- Ij Solverl
%{ Compile Equations: Stationary
wi Dependent Variables 1

—=

el = Compute to Selected F7

BjabC

&l Results = Compute from Selected
= Compute F&

You can then add a 2D or 3D plot group with an Arrow Surface plot (in 3D) (/=) or
Arrow Line plot (in 2D) ([T"), and use the Replace Expression ( ' ) button to plot the

Reference surface normal.

Note that the orientation of the reference surface normal can be changed using the

Reference normal orientation sctting in the Reference Surface Properties section.

Select a Wall velocity v,, (ST unit: m/s) — None (the default), Calculate from wall
displacement, or User defined. For User defined enter values or expressions for the

components of v,, (SI unit: m/s). The defaults are 0 m/s.

BASE PROPERTIES

See Wall Properties above for details to help you decide whether the additional

displacement should be added to the wall or the base.
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Enter a value or expression for the Height of base below reference plane /1 (SI unit: m).
The default is 0 m.

By default Additional base displacement is User defined. Enter values or expressions for

wy, (ST unit: m). The defaults are 0 m. Or select None from the list.

Select a Base velocity vy (SI unit: m/s) — None (the default), Calculate from base
displacement, or User defined. For User defined enter values or expressions for the

components of vy (SI unit: m/s). The defaults are 0 m/s.

FLUID PROPERTIES
The default Dynamic viscosity £ (SI unit: Pa-s) is taken From material. For User defined

enter a different value or expression. The default is 0 Pa-s.

With the default options, the Density p (SI unit: kg/ n13) is taken From material. For
User defined cnter a different value or expression. The default is 0 kg/| m?3. If the
Modified Reynolds Equation is being solved, the density is determined automatically by
the ideal gas law. If cavitation is enabled, the density is assumed to take the form
p=p. exp(Bpy) where pris the fluid pressure, p, is the density at the cavitation pressure,
and B is the compressibility. (ST unit: 1,/Pa). In this case enter the values for the Density
at cavitation pressure p, (SI unit: Pa) and the Compressibility B (ST unit: 1,/Pa).

FILM FLOW MODEL

Select a Film flow model — No-slip walls (the default), Slip at walls, User defined-relative
flow function, or User defined-general. The film flow model is used to compute the mean
fluid velocity as a function of the pressure gradient, the wall velocity, and the base
velocity. Within the gap the fluid velocity profile is a linear combination of the

Poiseuille and Couette velocity profiles.

Non Slip Walls
This flow model assumes no slip at both the wall and base surfaces. Thus the average
fluid velocity is computed by assuming that the fluid velocity at the wall and base is

equal to the wall and base velocity, respectively.

Slip at Walls

Use Slip at walls when slip occurs at the wall and /or the base. In this case the difference
between the wall or base velocity and the fluid velocity is proportional to the tangential
part of the of the normal stress tensor component. The slip length divided by the fluid
viscosity is the constant of proportionality in this relationship. The mean fluid velocity
is computed using this assumption, given the pressure gradient and the wall and base

velocities.
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Enter a Slip length, wall L, (SI unit: m). The defaultis 0.1 um. Select the Use different
slip length for base check box to enter a Slip length, base L, (SI unit: m). The default
is 0.1 um.

For the Modified Reynolds Equation it is possible to use the gas mean free path to specify
the slip length. Change the Type of Slip setting (which defaults to Slip Length with the
settings described above) to Mean free path and same accommodation coefficients or to

Mean free path and different accommodation coefficients.

¢ For Mean free path and same accommodation coefficients enter a value for the Wall

and base accommodation coefficient o (dimensionless). The default is 0.9.

¢ For Mean free path and different accommodation coefficients enter values for the Wall
accommodation coefficient 0., (dimensionless, default 0.9) and the Base

accommodation coefficient o (dimensionless, default 0.9).

Select an option to define the Mean free path—Compute from material properties (the

default), User defined expression, or User defined with reference pressure.

¢ For User defined expression enter an expression for the Mean free path A (SI unit: m).
The default expression is ((70[nm]) " (1[atm]))/ (tffs.ptot).

e For User defined with reference pressure enter values for the Mean free path at
reference pressure A (SI unit: m; the default is 70 nm), and for the Mean free path

reference pressure p;( (SI unit: Pa; the default is 1 atm).

Rarefied-Total Accommodation (Modified Reynolds Equation Only)

The Rarefied-total accommodation option provides a rarefied gas model that assumes
total accommodation at the wall and the base. This model is accurate to within 5% over
the range 0<Kn<880 (here Kn is the Knudsen number, which is the ratio of the film
thickness to the mean free path). An empirical function, fitted to stationary solutions

of the Boltzmann equation, is used to define the Poiseuille component of the flow.

Select an option to define the Mean free path—Compute from material properties (the

default), User defined expression, or User defined with reference pressure.
¢ For User defined expression enter an expression for the Mean free path A (SI unit: m).
The default expression is ((70[nm]) " (1[atm]))/ (tffs.ptot).

¢ For User defined with reference pressure enter values for the Mean free path at
reference pressure Ao (SI unit: m; the default is 70 nm) and for the Mean free path
reference pressure p;( (SI unit: Pa; the default is 1 atm).
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Select a Force model. Seclect:

* Normal-pressure forces only (the default) to include only the normal pressure forces

in the model.

* Couette (slide film) forces only to include only the shear forces generated from an

empirical model of the rarefied flow developed for pure Couette flows.

¢ Shear and normal forces to include both the shear and pressure forces, combining the

other two force models.

Rarefied-General Accommodation (Modified Reynolds Equation Only)

The Rarefied-general accommodation option provides a rarefied gas model that assumes
the same accommodation coefficient, o, at the wall and the base. This model is
accurate to within 1% over the ranges 0.7<o<1 and 0.01<Kn<100 (here Kn is the
Knudsen number, which is the ratio of the film thickness to the mean free path). An
empirical function, fitted to stationary solutions of the Boltzmann equation, is used to

define the Poiseuille component of the flow.

Select an option to define the Mean free path—Compute from material properties (the

default), User defined expression, or User defined with reference pressure.

 For User defined expression enter an expression for the Mean free path A (SI unit: m).
The default expression is 70[nm] *1[atm] /tffs.ptot.

* For User defined with reference pressure cnter values for the Mean free path at
reference pressure A (SI unit: m, the default is 70 nm) and for the Mean free path

reference pressure p;( (SI unit: Pa, the default is 1 atm).
Select a Force model. Select:

* Normal-pressure forces only (the default) to include only the normal pressure forces

in the model.

* Couette (slide film) forces only to include only the shear forces generated from an

empirical model of the rarefied flow developed for pure Couette flows.

* Shear and normal forces to include both the shear and pressure forces, combining the

other two force models.

User Defined-relative Flow Function

The User defined-relative flow function option enables user-defined models in which an
effective fluid viscosity is employed. The fluid viscosity is divided by an additional
factor @, which can be defined as an arbitrary expression in the GUI. It is also
possible to define the expressions for the fluid forces on the wall and on the base (these

are included as feature inputs in other physics interfaces).
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Enter values or expressions for:

* Relative flow rate function @, (dimensionless). The default is 0.

* Fluid load on wall £, (SI unit: N/mz). The defaults are 0 N/mz.

* Fluid load on base f;, (SI unit: N/mz). The defaults are 0 N/mz.

User Defined - General

The User defined-general option allows for arbitrary flow models to be defined. Both
the Poiseuille and Couette terms in the mean velocity can be defined arbitrarily. It is

also possible to define the expressions for the fluid forces on the wall and on the base,

(these are included as feature inputs in other physics interfaces).
Enter values or expressions for:

* Poiseuille mean fluid velocity coefficient v, p (SI unit: ms-s/kg). The default is
0 ms-s/kg.
* Couette mean fluid velocity component v, o (SI unit: m/s). The defaults are 0 m/s.
* Fluid load on wall £, (ST unit: N/mz). The defaults are 0 N/mz.
¢ Fluid load on base f;, (SI unit: N/mz). The defaults are 0 N/mz.

Arrow Line and Arrow Surface in the COMSOL Multiphysics Reference
@l- Manual

CHAPTER 9:

Border

Use the Border node to set a pressure condition at the border and the border flow type.

The Border flow condition is used to account for the pressure drop caused by the flow
converging into the gap, outside the thin layer. The acoustic elongation options does
this by adding additional thickness to the thin layer beyond the edge of the geometry
(assuming a pressure gradient in this layer equal to that at the boundary). The
Out-of-plane motion calculates the pressure gradient due to circulation of the fluid
caused by motion of the wall or base surfaces using a predefined model. Alternatively
the pressure gradient at the boundary can be specified using an arbitrary expression,

which allows for more sophisticated, user-defined models.

BORDER SETTINGS

Select a Border condition — Zero pressure (the default), Pressure, or Border flow.
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When the Cavitation check box is selected for the physics interface, Starvation is
available.

For Pressure enter a Pressure pg (SI unit: Pa) to define py=pyy on the boundary, edge,
or point. The default is 0 Pa. If the reference pressure p,qf, defined at the physics

interface level is 0, pg is the absolute pressure. Otherwise, pg is the relative pressure.

For Border flow sclect a Border flow type — Acoustic boundary condition-absolute
elongation, Acoustic boundary condition-relative elongation, Out-of-plane motion, or User
defined.

¢ For Acoustic Boundary condition-absolute elongation cnter a Border elongation AL
(SI unit: m) The defaultis 0.1 um.

* For Acoustic boundary condition-relative elongation cnter a Relative border elongation
AL, (dimensionless) The defaultis 0.7.

 For Out-of-plane motion enter the Model coefficients 1, {, y with defaults 0, 0, 1,
respectively. Also enter the Slip length, A (SI unit: m). The default slip length uses
an if condition to set the slip length equal to that defined in the Fluid-Film
Properties node if a suitable Film flow model is selected. If the Slip length is not
defined in the Fluid-Film Properties node, it defaults to 0.1um.

Note that the coefficients can be specified according to the results given in the paper
by Gallis and Torczynski (M. A. Gallis and J. R. Torczynski, “An Improved
Reynolds-Equation Model for Gas Damping of Microbeam Motion”, Journal of
Microelectromechanical Systems, vol. 13, pp. 653-659, 2004). The following
values are recommended:

1+ 8,834
X =
1+5,118(

NCARNIES

0,634 + 1,572

E'_B

T]:

140 537(%)

0,445 + 11,20(

1+ 5,510(%)

SE

¢ =

where & is the gap height. The above equations are valid in the range 0<4/h<1.
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¢ For User defined enter a Normal pressure gradient (SI unit: N/m3). The default is
/(0.1 um) N/m®.

¢ For Starvation enter a value for the Fluid fraction &, (dimensionless). The default is
0.6.

Perforations

Use the Perforations node for applications in MEMS devices, where the phenomenon
of'squeezed film damping is important. A free-hanging thin plate or the substrate often
has an array of etch holes that allow the gas in-between to escape. The perforations
feature acts as a sink for gas that is proportional to both the ambient pressure and to
the pressure difference with respect to the ambient on the other side of the perforated
surface. The constant of proportionality is known as the admittance, Y, and can either
be defined directly or determined from the model due to Bao (M. Bao and H. Yang
“Squeeze film air damping in MEMS”, Sensors and Actuators A: Physical, vol. 136,
no. 1, pp. 3-27,2014). The ambient pressure (defined at the level of the parent physics
interface or Thin-Film Damping feature) is assumed to be the reference pressure

specified at the physics interface level.

Note that this feature applies only when the walls do not have tangential movement.
PERFORATIONS

Select a Perforation admittance — User defined (the default) or Bao model.

For User defined, enter a value or expression for Y (SI unit: m2~s/l<g).

For Bao model, choose a Perforation shape — Square (the default) or Circular. Then
enter the following as applicable:

* Side length sy, (SI unit: m).

* Hole radius r, (SI unit: m).

¢ Hole length [;, (SI unit: m).

* Hole density ny, (SI unit: l/mz).

Initial Values

The Initial Values node adds an initial value for the pressure that can serve as an initial
condition for a transient simulation or as an initial guess for a nonlinear solver. If more
than one set of initial values is required, add additional Initial Values nodes from the

Physics toolbar.
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INITIAL VALUES

Enter a value or an expression for the initial value of the Pressure p¢ (SI unit: Pa).

Inlet

Use the Inlet node to define an edge or point where fluid enters the gap.

INLET SETTINGS
Select an Inlet condition — Zero pressure (the default), Pressure, or Normal inflow

velocity.

When the Cavitation check box is selected for the physics interface (see Cavitation),

Starvation is also available.

* For Zero pressure pp= 0 applies on the boundary, edge, or point.

* For Pressure enter a Pressure pygy (SI unit: Pa) to impose pg= pgy on the boundary,
edge, or point. The default is O Pa. If the reference pressure pf, defined at the
physics interface level is 0, pg is the absolute pressure. Otherwise, pyg is the relative

pressure.

* For Normal inflow velocity enter a Normal inflow velocity Uy (SI unit: m/s). The
default is 0 m/s.

* For Starvation enter a value for the Fluid fraction €, (dimensionless). The default is
0.6.

Outlet

The Outlet node defines an edge or point where fluid leaves the gap.

OUTLET SETTINGS
Select an Outlet condition — Zero pressure (the default), Pressure, or Normal outflow

velocity.

When the Cavitation check box is selected for the physics interface (see Cavitation),

Starvation is also available.

* For Zero pressure, py= 0 applies on the boundary, edge, or point.

* For Pressure, enter a Pressure pg, (SI unit: Pa) to impose pg= pgy on the boundary,
edge, or point. The default is 0 Pa. If the reference pressure pyef, defined at the
physics interface level is 0, pg is the absolute pressure. Otherwise, pyg is the relative

pressurc.
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¢ For Normal outflow velocity, enter a Normal outflow velocity Uy (SI unit: m/s). The
default is 0 m/s.

¢ For Starvation, enter a value for the Fluid fraction 6, (dimensionless). The default is
0.6.

Wall

The Wall node prevents fluid flow in the direction perpendicular to the boundary.

Symmetry

The Symmetry node sets the perpendicular component of the average velocity in the
gap to zero.
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Theory for the Thin-Film Flow
Interfaces

The theory for the different versions of the Thin-Film Flow interfaces are described in

this section:

e Thin-Film Flow

* The Reynolds Equation

* Flow Models

* The Modified Reynolds Equation — Gas Flows
* Flow Models for Rarefied Gases

e Frequency-Domain Formulation

* Boundary Conditions

* Cavitation

e References for the Thin-Film Flow Interfaces

Thin-Film Flow

Figure 9-2 shows a typical configuration for the flow of fluid in a thin layer. The upper
boundary is referred to as the wall, and the lower boundary is referred to as the base.

Damping or lubrication forces operate on both surfaces.

In many cases the gap is sufficiently small for the flow in the thin film to be isothermal.
Usually the gap thickness, A, is much smaller than the lateral dimensions of the
geometry, L. If this is the case it is possible to neglect inertial effects in the fluid in
comparison to viscous effects (for MEMS devices this assumption is reasonable below
MHz frequencies). Additionally, the curvature of the reference surface can be ignored
when h/L«1. Under these assumptions the Reynolds equation applies. For gas flows
under the same conditions it is possible to derive a modified form of the Reynolds
Equation, which uses the ideal gas law to eliminate the density from the equation
system. Such a modified Reynolds equation can even be adapted to model the flow of

rarefied gases.

Different terminology is used for thin-film flow in different fields of physics. In
tribology the term lubrication is frequently used, especially when the fluid is a liquid.
In resonant MEMS devices, flow in the thin layer of gas separating a device from the
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substrate on which it is fabricated often provides significant damping. In this case
there is usually a distinction between squeezed-film damping, when the direction of
motion of the structure is predominantly perpendicular to the reference plane, and

slide-film damping for motion predominantly parallel to the reference plane.

Fwall

wall

\“wall Vwall

e reference surface

h
b l Dref f“base / Vbase

base

Fpase

Figure 9-2: An example illustrating a typical configuration for thin-film flow. A
reference surfice with normal N .qp sits in o navrow gap between a wall and base. In
COMSOL the vector Do points into the base and out of the wall. The wall moves with a
displacement Uy, a1 and velocity V1 from its initial position. Similarly the base moves
[from its initial position with displacement Wy, o and velocity Vygge. The compression of the
Sluid vesults in an excess pressure, pp, above the reference pressure, prep, and a fluid velocity
in the gap. At a point on the refevence suvface the average value of the fluid velocity along
a line perpendicular to the surfice is given by the in plane vector V ye. The motion of the
fluid vesults in forces on the wall (Fyq11) and on the base (Fygge). The distance to the wall
above the refevence surface is hy, while the base vesides a distance hy, below the reference
surface. The total size of the gap is h=h+hy. At a given time hyy=h ;- o Wy ap and
hp=hp 1 Nyef Uyan Where hy, g and by ave the initial distances to the wall and base,
respectively.

The Reynolds Equation

The equations of fluid flow in thin films are usually formulated on a reference surface
in the Eulerian frame. Consider a cylinder, fixed with respect to a stationary reference

surface, as shown in Figure 9-3.
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reference
surface

Figure 9-3: Reference cylinder, fixed with vespect to the stationary refevence suvface, in a
small gap between two surfaces (the wall and the base). The cylinder has outward normal,
n,. Its area, projected onto the reference surfuce, is dA.

The cylinder is fixed with respect to the reference surface, but its height can change
due to changes in the position of the base and the wall. Considering the flow in the
reference plane, the rate at which mass accumulates within the reference cylinder is
determined by the divergence of the mass flow field in the reference plane:

(9-1)

L(ph) = V- (phv,,)
where hA=h, +h}, and the tangential velocity, v, represents the mean velocity of the
flow in the reference plane. Particular care must be taken with respect to the definition
of h. The above equation applies if A is measured with respect to a fixed point on the
reference surface as a function of time. The reference surface itself must be fixed in
space and obviously cannot deform as time progresses. Equations represented on the
reference surface are described as Eulerian, that is they are defined in a frame that is
fixed with respect to the motion of the fluid or of the body. Fluid flow problems are
usually formulated in the Eulerian frame, and COMSOL Multiphysics adopts this

convention in most of its fluid flow interfaces. It is useful to note that the Eulerian
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frame is usually called the spatial frame within the COMSOL Multiphysics interface.
When a structure deforms in COMSOL Multiphysics, the spatial frame changes shape.

The wall and the base can, and often do, move with respect to the reference surface.
The wall and base are usually the surfaces of mechanical components which are
deforming as a result of the pressure building up within the region of fluid flow. When
describing the physics of a deforming solid, it is often convenient to work in the
Lagrangian frame, which is fixed with respect to a small control volume of the solid.
As the solid deforms, the Lagrangian frame moves along with the material contained
within the control volume. Using the Lagrangian frame for describing structural
deformation means that changes in the local density and material orientation as a result
of the distortion of the control volume do not need to be accounted for by
complicated transformations. In COMSOL Multiphysics, the Lagrangian frame,
usually referred to as the material frame, is used for describing structural deformations.
When a structure deforms in COMSOL Multiphysics, the material frame remains in
the original configuration of the structure, and the deformation is accounted for by the

underlying equations.

Because of the mixed Eulerian-Lagrangian approach adopted within COMSOL
Multiphysics, particular care must be taken with the formulation of the Reynolds
equations. Typically it is not desirable to represent the geometry of the thin film itself
directly, because it is often much smaller than the other components in the model. The
equations apply on a single surface in the model, the reference surface. Since we do not
wish the reference surface to deform, the equations are added on the material frame
(even though this frame is normally used in a Lagrangian approach) and manual
transformations are added to the system to account for the fact that the structural

equations also exist on the material frame, and employ a truly Lagrangian approach.

The situation encountered when both the wall and the base undergo a displacement is
depicted in Figure 9-4. The Eulerian wall height changes from an initial value &7 to

a final value A, Similarly the base height changes from an initial value Ay to Ag.
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Figure 9-4: Diagram showing the displacement of the wall and the base with respect to the
reference surfuce, and the corvesponding change in the height of the channel.

From the figure it is clear that:

hw = hwl_uw Wy, Vth’wl

hy = hyy+uy-my—uy - V,hyy (9-2)
ho=hy+h,

It should be noted that similar corrections should be applied to the velocity of the wall,
if'it is computed from the structural displacement. That is the velocity should be
modified by a term proportional to its spatial gradient. This correction term, is
however, a second order term, and consequently it is usually negligible in practical

circumstances. It is neglected in the thin film flow interface.

Consequently, provided that the definitions of the wall and base height from
Equation 9-2 are used, the Reynolds equation takes the form:

2 (ph)+V, - (hpvyy) = 0 (9-3)
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The definition of the average flow velocity, v, together with the forces that act on the

structure, remain to be specified.

Flow Models

The Navier stokes equations can be nondimensionalized for a domain whose width
(hg) is much smaller than its lateral dimension(s) (o) (see Ref. 1 for a detailed
discussion). When Re(ho/l0)2<<l, and terms of order (ho/lo)2 are neglected, the
Navier-Stokes equations reduce to a modified form of the Stokes equation, which must

be considered in conjunction with the continuity relation.

wall

reference
surface

dx'

base

Figure 9-5: The coordinate system employed for the derivation of the average flow velocity.

The equations are most conveniently expressed by considering a local coordinate
system in which x” and y’ are tangent to the plane of the reference surface, and 2’ is

perpendicular to the surface, as illustrated in Figure 9-5. Using this coordinate system:
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Ipr 9 (Mavx.)

ox' ~ 9z'\" 9z
dpy 9 ( OV
EN x(“g)
o _
0z' ~

Here pyis the pressure resulting from the fluid flow, p is the fluid viscosity, and (v,,v,)

is the fluid velocity in the reference plane (which varies in the 2z’ direction).

These equations can be integrated directly, yielding the in-plane velocity distributions,
by making the assumption that the viscosity represents the mean viscosity through the
film thickness. The following equations are derived:

We _z20Pp Cie Wy 2y Ciy (9-4)
oz' pox' W oz' noy' W
20p, Cq.2' 20p, Cq,2'
- 2P, Z1x? S s Vi )
v = Smox + m +Cy, vy = Smay + m +Cyy (9-5)

The constants C1y, Coy, C1y, and Cyy» are determined by the boundary conditions.
Equation 9-4 shows that the flow is a linear combination of laminar Poiseuille and

Couette flows. The velocity profile is quadratic in form, as shown in Equation 9-5.

The average flow rate in the reference plane, v, , is given by:

S
1 \ 2 2
7 | veds (g = Pushy + )00y Py=hy,
v = | _1 61 ox' 2u 1w 2
av Ry, h| 2 2
1 | (g =Py + )y Py =y,
o 6 W Ty
L

The forces acting on the walls are determined by the normal component of the viscous
stress tensor, T, at the walls (tn - where n is the normal that points out of the fluid

domain). The viscous stress tensor takes the form:
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u(g—;f" +
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Neglecting the gradient terms, which are of order k¢ /I, results in the following form

for the stress tensor:

T= O _pf
v, v,

_ Y

_“az' “az'

v,
Moz

avy,

M5z

_pf

(9-6)

The components of the stress tensor can be expressed in terms of the velocity and

pressure gradients using Equation 9-4. Note that the normals to both the wall and the

base are parallel to the 2’ direction, to zeroth order in kg /I. The forces acting on the

base and the wall are therefore given by:

hyopy Cqy
—_——
wox' W
h,op; Cy,
—— ; + —
pay p

by

GENERAL SLIP BOUNDARY CONDITION
Assuming a slip length of L, at the wall and a slip length of L at the base, the general

slip boundary conditions are given by:
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1 b st ] a
V(2" =—hy)-v,. = T’CZ,x,(z =-hp) = sba - (z =-hy)

! b st , a
v.(z =—hb)—vy, = —-L-L—’cz,y,(z =-hy) = Sba ? (z =-hy)

<
—~
N«
I
>
N
I
<
8
I
|

(2 =hy) = Swa,(z—h)

w

L Jdv
uy,(zvzhw)_v;‘f—_LL (2'=h,) = - swa,(z—h)

For non-identical slip lengths the constants Cy,, Coy, C1,, and Cg,, take the following

values:

s -vl)  hp—h%-2L h, +2L,h,dp;

C.. = _ sww “f
W ™ h+L,, +Lg, 2(h+Lg +Lg,) ox'
b
c _v;‘f(hb+st)+vx.(hw+st)
20" T h+L, +Lg,
2 2
_hw(hb+st)+hb(hw+st)+2hwhb(st+st)+2thstbapf
2(h+L,, +L)u ox'
b 2
c. - (v, —v) _hb—h ~ 2L hyy + 2Lk 0py
W™ h+Lg,+Lg, 2(h+Lg,+Lg) 0y'
b
C _vly'{(hb+st)+vy,(hw+st)
2~ h+L,+Lg,

2 2
_hw(hb +L)+hy(h,+L,,)+2h, hy (L., +Lg)+ 2thstbapf
2(h+L,, +L)u ay'

The average flow rate becomes:

RS +03) + 2Ly 0"+ Lyot)  h(h?+4h(Ly, +Lyy)+12L,L.)3p;

sw”x'

2(h+Lg,+Lg) - 12u(h + L, + L) dx'

av

R0} +0) + 2Ly 0y + Lgvy) Rk + 4h(Lyy, + Lyy) +12Lg, Ly )3p,
2(h+Lg,+Lg) 12u(h + L, + L) dy'

which can be expressed in vector notation as:
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Vg = 2—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—-—(h Py st)(I -n.n, )((h+2L, v, +(h+2L4)Vv;)
h(h®+4h(L,, + L) + 12Ly L),

12u(h+L,, +Lg) tPr

The above equation can be written on the form:

V.. =V ~Uqy, pViPy (9-7)

av av,c

where vy  is a term associated with Couette flow, and v,y , is a coefficient associated
with Poiseuille flow (see Table 9-2 below).

The forces acting on the two boundaries are given by:

_ , _

__hh+2Ly) Opp (Vg — UM
2(h+L,+L,)ox'  (h+Ly,+L)

f, = _Mh+2Ly) oy (Wl - vy
2(h+Lg, +L )0y (h+L,, +L)
p
- ' : (9-8)
w b
~ h(h+2L_,) apf+ (v — VU
2(h+Lg, +L,)ox'  (h+Lg, +Lg)
fb—

h(h+2L_,) apf (v -v, )u
Ah+L,, +L,)dy (h+L +st)

_pf

Note that the 2’ direction corresponds to the —n,. direction. The x” and y’ directions

correspond to the two tangent vectors in the plane. Using vector notation the forces

become:
_ h(h+2Ly) Tonn Db v pn
w = 2(h+Ly,+Lg) Prt h+L, +L rer Py
h(h+2L_,) i T w b
= meL L) P RTL,, L, )V -V Epm,

In Equation 9-8 it is assumed that n,,=—n, and ny=n,. In COMSOL Multiphysics the

accuracy of the force terms is improved slightly over the usual approximation (which
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neglects the slope of the wall and base as it is of order h/!() by using the following
equations for n,, and ny:

n, = (_nr_vthw)
n, = (nr_Vthw)

These definitions are derived from Equation 9-4 and Equation 9-5 and include the

additional area that the pressure acts on as a result of the wall slope.

Once again, the force terms can be written on the form:

fw = _fw,pvtpf+fw,c

(9-9)
ty, = 1o, Virp+ 1y .

where £, , is the Poiseuille coefficient for the force on the wall, and £, ; incorporates
the Couette and normal forces (due to the pressure) on the wall. Similarly, f3, ,, is the
Poiseuille coefticient for the force on the base, and fp . incorporates the Couette and

normal forces (due to the pressure) on the base.

The cases of identical slip length and non-slip are limiting cases of the formulas derived
above. The main results are summarized in Table 9-2, where the constants defined in

Equation 9-7 and Equation 9-9 are used.
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TABLE 9-2: EQUATION VARIABLES FOR VARIOUS FLOW MODELS

VARIABLE DEFINITION

General Slip Flow Model

1 T
vav,c m(l_nrnr )((h+2st)Vw+(h+2st)Vb)
sw S
Vav, p h(h®+4h(L,, + L) +12L,L,,)
12u(h + L, + L)
N T b w
fw,c h+st+st(I nn. )(v -v )+pfnw
fw,p h(h+2L_)
2(h+Lg, +Lg)
f T b
o AFS A L SR A AR RS I
sw S
fb’p h(h+2L_,)
2(h+Lg, +Lg)

Equal Slip Lengths Flow Model Lsw=Lsb=L

Vav.c %(I - nran)(vw +Vy)

Vav,p (h*+6L,h)/(12)

f T b w

w,c };%;(I—nrnr )(V -V )+pfnw
Fup h/2

f T b

b,c h+u2Ls(I_nrn’ YW —v ) +pm,
fo.p h/2
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TABLE 9-2: EQUATION VARIABLES FOR VARIOUS FLOW MODELS

VARIABLE  DEFINITION
Non-Slip Flow Model Lsw=Lsb=0

Vav,c %(I - n,n,T)(Vw +Vp)

Vav,p hz/(12u)

fune o —nn, D v +pm,
fw,p h/2

be Bann )" ") ippm,
fb,p h/2

The Modified Reynolds Equation — Gas Flows

Thin-film gas flows are often isothermal, and in many cases the ideal gas law can be

assumed. Under these circumstances, the ideal gas law can be written on the form:

RT,
Pp = M p

n

where Ty is the (constant) temperature of the gas, M,, is the molar mass of the gas, and
R is the universal gas constant. Here the total gas pressure, pg = prestpp Where py is
the absolute pressure and pyis the pressure developed as a result of the flow.

Substituting this relation into Equation 9-3 and dividing through by the constant M, /

RT) results in a modified form of the Reynolds equation:
%(pAh) +V, (hpyvy,) = 0 (9-10)

This equation can be used to model isothermal flows of ideal gases. The average flow
rate and the forces acting on the bearings are computed in the same manner as for the

standard Reynolds equation.

SLIP BOUNDARY CONDITIONS FOR GASES
For a gas, the slip length is often expressed using the mean free path, A, and a tangential

momentum accommodation coefficient, o.. For compatibility with the existing
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literature on thin-film gas flow the following definition of the mean free path is used
by COMSOL Multiphysics in the Thin-Film Flow interfaces:

1
S

The slip length is then defined as:

e

s o

Values for the tangential-momentum-accommodation coefficients for various gas

surface combinations are given in Ref. 2.

Flow Models for Rarefied Gases

For gases at low pressure, the ratio of the gas mean free path, A, to the gap size (known
as the Knudsen number: Kn=A/h) grows. For Knudsen numbers greater than 0.1, the
gas cannot be treated using the continuum Navier-Stokes equations and the

Boltzmann equation must be solved instead.

At steady state, the solutions to the linearized Boltzmann equation for isothermal flow
in a narrow gap between parallel plates can be expressed as a combination of Poiseuille
and Couette flows. This is analogous to the solutions of the Navier-Stokes equations
in the limit of small &/ Provided that the surfaces of the wall and base are identical
(which is normally the case in many practical applications), the Couette contribution
to the bulk fluid velocity is unchanged (it remains the mean of the wall and base

velocities for identical surfaces). The Poiseuille contribution to the flow is more

complicated for a rarefied gas. A practical approach, pioneered by Fukui and Kaneko
(Ref. 3) is to solve the linearized Boltzmann BGK equation over a range of Knudsen
numbers and to provide an empirical fit to the flow. This results in the following form

for the average velocity of the flow:

1 T A
Vay = i(I—nrnr )(Vw+Vb)—thp
e
(9-11)
PSP S
ff = Q(Kn, oy, o)

where Q(Kn, ay,, 0,) is a nondimensional function of the Knudsen number (Kn) and

the tangential momentum accommodation coefficient at the wall (o) and base (o).
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Q(Kn, ay,, o) is obtained by solving the linearized Boltzmann BGK equation for
steady Poiseuille flow with a range of Knudsen numbers and slip coefficients. This
approach assumes that stationary solutions of the Boltzmann equation apply inside the

gap, that is, that the flow can be treated as quasi-static.

Fukui and Kaneko provided data on Q(Kn, o, , 0y) for the case where o,=01,

(Ref. 4), which was subsequently fitted to different empirical formulas by Veijola and
others (Ref. 5). Note also that additional, more accurate, data is available in Ref. 6.
Veijola provided two empirical formulas, which apply under different circumstances

with various degrees of accuracy:
* 0y,=0p=1 (available as the option Rarefied-Total Accommodation in COMSOL
Multiphysics):

Q(Kn,1,1) = 1+9,638Kn"

(accurate to within 5% in the range 0<Kn<880)

e 0y,=0p=0. (available as the option Rarefied-General Accommodation in COMSOL
Multiphysics):

Q(Kn,(x,oc) = w D = 2%1
0.17

%_'_ 1 ln(—1—+4.l)+ @, 1.3(1-o) + 0.640.D

QD, o) =
D 64D p,0.08D** 1+1.12D°7?

1.34
o T

(accurate to within 1% in the ranges D>0.01, 0.7<0<1 and 0.01<Kn<100).

Both of these empirical models are available as flow models with the options listed.
Additionally, a user-defined relative flow rate function can be defined (which could, for
example, be based on an interpolation function derived from the original data in
Ref. 6). Data on the tangential momentum accommodation coefficients for various

gas-surface combinations is available in Ref. 2.

Various definitions of the mean free path are used in the literature,

frequently without explanation. For compatibility with the existing

!

literature on thin-film flow, COMSOL Multiphysics uses the same mean

free path definition as Veijola and others.

In this definition the mean free path and Knudsen number are defined as:
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1 1
A = 5(%)2 Kn = pﬂh(zﬁ;’[—f (9-12)

where W is the gas viscosity, p is the gas pressure, R is the molar gas constant, T is the
temperature, and M, is the molar mass of the gas. Ref. 2 also employs this definition

of the mean free path.

In many applications the forces acting on the wall and base are important. The pressure
in the gas can be computed correctly by solving Equations 9-10 and 9-11. However,
this approach provides only the normal component of the traction acting on the wall
and base. To obtain the shear forces, the approach adopted by Torczynski and Gallis
(Ref. 7) is used. They produced an empirical expression for the shear force that has the
correct behavior in the free molecular flow and continuum limits as well as in the limits
for the accommodation coefficient. Torczynski and Gallis solve the problem of pure
Couette flow and derive an empirical function for the slip length that predicts the
correct forces for the flow in the gap in several limiting cases. Their empirical

expression for the slip length is given by:

_ d,a
= 2-a 2\ [1 + 1 ] (9-13)
o /mn 1+ (2d2Kn)/ﬁ

where d1=0.15 and d9=0.59. In principle d1 and dg are variables themselves, but they
were found to be constant to within the accuracy of the DSMC experiments used to

derive their values.

The slip length in Equation 9-13 (which is used in COMSOL
Multiphysics) differs slightly from the equivalent expression in Ref. 7 asa
result of a different definition of the mean free path (Torczynski and

[

Gallis’ mean free path is different from Equation 9-12 by a factor of Y/
2).
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Equation 9-7 gives the following expressions for the shear forces on the wall and base

for pure Couette flow:

flsuheotr _ - +E£2L (I—nran)(Vb—Vw)
s

flsjhear _ - +H2L (I- l‘lran)(Vw —Vb)
s
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where Ly is taken from Equation 9-13.

A general flow incorporates both Poiseuille and Couette terms. Assuming that the

Poiseuille and Couette flows can be superposed, the forces become:

[y
|

@ U T b w
w = —2th+h+2LS(I—nrnr )V -V )-pn, ( |
9-14

f, an)(vw - vb) +pn,

—%th + m%—L—;(I -n,
here Ly is derived from Equation 9-13 and p is obtained by solving Equation 9-10
with Equation 9-11. Strictly speaking, Torczynski and Gallis’ result applies for Couette
flow only and was derived for a more general variable-soft-sphere gas rather than for
the linearized BGK equations, using numerical simulations. From a practical
perspective, it seems likely that solutions of the linearized BGK equations would also
be fitted by these expressions, and in that case it should be possible to combine the
forces using superposition. In the absence of a detailed proof Equation 9-14 is not the

default option for the force model, but is available as an additional option.

Both Veijola and others (Ref. 5) and Cercignani and others (Ref. 5)
provided data for the relative flow rate Q(Kn, o, Ogp) in specific cases

where the wall and base have different accommodation coefficients. Since

!

no details on how to compute the forces acting on the walls for highly
rarefied gases were published, these models are not currently supported
in COMSOL Multiphysics.

Frequency-Domain Formulation

In the frequency domain it is necessary to make additional simplifications to the
equation system to produce a fully linearized equation set. In the general case, the

physical quantities in the Reynolds and flow equations take the form:
Ry =hy +hy  hy=hy +hy  ho=hy +hy +hy+hy =hy+h
Pr=Dyr Pp = Preft Dy
v, = {;w Vb = {7[)

w

Here the tilde denotes a harmonically varying component. The components marked

with the subscript 1 are static offsets to the harmonic terms. In order to linearize the
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equation system, it is necessary to assume that the offsets are much larger than the
harmonic components. Practically speaking this means that the harmonically varying
pressures induced by the flow should be significantly smaller than the ambient
pressure, and the harmonic changes in the gap size due to the wall and base
displacements should be significantly less than the gap height itself. Given these
assumptions, the average fluid velocity can also be written on the form:

since in general both the Couette and Poiseuille terms vary harmonically to first-order

accuracy.

Substituting these terms into the Reynolds equation gives:
O (pUhy + 1)+, (plhy + h)Var) = 0

In the frequency domain, the total absolute pressure p4 is set to the reference pressure
DPref because the deviation from the reference pressure prin this case represents an
oscillating component and cannot be added to the pressure in a straightforward
manner. p is defined as a function of p4 and so contains no small harmonic component.
The products of small harmonic terms result in second-order effects (at double the
frequency of interest) and can be neglected provided the harmonic terms are much

smaller than the static terms. The Reynolds equation therefore reduces to:
P2+, (phyVay) = 0
Note that:
O (h) = Vb Dep= Vi D= Vo Vi~V Vil (9-15)

So the following result holds:

(Vb M= Vi Dy = Vi Vyhyy ~ Vi Vihyy ) + V- (phyVay) = 0 (9-16)
Dropping the tildes leads to the form of the equation shown in the equation display:

p(vy- N, =V, M=V, Vihy1-Vy - Vihy)+V, - (phyv,,) =0

The modified Reynolds Equation takes the following form:
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O (Breg Py 4 ) + V- ((Brp+ )y + h)Va) = 0 (9-17)
Linearizing Equation 9-17 gives:
Ot by dpet ¥, (Byoh1Vao) = 0
prefa_t lgpf-'_ t (pref 1vav) -

Equation 9-15 can be used to substitute for the time derivative of the harmonic
component of & in the above equation, yielding:

pref(vb M=V Mppp= Vi Vthbl_vw ’ Vthwl)

.- . (9-18)
+ hlg(pf) + Vt ) (prefhlvav) =0
Dropping the tildes and using complex notation to express the time derivative of py

gives:

pref(vb TV Dy = Vi Vthwl V- Vthbl)
+i0)h1pf+ v, (prefhlvav) =0

Equation 9-16 and Equation 9-18 are used as the basis for the frequency domain
formulation in the Thin-Film Flow interfaces. It is important to note that these
equations are independent of the harmonic components of the displacement, since
those terms lead to second-order contributions to the frequency-domain response
(that is, they produce a response proportional to the square of the harmonic term,

which results in a signal at twice the driving frequency).

Since the frequency domain results do not depend on the variation in the
displacement, the additional displacement setting has no effect on the
solution in a frequency-domain problem (unless the velocity is computed
from it by selecting Calculate from wall displacement or Calculate from base
displacement in the wall and base velocity settings, respectively). This is
-&- reflected in the equations given above (and in the equation display in the
physics interface) but can be nonintuitive, particularly when setting up a
model that is coupled with a structural analysis. If the velocity of both the
wall and the base is set to zero, then in the frequency domain there is no

responsc.
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Boundary Conditions

Most of the boundary conditions either constrain the flow into the system by
prescribing a fluid velocity or constrain the pressure at the boundary. The border flow
condition is slightly more complex, requiring the gradient of the pressure to be set by
specifying the value of the gradient of the pressure in the anti-normal direction such
that:

-n-Vp =T
The Border flow type sclection list enables four ways that the value of T can be specified:

e The User defined option allows the value of T to be directly entered as an expression

in a text field. This allows for arbitrary normal pressure gradients.

* The two Acoustic elongation options assume a linear gradient in the pressure outside
the domain away from the boundary. The pressure gradient is calculated by dividing
the pressure at the boundary, pg, by an clongation length, AL. The clongation
length can either be specified as an absolute length or as a fraction of the domain
width, such that:

p
n-Vp = _A%

¢ The Out-of-plane motion option calculates the pressure gradient at the boundary
using a model detailed in Ref. 8. This model is suitable for including the effects of
gas damping when fluid in a thin gap is subjected to out-of-plane motion of the
walls or base (for example, when a microbeam is oscillating above an extended
surface). When this option is selected, text fields are provided to specify the required
coefficients ({m,x) and the pressure gradient is defined according to

120U 6A\1 pP-D.
-n-Vp = C_HT(L"XT) + 3
nh nh

where U is the out-of-plane velocity, A is the slip length at the walls, and p., is the
ambient pressure far from the boundary away from the domain.
Cavitation

Several types of cavitation can occur in thin film flow. When the flow pressure drops
below the ambient pressure, the air and other gases dissolved within the fluid are

released. This phenomenon, characteristic of loaded bearings, is known as cavitation
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or gaseous cavitation. In some cases involving high frequency varying loads, as in
internal combustion engines, the pressure might drop below the fluid vapor pressure,
which is lower than the ambient pressure. In this case, bubbles are formed by rapid
evaporation or boiling of the fluid. This phenomenon is known as vapor cavitation.
The cavitation feature in COMSOL Multiphysics is designed to address gaseous
cavitation.

The implementation of the cavitation feature is based on a modified version of the
Elrod’s algorithm (Ref. 9 and Ref. 10). This algorithm automatically predicts film
rupture and reformation in bearings and offers a reasonable compromise between
accuracy and practicality. It is applicable to heavily and moderately loaded bearings but

it is not suitable when surface tension plays an important role.

Elrod and Adam’s algorithm is based on the JFO cavitation theory, a widely accepted
and adopted theory developed by Jakobson (Ref. 11), Floberg (Ref. 12 and Ref. 13),
and Olsson (Ref. 14). The JFO theory divides the flow in two regions:

e A full film region where the pressure varies but is limited from below by the

cavitation pressure.

* A cavitation region where only part of the volume is occupied by the fluid. Because
of the presence of the gas in the void fraction, the pressure in this region is assumed

to be constant and equal to the cavitation pressure.

Elrod and Adams derived a general form of the Reynolds equation, Equation 9-1, by
introducing a switch function, g, equal to 1 in the full film region and 0 in the
cavitation region. This switch function allows for solving a single equation for both the

full film and the cavitation region and leads to a modified version of Equation 9-7:

Vav = Vav,c _gvav,pvpf
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where the second and third terms on the left-hand side correspond to the average
Couette and average Poiseuille velocities, respectively. This switch function sets the

average Poiseuille velocity to zero in the cavitation region.

Because the average Poiseuille velocity is set to zero in the cavitation
region, the density needs to be a function of the pressure variable and is
defined as

H P =pPce
where f is the compressibility, and p,, is the density at the cavitation
pressure. A density that is not pressure dependent would lead to empty
equations in the cavitation region since the pressure variable pywould no

longer present in the governing equations.

CHAPTER 9:

A variable 0 can be defined, given by:

o=L
Pc

In the cavitation region (6<1) 0 represents the fractional film content.

NOTE ABOUT RESULTS POSTPROCESSING

While the pressure is constant and equal to the cavitation pressure in the cavitation
region, the computed pressure is negative in this region. The value of this negative
pressure can be physically be interpreted as the volume fraction of fluid in the
cavitation region. The actual or physical pressure, available in the postprocessing
section as tffs.p, is equal to the computed pressure in the full film region (6 > 1) and

equal to the cavitation pressure in the cavitation region (6 < 1).
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Mathematics, Moving Interface Branch

The Level Set and Phase Field Moving interfaces are available under the

Mathematics>Moving Interface branch (| ). Also see Modeling Multiphase Flow to

help you choose the best interface to start with.

In this chapter:

The Level Set Interface

The Phase Field Interface

The Ternary Phase Field Interface
Theory for the Level Set Interface
Theory for the Phase Field Interface

Theory for the Ternary Phase Field Interface
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The Level Set Interface

The Level Set (Is) interface ( {{{{ ), found under the Mathematics>Moving Interface

branch ([ ) when adding an interface, is used to track moving interfaces in fluid-flow
models by solving a transport equation for the level set function. Simulations using the
Level Set interface are always time dependent since the position of an interface almost

always depends on its history.

The main node is the Level Set Model feature, which adds the level set equation and

provides an interface for defining the level set properties and the velocity field.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Level Set Model, No Flow (the default boundary condition) and Initial
Values. Then, from the Physics toolbar, add other nodes that implement, for example,
boundary conditions. You can also right-click Level Set to select physics features from

the context menu.

SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is 1s.
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DEPENDENT VARIABLES

The dependent variable (field variable) is the Level set variable phi. The name can be
changed but the names of fields and dependent variables must be unique within a
model.

* Conservative and Non-Conservative Form
e Domain, Boundary, and Pair Nodes for the Level Set Interface
Theory for the Level Set Interface

e Theory for the Two-Phase Flow Interfaces

Domain, Boundary, and Pair Nodes for the Level Set Interface

The Level Set Interface has the following domain, boundary and pair nodes described.

. 1
e Initial Interface Outlet

e Initial Values ¢ Periodic Condition (see Periodic

Boundary Conditions in the

 Inlet

e COMSOL Multiphysics Reference
e Level Set Model Manual)
* No Flow

. Symmctryl

1 Described for the Laminar Flow interface.

Boundary conditions for axial symmetry boundaries are not required. For

|

&= the symmetry axis at » = 0, the software automatically provides a suitable
| boundary condition and adds an Axial Symmetry node that is valid on the
|
I

axial symmetry boundaries only.

In the COMSOL Multiphysics Refevence Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

THE LEVEL SET INTERFACE
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Level Set Model

The Level Set Model node adds the following transport equation governing a level set
function ¢

Pru-vo = yv-(eVo-a(1-o)8)

and provides the options to define the associated level set parameters and the velocity
field.

LEVEL SET PARAMETERS
Enter a value or expression for the Reinitialization parameter y (SI unit: m/s). The
defaultis 1 m/s.

Enter a value or expression for the Parameter controlling interface thickness ejq
(ST unit: m). The default expression is 1s.hmax/2, which means that the value is half

of the maximum mesh element size in the region through which the interface passes.

CONVECTION
Enter values or expressions for the components (u, v, and w in 3D, for example) of the
Velocity field u (SI unit: m/s). The applied velocity field transports the level set

function through convection.

Initial Values

Use the Initial Values node to define the initial values of the level set variable.

INITIAL VALUES

The initial positions of the two fluids, and consequently the separating interface, can
be specified in two ways. The level set function can be specified explicitly, using any
type of variable or expression. Alternatively the fluid occupying the current domain
selection can be specified. Using the former method, a Time Dependent study step can
directly be solved. Using the latter method, a Phase Initialization study step is needed

in order to initialize the level set function across the fluid-fluid interface.
Specify Domain Initially as one of the following;:

¢ Specify level set function explicitly
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* Fluid 1 (¢ = 0)
* Fluid2 (= 1)

If the Phase Initialization (E:) study step is being used, for the
initialization to work it is crucial that there are two Initial Values nodes
and one Initial Interface node. The Initial Values nodes should specify the
Domain Intially as Fluid | and Fluid 2 respectively. The Initial Interface
n node should include all interior boundaries that defines the initial position
of the fluid-fluid interface.. If the selection of the Initial interface node is

empty, the initialization fails.

See Initializing the Level Set Function.

Inlet

The Inlet node adds a boundary condition for inlets (inflow boundaries).

SETTINGS

Specify Level Set Condition as one of the following:
* Fluid 1 (¢ = 0)

* Fluid 2 (0 = 1)

* Specify level set function explicitly

When choose specify level set function explicitly, a value of the level set function ¢

must be specified. The value must be in the range from 0 to 1, and the default is 0.

THE LEVEL SET INTERFACE | 557



Initial Interface

The Initial Interface node defines the boundary as the initial position of the interface

¢ =0.

If the Transient with Initialization (];':) study is being used, for the
initialization to work it is crucial that there are two Initial Values nodes
and one Initial Interface node. One of the Initial Values nodes should use
Domain initially: Inside interface and the other Domain initially: Outside
n interface. The Initial Interface node should have all interior boundaries
where the interface is initially present as selection. If the selection of the

Initial interface node is empty, the initialization fails.

See Initializing the Level Set Function.

No Flow

The No Flow node adds a boundary condition that represents boundaries where there

is no flow across the boundary. This is the default boundary condition.
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The Phase Field Interface

The Phase Field (pf) interface ( fig ), found under the Mathematics>Moving Interface

branch (| { ) when adding a ph’}.fsics interface, is used to track moving interfaces by
solving two transport equations, one for the phase field variable, ¢, and one for the
mixing energy density, y. The position of the interface is determined by minimizing

the free energy.

The main node is the Phase Field Model feature, which adds the phase field equations

and provides an interface for defining the phase field model properties.

When this physics interface is added, the following default nodes are also added in the
Model Builder — Phase Field Model, Wetted Wall (the default boundary condition) and
Initial Values. Then, from the Physics toolbar, add other nodes that implement, for
example, boundary conditions. You can also right-click Phase Field to select physics

features from the context menu.

SETTINGS
The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>. <variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.

The default Name (for the first physics interface in the model) is pf.

DEPENDENT VARIABLES

This interface defines the dependent variables (fields) Phase field variable ¢ and Phase
field help variable y. If required, edit the name, but dependent variables must be
unique within a model.

¢ Conservative and Non-Conservative Forms
& ¢ Domain, Boundary, and Pair Nodes for the Phase Field Interface

e Theory for the Phase Field Interface
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Phase Separation: Application Library path CFD_Module/
ﬂ]]] Multiphase_Tutorials/phase_separation

Domain, Boundary, and Pair Nodes for the Phase Field Interface

The Phase Field Interface includes the following domain, boundary, and pair nodes,
listed in alphabetical order, available from the Physics ribbon toolbar (Windows users),
Physics context menu (Mac or Linux users), or right-click to access the context menu
(all users).

In general, to add a node, go to the Physics toolbar, no matter what
'g' operating system you are using. Subnodes are available by clicking the

parent node and selecting it from the Attributes menu.

* Periodic Condition (see Periodic Boundary
¢ Initial Interface Conditions in the COMSOL Multiphysics
Reference Manual)

e Phase Field Model

e Initial Values

e Inlet
e Outlet] o Symmctry1
e Wetted Wall

1 Described for the Laminar Flow interface.

In the COMSOL Multiphysics Reference Manual see Table 2-3 for links
to common sections and Table 2-4 to common feature nodes. You can
n also search for information: press F1 to open the Help window or Ctrl+F1

to open the Documentation window.

Phase Field Model

The Phase Field Model node adds the equations described in The Equations for the
Phase Field Method. The node defines the associated phase field parameters including

surface tension and interface thickness.
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PHASE FIELD PARAMETERS

Define the following phase field parameters. Enter a value or expression for the:

* Surface tension coefficient 6 (SI unit: N/m).

* Parameter controlling interface thickness ep¢ (SI unit: m). The default expression is
pf.hmax/2, which means that the value is half of the maximum mesh element size

in the region through which the interface passes.

* Mobility tuning parameter y (SI unit: m-s/kg). The default is 1 m-s/kg, which is a
good starting point for most models. This parameter determines the time scale of
the Cahn-Hilliard diffusion and it thereby also governs the diffusion-related time
scale for the interface.

Keep the y parameter value large enough to maintain a constant interface
thickness but still low enough to not damp the convective motion. A too

high mobility can also lead to excessive diffusion of droplets.

EXTERNAL FREE ENERGY
Add a source of external free energy to the phase field equations. This modifies the last

term on the right-hand side of the equation:

v=-v-eVor - 1o+ (5%

The external free energy f (ST unit: J/ m3) is a user-defined free energy. In most cases,
the external free energy can be set to zero. Manually differentiate the expression for
the external free energy with respect to ¢ and then enter it into the ¢ -derivative of
external free energy field 9f/d¢ .

CONVECTION
Enter values or expressions for the components («, v, and w in 3D, for example) of the
Velocity field  (SI unit: m/s). The applied velocity field transports the phase field

variables through convection.

E}‘ Additional Sources of Free Energy
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Initial Values

Use the Initial Values node to define the initial values of the phase field variable.

INITIAL VALUES

The initial positions of the two fluids, and consequently the fluid-fluid interface, can
be specified in two ways. The phase field variable can be specified explicitly, using any
type of variable or expression. Alternatively the fluid occupying the current domain
selection can be specified. Using the former method, a Time Dependent study step can
directly be solved. Using the latter method, a Phase Initialization study step is needed

in order to initialize the phase field function across the fluid-fluid interface.
Specify Domain Initially as one of the following;:

* Specify phase field function explicitly
* Fluid I (¢ =-1)
* Fluid 2 (¢ = 1)

If the Phase Initialization (]i:) study step is being used, for the
initialization to work it is crucial that there are two Initial Values nodes
and one Initial Interface node. The Initial Values nodes should specify the
n Domain Initially as Fluid 1 and Fluid 2 respectively. The Initial Interface
node should include all interior boundaries that defines the initial position
of the fluid-fluid interface. If the selection of the Initial interface node is

empty, the initialization fails.

Inlet

The Inlet feature node adds a boundary condition for inlets (inflow boundaries).

SETTINGS

Specify Phase field Condition as one of the following:
* Fluid I (¢ =-1)

* Fluid 2 (¢ = 1)

* Specify phase field function explicitly

When choose specify phase field function explicitly, a value of the phase field function
¢ must be specified. The value must be in the range from -1 to 1, and the default is 1.
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Initial Interface

The Initial Interface node defines the boundary as the initial position of the interface

0 =0.

If the Transient with Phase Initialization (];':) study is being used, for the
initialization to work it is crucial that there are two Initial Values nodes and
one Initial Interface node. One of the Initial Values nodes is set to

n phipf =1 and the other to phipf = —1. The Initial Interface node should
have all interior boundaries where the interface is initially present as
selection. If the selection of the Initial Interface node is empty, the

initialization fails.

Wetted Wall

The Wetted Wall node is the default boundary condition representing wetted walls.
Along a wetted wall the contact angle for the fluid, 8y, is specified, and across it, the

mass flow is zero. This is prescribed by
n- equ) = ezcos(ew)\Vq)l
in combination with

A
n.i%v\wo

WETTED WALL
Enter a value or expression for the Contact angle 6. The default value is m/2 rad.
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The Ternary Phase Field Interface

The Ternary Phase Field (terpf) interface ( [ffif ), found under the Mathematics>Moving
Interface branch ([{ ) when adding a physics interface, is used to track moving
interfaces separating three different phases. The interface solves four transport
equations: two equations governing phase field variables, ¢, and ¢z, and two
equations for the corresponding generalized chemical potentials, N4 and ng. The

position of the interfaces are determined by minimization of the free energy.

The phase field variables are defined such that they represent the volume fraction of
the respective phase. The volume fraction of the third phase not solved for, but
computed from the natural constraint that the sum of the volume fractions of all phases

is one.

The main node of the interface is the Phase Field Model feature, which adds the phase
field equations and provides an interface for defining the phase field model properties

such as surface tensions and parameters controlling the interface thickness.

When this physics interface is added, the following default nodes are also added in the
Model Builder—Mixture Properties, Wetted Wall and Initial Values. Then, from the
Physics toolbar, add other nodes that implement, for example, boundary conditions.
You can also right-click Ternary Phase Field to select physics features from the context

menu.

SETTINGS

The Label is the default physics interface name.

The Name is used primarily as a scope prefix for variables defined by the physics
interface. Refer to such physics interface variables in expressions using the pattern
<name>.<variable_name>. In order to distinguish between variables belonging to
different physics interfaces, the name string must be unique. Only letters, numbers, and

underscores (_) are permitted in the Name field. The first character must be a letter.
The default Name (for the first physics interface in the model) is terpf.
DEPENDENT VARIABLES

This interface defines the dependent variables (fields):

¢ Phase field variable, fluid A phiA
¢ Phase field variable, fluid B phiB
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* Generalized chemical potential of fluid A etaA

* Generalized chemical potential of fluid B etaB

If required, edit the any of the names, but dependent variables must be unique within

a model.

* Theory for the Ternary Phase Field Interface

Domain, Boundary, and Pair Nodes for the Ternary Phase Field
Interface

The Ternary Phase Field Interface includes the following domain, boundary, and pair
nodes, listed in alphabetical order, available from the Physics ribbon toolbar (Windows
users), Physics context menu (Mac or Linux users), or by right-clicking the interface

node to access the context menu (all users).

e Initial Values ¢ Phase Field Model
e Inlet e Symmetry
e Qutlet e Wetted Wall

Mixture Properties

The Mixture Properties node adds the equations described in The Equations of the
Ternary Phase Field Method. The node defines the associated phase field parameters,
including the surface tension coefficients and parameters controlling the thickness of

the interfaces.

PHASE FIELD PARAMETERS

Define the following phase field parameters. Enter a value or expression for the:

¢ Parameter controlling interface thickness €. The default expression applied is
terpf.hmax*sqrt(2), which means that the thickness is related to the maximum
mesh element size in the domain. If the element size in the regions passed by the
interfaces is known beforehand, it is recommended to apply a value of € in that

order.

THE TERNARY PHASE FIELD INTERFACE

565



566 |

¢ Mobility tuning parameter M,. This parameter determines the time scale of the
Cahn-Hilliard diffusion and it thereby also governs the diffusion-related time scale
for the interface. Keep the mobility tuning parameter value large enough to
maintain a constant interface thickness, but still low enough to not damp the
convective motion. A too high mobility can also lead to excessive diffusion of
droplets. By default M is set to 11074 m3~s/kg, which is a good starting point for

most models.

* Additional free bulk energy A. When needed add an a user defined expression of the
additional bulk energy.

SURFACE TENSION

Specify the surface tension coefficients for the three types of interfaces present.

¢ To use a predefined expression, select Library coefficient, liquid/gas interface, or
Library coefficient, liquid/liquid interface. Then select an option from the list that

displays below (for example, Water/Air, Glycerol/Air, and so forth).

¢ For User defined, enter a value or expression for the surface tension coefficient

CONVECTION
Enter values or expressions for the components (u, v, and w in 3D, for example) of the
Velocity field u. The applied velocity field transports the phase field variables through

convection.

Initial Values

The Initial Values node adds initial values for the phase field variables that can serve as

initial conditions for a transient simulation.

INITIAL VALUES
Enter initial values or expressions for Phase field variable A and the Phase field variable
B corresponding to the mass fraction of the respective phase. The value must be in the

range from 0 to 1.

Inlet

This condition should be used on boundaries for which there is a net convective flow

of the phases into the adjacent domain.
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INLET

Specify phase field variables, corresponding to the volume fractions, of phase A and
phase B. The value must be in the range from 0 to 1. The volume fraction of phase C
will be evaluated such that the sum of all mass fractions equals one.

Mathematically this boundary condition imposes

MO
¢, = ¢i,0’ n--;;Vm =0

12

for phases i = A and B.

Outlet

This condition should be used on boundaries for which there is a net convective

outflow from the domain.
Mathematically this boundary condition imposes

MO
n- -E—an =0
13
for phases i = A and B.

Symmetry

This condition should be used on boundaries which represent a geometrical symmetry
line across which the flow of the fluid phases is zero.

Mathematically this boundary condition imposes
M 0
n- Z—VT]L =0
13

for phases i = A and B.

Wetted Wall

Use this node to represent a solid wall along which the contact angles between the

separating interfaces and the wall should be prescribed.
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WETTED WALL

Enter values or expressions for the contact angles for the three interfaces types:

e The Contact angle of interface from phase A to phase C 0.
e The Contact angle of interface from phase B to phase C OB'

¢ The Contact angle of interface from phase A to phase B Gy.

The definition of the contact angles with respect to the wall are shown in the figure
below

%

8
0p \

Figure 10-1: Definitions of the contact angels in the Wetted Wall feature of the Ternary
Phase Field interfice.
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Theory for the Level Set Interface

Fluid flow with moving interfaces or boundaries occur in a number of different
applications, such as fluid-structure interaction, multiphase flows, and flexible
membranes moving in a liquid. One way to track moving interfaces is to use a level set
method. A certain contour line of the globally defined function, the level set function,
then represents the interface between the phases. For The Level Set Interface the

fluid-fluid interface can be advected with an arbitrary velocity field.
In this section:

e The Level Set Method

* Conservative and Non-Conservative Form

* Initializing the Level Set Function

 Variables For Geometric Properties of the Interface

e Reference for the Level Set Interface

The Level Set Method

The level set method is a technique to represent moving interfaces or boundaries using
a fixed mesh. It is useful for problems where the computational domain can be divided
into two domains separated by an interface. Each of the two domains can consist of
several parts. Figure 10-2 shows an example where one of the domains consists of two
separated parts. The interface is represented by a certain level set or isocontour of a
globally defined function, the level set function ¢ . In COMSOL Multiphysics, ¢ is a
smooth step function that equals zero (0) in one domain and one (1) in the other.
Across the interface, there is a smooth transition from zero to one. The interface is
defined by the 0.5 isocontour, or level set, of ¢ . Figure 10-3 shows the level set
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representation of the interface in Figure 10-2.

0.4

0.2

-0.2

-0.4

-0.6

-0.8

08 -06 -04 -02 0 02 04 06 08 1

Figure 10-2: An example of two domains divided by an interface. In this case, one of the
domains consists of two parts. Figure 10-3 shows the corresponding level set vepresentation.

Height: phi

Figure 10-3: A surfuce plot of the level set function corvesponding to Figure 10-2.

The physics interface solves Equation 10-1 in order to move the interface with the
velocity field u:

%’+u-V¢ - yV-(sVQ)—d)(l—q))%) (10-1)
The terms on the left-hand side give the correct motion of the interface, while those
on the right-hand side are necessary for numerical stability. The parameter, €,
determines the thickness of the region where ¢ varies smoothly from zero to one and
is typically of the same order as the size of the elements of the mesh. By default, € is
constant within each domain and equals the largest value of the mesh size, k, within
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the domain. The parameter y determines the amount of reinitialization or stabilization
of the level set function. It needs to be tuned for each specific problem. If yis too small,
the thickness of the interface might not remain constant and oscillations in ¢ can
appear because of numerical instabilities. On the other hand, if v is too large the
interface moves incorrectly. A suitable value for y is the maximum magnitude of the
velocity field u.

Conservative and Non-Conservative Form

If the velocity is divergence free, that is, if
V-u=0 (10-2)

the volume (area for 2D problems) bounded by the interface should be conserved if
there is no inflow or outflow through the boundaries. To obtain exact numerical

conservation, switch to the conservative form

24V uo) = 17 -(sV0-0(1-0)50) (10-3)

in Settings window for The Level Set Interface.

Using the conservative level set form, exact numerical conservation of the integral of
¢ is obtained. However, the non-conservative form is better suited for numerical
calculations and usually converges more easily. The non-conservative form, which is
the default form, only conserves the integral of the level set function approximately,

but this is sufficient for most applications.

Initinlizing the Level Set Function

If the study type Transient with Phase Initialization is used in the model, the level set
variable is first initialized so that it varies smoothly between zero and one over the
interface. For that study, two study steps are created, Phase Initialization and Time
Dependent. The Phase Initialization step solves for the distance to the initial interface,
Dg;. The Time Dependent step then uses the initial condition for the level set function

according to the following expression:

b = —F5
-D./
l+e €

in domains initially outside the interface and
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9o = D.,./¢
l+e

in domains initially inside the interface. Here, inside refers to domains where ¢ <0.5
and outside refers to domains where ¢ >0.5.

For the initialization to work it is crucial that there are two Initial Values
nodes and one Initial Interface node. One of the Initial Values nodes
should use Domain initially: Inside interface and the other Domain initially:
n Outside interface. The Initial Interface node should have all interior
boundaries where the interface is initially present as selection. If the

selection of the Initial interface node is empty, the initialization fails.

e The Level Set Interface

ﬁl ¢ Studies and Solvers and Transient with Initialization in the COMSOL
Multiphysics Reference Manual

Variables For Geometric Properties of the Interfuce

Geometric properties of the interface are often needed. The unit normal to the
interface is given by

Vo

n = (10-4)
‘V(D' ¢ = 0,5

The curvature is defined as
K = —V~n‘¢:0’5 (10'5)

These variables are available in the physics interface as the interface normal and mean
curvature.

. It is only possible to compute the curvature explicitly when using

= second-order or higher-order elements.
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Reference for the Level Set Interface

1. E. Olsson and G. Kreiss, “A Conservative Level Set Method for Two Phase Flow,”
J. Comput. Phys., vol. 210, pp. 225-246, 2005.
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Theory for the Phase Field Interface

The Phase Field Interface theory is described in this section:

* About the Phase Field Method

¢ The Equations for the Phase Field Method
* Conservative and Non-Conservative Forms
¢ Additional Sources of Free Energy

¢ Initializing the Phase Field Function

* Variables and Expressions

e Reference for the Phase Field Interface

About the Phase Field Method

The phase field method offers an attractive alternative to more established methods for
solving multiphase flow problems. Instead of directly tracking the interface between
two fluids, the interfacial layer is governed by a phase field variable, ¢ . The surface
tension force is added to the Navier-Stokes equations as a body force by multiplying
the chemical potential of the system by the gradient of the phase field variable.

The evolution of the phase field variable is governed by the Cabn-Hilliard equation,
which is a 4th-order PDE. The Phase Field interface decomposes the Cahn-Hilliard

equation into two second-order PDEs.

For the level set method, the fluid interface is simply advected with the flow field. The
Cahn-Hilliard equation, on the other hand, does not only convect the fluid interface,
but it also ensures that the total energy of the system diminishes correctly. The phase
field method thus includes more physics than the level set method.

The free energy of a system of two immiscible fluids consists of mixing, bulk distortion,
and anchoring energy. For simple two-phase flows, only the mixing energy is retained,

which results in a rather simple expression for the free energy.

The Equations for the Phase Field Method

The free energy is a functional of a dimensionless phase field parameter, ¢ :
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F(0,0,T) = (2190 + fto, ) aV = [f,,av

where € is a measure of the interface thickness. Equation 10-6 describes the evolution
of the phase field parameter:

9N u-Vyo = V-W(a_ft"t_v : af“’t)

3% 3% Vo (10-6)

where fior (SI unit: J/ ms) is the total free energy density of the system, and u

(SI unit: m/s) is the velocity field for the advection. The right-hand side of
Equation 10-6 aims to minimize the total free energy with a relaxation time controlled
by the mobility y (ST unit: ms‘s/kg).

The free energy density of an isothermal mixture of two immiscible fluids is the sum
of the mixing energy and elastic energy. The mixing energy assumes the

Ginzburg-Landau form:
1 2, A .2 2
Fmix(0: V) = §k|V¢| +—(0"-1)
4e

where ¢ is the dimensionless phase field variable, defined such that the volume fraction
of the components of the fluid are (1+ ¢ )/2 and (1- ¢ )/2. The quantity A
(SI unit: N) is the mixing energy density and € (SI unit: m) is a capillary width that
scales with the thickness of the interface. These two parameters are related to the
surface tension coefficient, ¢ (SI unit: N/m), through the equation

_ 2.2

o= =57 (10-7)

The PDE governing the phase field variable is the Cahn-Hilliard equation:

%’Jru-vq) = V.G (10-8)
where G (ST unit: Pa) is the chemical potential and y (ST unit: m3-s/kg) is the mobility.
The mobility determines the time scale of the Cahn-Hilliard diffusion and must be
large enough to retain a constant interfacial thickness but small enough so that the
convective terms are not overly damped. In COMSOL Multiphysics the mobility is
determined by a mobility tuning parameter that is a function of the interface thickness
Y= xsz. The chemical potential is:
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G- 7{— V20 + %‘1)} (10-9)

The Cahn-Hilliard equation forces ¢ to take a value of 1 or —1 except in a very thin
region on the fluid-fluid interface. The Phase Field interface breaks Equation 10-8 up
into two second-order PDEs:

W 4.ve = v. 1A .
Sty Vo =V SZV\V (10-10)
v = -V e2Vo+ (02— 1)0 (10-11)

Conservative and Non-Conservative Forms

If the velocity field is divergence free, use the conservative formulation:

W,y up=v. 1t
g+V u¢_V€2V\|f

Using the conservative phase field form, exact numerical conservation of the integral
of ¢ is obtained. However, the non-conservative form is better suited for numerical
calculations and usually converges more easily. The non-conservative form, which is
the default form, only conserves the integral of the phase field function approximately,

but this is sufficient for most applications.

Additional Sources of Free Energy

In some cases, the expression for the free energy can include other sources. It is
possible to incorporate these by modifying Equation 10-11:

v = —V-£2V¢+(¢2—1)¢+(% % (10-12)

where f'is a user-defined free energy (SI unit: I/m‘?’).

The expression for the external free energy must be manually
I’i-l' differentiated with respect to ¢ and then entered into the df/9d¢ field.

In most cases, the external free energy is zero.
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Initinlizing the Phase Field Function

If the study type Transient with Phase Initialization is used in the model, the phase field
variable is first initialized so that it varies smoothly between zero and one over the
interface. For this study, two study steps are created, Phase Initialization and Time
Dependent. The Phase Initialization step solves for the distance to the initial interface,
Dg;. The Time Dependent step then uses the initial condition for the phase field

function according to the following expression:

¢o = —tanh (%‘ﬁé)

in Fluid 1 and

¢y = tanh (%‘%)

in Fluid 2. These expressions are based on a steady, analytic solution to

Equation 10-10 and Equation 10-11 for a straight, non-moving interface.

If the Transient with Phase Initialization (E) study is being used, for the
initialization to work it is crucial that there are two Initial Values nodes and
one Initial Interface node. One of the Initial Values nodes is set to phipf

n =1 and the other to phipf = -1. The Initial Interface node should have
all interior boundaries where the interface is initially present as selection.
If the selection of the Initial Interface node is empty, the initialization
fails.

'E}, Studies and Solvers in the COMSOL Multiphysics Reference Manunl

Variables and Expressions

Unlike the level set method, the phase field method does not require expressions for
the unit normal to the interface or smoothed delta functions, so they are not available
for analysis. Variables that are defined are the chemical potential, which can be

rewritten in terms of the dependent variable v,
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and the surface tension force F=GV¢.

The mean curvature (SI unit: 1/m) of the interface can be computed by entering the

following expression:

K= 201+ 9)(1-0)2

Reference for the Phase Field Interface

1. P. Yue, C. Zhou, J.J. Feng, C.E. Ollivier-Gooch, and H.H. Hu, “Phase-field
Simulations of Interfacial Dynamics in Viscoelastic Fluids Using Finite Elements with
Adaptive Meshing,” J. Comp. Phys., vol. 219, pp. 47-67, 2006.
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Theory for the Ternary Phase Field
Interface

The Ternary Phase Field Interface theory is described in this section:

¢ About the Phase Field Method
* The Equations for the Phase Field Method

e Reference for the Phase Field Interface

About the Phase Field Method

The phase field method offers an attractive alternative to more established methods for
solving multiphase flow problems. Instead of directly tracking the interface between
two fluids, the separating interface is identified as the region across which the phase

field variables of the two adjacent phases varies between its two limiting values. The

surface tension force is added to the Navier-Stokes equations as a body force by

multiplying the chemical potentials of the phases by the gradient of the corresponding

phase field variable.

The evolution of each phase field variable is governed by the Cabn-Hilliard equation,

which is a 4th-order PDE. The Ternary Phase Field interface decomposes each
Cahn-Hilliard equation into two second-order PDEs.

For the level set method, the fluid interface is simply advected with the flow field. The
Cahn-Hilliard equation, on the other hand, does not only convect the fluid interface,

but it also ensures that the total energy of the system diminishes correctly. The phase

field method thus includes more physics than the level set method.

The free energy of a system of immiscible fluids consists of mixing, bulk distortion, and

anchoring energy. For simple three-phase flows, only the mixing energy is retained.

The Equations of the Ternary Phase Field Method

The ternary phase field model implemented in COMSOL is based the work of Boyer

and co-workers in Ref. 1. The model is designed in order to study the evolution of the

three immiscible phases, denoted phase A, phase B and phase C respectively. Each

phase is represented by a phase field variable ¢ which takes values between 0 and 1. The

phase field variables satisfies the constraint

THEORY FOR THE TERNARY PHASE FIELD INTERFACE |

579



580 |

0. =0 (10-13)

12
i=AB,C
and density of each phase is assumed to be constant. This implies that the phase field

variable corresponds directly to the volume fraction of the phase in question.

The free energy of the three phase system is defined as a function of the phase field

variables in the manner of:

2 2 2.2 2.2
F =0,p040p+04c040c + 0500 + (10-14)

$40p0c(2404 + 2o+ Zobe) + A¢f2x¢129¢g

Here the 6;; denotes the surface tension cocfficient of the interface separating phase i

and j, and the capillary parameters X; are defined as
X = 0;;+0;,—0jy, (10-15)

and A is a function or parameter specifying the additional free bulk energy. By default
Ais zero. In this case it can be seen that the free energy in Equation 10-14 represents
the mixing energy, since only interfaces between two phases (where two phase field

variables varies between the limiting values) contributes to the free energy.

The Cahn-Hilliard equations to be solved for each phase p = A,B,C are

t ox.: 0%\ X ox.
43 aJ aJ o 3 (oM (10-16)
_IET(L(9F _JdF\\ 3 5 9 (N
=35 20, a¢j) 4821axj(axj)
J#i

It can be noted that the Cahn-Hilliard equation is originally a 4th-order PDE. In
COMSOL this is split up into two second order PDEs by introducing an additional
dependent variable, the generalized potential 1, one for each phase. In order to satisfy
Equation 10-14, two sets of the equations shown in Equation 10-16 are solved, those
for phase A and phase B. The phase field variable, and correspondingly the mass
fraction, for fluid C is computed from Equation 10-14.

In Equation 10-16 € (SI unit: 1/m) is a parameter controlling the interface thickness,
M (SI unit: m? /s) is a molecular mobility parameter, and the parameter p is defined

as
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Reference for the Ternary Phase Field Interfuce

1. F. Boyer, C. Lapuerta, S. Minjeaud, B. Piar and M. Quintard, “Cahn-hilliard /
Navier-Stokes model for the simulation of three-phase flows”, Transport in Porous
Media, vol. 28, pp. 463-484, 2010.
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Glossary

This Glossary of Terms contains application-specific terms used in the CFD
Module software and documentation. For finite element modeling terms,
mathematical terms, and geometry and CAD terms, see the glossary in the
COMSOL Multiphysics Reference Manual. For references to more information
about a term, see the index.
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Glossary of Terms

CHAPTER I1:

Algebraic yPlus turbulence model Low-Reynolds number, algebraic turbulence

model that solves for the wall distance, y* (in viscous units).

anisotropy Directional dependence. Is often obtained from homogenization of

regular structures, for example, monolithic structures in tubular reactors.

Boussinesq approximation An approximate method to include buoyancy effects, for

which the density variation is only taken into account in the buoyancy term.

Brinkman equations A sct of equations extending Darcy’s law in order to include

transport of momentum through shear in porous media flow.

boundary layer Region in a fluid close to a solid surface. This region is characterized
by large gradients in velocity and other properties. In turbulent flow it is often treated

with approximative methods because of the difficulty to resolve the large gradients.
bubbly flow Flow with gas bubbles dispersed in a liquid.
conjugate heat transfer heat transfer that takes place in both a solid and a fluid.

creeping flow Models the Navier-Stokes equations without the contribution of the
inertial term. This is often referred to as Stokes flow and is applicable when viscous flow

dominates, such as in very small channels or microfluidic devices.

crosswind diffusion A numerical technique for stabilization of convection-dominated
PDE:s by artificially adding diffusion perpendicular to the direction of the streamlines.

It reduces oscillations near sharp gradients.

Darcy’s law Equation that gives the velocity vector as proportional to the pressure
gradient. Often used to describe flow in porous media.

Euler flow Flow of an inviscid fluid. Often used to approximate high speed

compressible flows.

Euler-Euler model A two-phase flow model that treats both phases as

inter-penetrating continua.
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Fick’s laws The first law states that the diffusive flux of a solute infinitely diluted in a
solvent is proportional to its concentration gradient. The second law introduces the

first law into a differential material balance for the temporal evolution of the solute.

fluid-structure interaction (FSI) When a fluid flow affects the deformation of a solid

object and vice versa.

fully developed laminar flow Laminar flow along a channel or pipe that only has
velocity components in the streamwise direction. The velocity profile does not change

downstream.

Hagen-Poiseuille equation Sce Poiseuille’s law.

heterogeneous reaction Reaction that takes place at the interface between two phases.
homogeneous reaction Reaction that takes place in the bulk of a solution.

intrinsic volume averages The physical properties of the fluid, such as density,

viscosity, and pressure.

k-€ turbulence model A two-equation RANS model that solves for the turbulent
kinetic energy, k&, and the dissipation of turbulence kinetic energy, €. Utilizes wall

functions to describe the flow close to solid walls.

k-0 turbulence model A two-equation RANS model that solves for the turbulent
kinetic energy, %, and the specific dissipation rate, o. Utilizes wall functions to describe

the flow close to solid walls.

L-VEL turbulence model Low-Reynolds number, algebraic turbulence model that

solves for the tangential velocity near walls, u* (in viscous units).
law of the wall Sce wall function.

low-Reynolds k-g turbulence model Two-equation RANS model that solves for the
turbulence kinetic energy, &, and the dissipation of turbulence kinetic energy, €.
Includes damping functions to be able to describe regions with low Reynolds numbers,

for example close to solid walls.

low Reynolds number The region close to the wall where viscous effects dominate.

GLOSSARY OF TERMS
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Mach number Dimensionless number equal to the flow velocity over the speed of
sound. Compressible effects because of the flow speed can be neglected for Mach

number less than 0.3.
multiphase flow Flow with more than one phase.

Navier-Stokes equations The momentum balance equation for a Newtonian fluid
coupled to the equation of continuity. The meaning of the term originally only referred

to the momentum balance but it is here used in the more general context.

Newtonian fluid A fluid for which the stress is proportional to the rate of strain. Many

common fluids such as water and air are Newtonian.

non-Newtonian fluid A fluid for which the stress is 7ot proportional to the rate of

strain. Blood and suspensions of polymers are examples of non-Newtonian fluids.

Poiseuille’s law Equation stating that the mass rate of flow in a tube is proportional to
the pressure difference per unit length and to the fourth power of the tube radius. The

law is valid for fully developed laminar flow.

pressure work Describes the reversible conversion of work, performed by the pressure

in a fluid, into heat.

RANS Reynolds-averaged Navier-Stokes; implying that a time-averaging operation
has been performed on the equations of motion. The Reynolds’ stresses (correlations
between fluctuating velocity components) obtained from this averaging operation
have to be obtained from an additional set of equations — a closure. Turbulence
models like the k-& and Spalart-Allmaras models constitute closures to the RANS

equations.

Reynolds number A dimensionless number that describes the relative importance
between inertia and viscous effects. Flow at high Reynolds number have a tendency to

undergo transition to turbulence.

Soret effect Mass diffusion due to temperature gradients in multicomponent

mixtures.

Spalart-Allmaras turbulence model A one-equation turbulence model that solves for

the undamped turbulent kinematic viscosity, v .
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SST turbulence model The Shear Stress Transport model is a two-equation
turbulence model combining the £-® model in the near-wall region with the £-€ model
in the free stream. The SST model is a low-Reynolds number model requiring high
resolution near walls. The dependent variables are the turbulent kinetic energy, &, and

the turbulent dissipation rate, .
Stokes flow Sce creeping flow.

streamline diffusion A numerical technique for stabilization of convection-dominated

PDEs by artificially adding upwinding in the streamline direction.

superficial volume averages The flow velocities, which correspond to a unit volume of
the medium including both pores and matrix. They are sometimes called Darcy

velocities, defined as volume flow rates per unit cross section of the medium.

thin-film flow Flow in very thin regions where the it can be assumed to always have a
fully developed profile.

viscous heating The heat irreversibly generated from work by viscous friction in a
fluid.

wall function Semi-empirical expression for the boundary-layer flow used in
turbulence models. Often based on the assumption of negligible variations in the

pressure gradient tangential to the surface.
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absolute pressure 71, 385

added mass force 332

adding species 415

adsorption 439

AKN model 182

algebraic yPlus turbulence model 56

Application Libraries window 24

application library examples
convection and diffusion 425
Euler-Euler model, laminar flow 293
inlet (laminar flow) 82
laminar flow 56
migration in electric field 426
mixture model, laminar flow 277
phase field 560
rmspf interfaces 103
thin-film flow, shell 517
transport of concentrated species 454
transport of diluted species 421
turbulent bubbly flow 262
turbulent flow (hmnf) interface 348
turbulent flow, k-epsilon (spf) 61
turbulent flow, k-omega (spf) 62

automatic wall treatment 165, 167, 176,

181, 184, 188, 191

Basset force 332
border (node)
thin-film flow 524
boundary nodes
Brinkman equations 381
bubbly flow 262
Darcy’s law interface 372
Euler-Euler interface 295
free and porous media flow 388
hmnf interfaces 348

level set 555

mm interfaces 279

phase field 560

rmspf interfaces 107

ternary phase field 565

tff interface 519

tffs interfaces 519

tpdl interface 396

transport of concentrated species 455

transport of diluted species 422
boundary stress (node) 86
Boussinesq approximation 228
Brinkman equations 404
Brinkman equations interface 379

theory 404
bubble number density 316

Cahn-Hilliard equation 574, 579
cavitation, thin film flow 548
CFL number
high Mach number flow 363
pseudo time stepping, and 104
settings 56, 260, 277, 292, 381
chemical potential variable 577
common settings 42
concentration (node) 430
concentration of species 415
conjugate heat transfer multiphysics in-
terface
theory 225
contact angle (node) 116
continuity equation, Darcy’s law 402
continuity equation, multiphase flow 322
convective terms, diluted species 486
Couette flow 535
creeping flow (spf) interface 50
theory 117
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damping, squeezed- film 530
Darcy velocity 376, 402
Darcy’s law interface 371
theory 402
defining species concentration 415
dense flows 332
diffusion models 450
dilute flows 333
dispersed liquid droplets 331
dispersed phase boundary conditions
323
dispersed phase number density 323
dispersed phase particles 329
dispersed solid particles 331
dissipation, turbulent 317
distance to cell center in viscous units
variable 178, 181, 185, 193
documentation 22
domain nodes
Brinkman equations 381
bubbly flow 262
Darcy’s law 372
Euler-Euler interface 295
free and porous media flow 388
hmnf interfaces 348
level set 555
mm interfaces 279
phase field 560
rmspf interfaces 107
ternary phase field 565
tff interface 519
tffs interfaces 519
tpdl interface 396
transport of concentrated species 455
transport of diluted species 422
drag force 332
drag law, Hadamard-Rybczynski 326

Dusty gas model 451

eddy dissipation concept (EDC) 509
eddy viscosity 160
edge nodes
Darcy’s law interface 372
hmnf interfaces 348
tff interface 519
tffs interface 519
electrode-electrolyte interface coupling
(node)
transport of diluted species 437
electroosmotic velocity, wall boundary
condition 111
emailing COMSOL 24
entrance length 79
entropy waves 361
E6tvés number 317
Equilibrium Reaction
theory for 484
equilibrium reaction (node) 435
Ergun packed bed expression 333
Ettehadieh solid pressure model 334
Euler-Euler equations 329, 335
bubbly flow 313
mixture model 320
Euler-Euler model, laminar flow (ee) in-
terface 290, 293
theory 329
exit length 84

fan (node) 91
fan curves
inlet boundary condition 92
Faraday’s law 490
Favre average 161, 227
Fick’s law approximation diffusion 497
Fick’s law diffusion model 452
flow continuity (node) 97

flow coupling (node) 221



flow rate in SCCMs 80
fluid (node)
hmnf interfaces 350
fluid and matrix properties (node)
Brinkman equations 382
Darcy’s law 374
fluid flow
approaches to analysis 30
Brinkman equations theory 404
Darcy’s law theory 402
turbulent flow theory 158
fluid properties 31
fluid properties (node)
bf interfaces 264
free and porous media flow 389
spf interfaces 70
fluid-film properties (node) 519
fluids and matrix properties (node) 397
fluid-solid mixtures 330
flux (node)
transport of concentrated species 467
transport of diluted species 430
flux discontinuity (node) 431
Darcy’s law 377
transport of concentrated species 469
transport of diluted species 431
Forchheimer drag (node)
Brinkman equations 383
free and porous media flow 391
free and porous media flow interface 387
theory 407
frozen rotor 203

Fukui and Kaneko 542

gas boundary conditions 273

gas constant 504

gaseous cavitation 549

general stress (boundary stress condi-

tion) 86

geometry, simplifying 31
Gidaspow and Ettehadieh solid pressure
model 334
Gidaspow model 332
Gidaspow solid pressure model 334
Ginzburg-Landau equation 575
gravity 101
gravity (node)
bf interfaces 266
ee interfaces 302
mm interfaces 286
grille (node) 96

Hadamard-Rybczynski drag law 326, 333

Haider-Levenspiel model 333

Haider-Levenspiel slip model 326

Henry’s law 266

high Mach number flow (hmnf) interfaces

theory 356

high mach number flow, laminar inter-
face 343

high mach number flow, Spalart-Allmaras
(hmnf) interface 347

high machnumber flow, k-epsilon (hmnf)
interface 345

high Schmidt numbers 505

hybrid outlet 362

Hygroscopic Swelling 447

implementing, Euler-Euler equations 335
inflow (node) 429

transport of concentrated species 467
initial interface (node)

level set 558

phase field 563
initial values (node)

bf interfaces 267

Brinkman equations 384

Darcy’s law 375

ee interface 297

INDEX| 591



592 | INDEX

free and porous media flow 392
hmnf interfaces 349
level set 556, 562
mm interfaces 283
phase field 566
rmspf interfaces 108
spf interfaces 73
thin-film flow 526
tpdl interface 398
transport of concentrated species 465
transport of diluted species 427
initializing functions 571, 577
inlet (boundary stress condition) 87
inlet (node)
bf interfaces 269
Darcy’s law 376
ee interface 299
hmnf interfaces 352
level set 557
mm interfaces 287
phase field 562
single-phase flow 77
ternary phase field 566-567
thin-film flow 527
tpdl interface 400
interface normal variable 572
interior fan (node) 93
interior wall (node)
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internet resources 22
interphase momentum transfer 332

intrinsic volume averages 404

Karman constant 232, 507

Kays-Crawford models 230

k-epsilon turbulence model 59, 168
bubbly flow 317

mixture models 324

knowledge base, COMSOL 25
Knudsen diffusion 451
Knudsen number 542
k-omega turbulence model 61
Krieger type model 332

Krieger type viscosity model 282

laminar bubbly flow (bf) interface 258
theory 313
laminar flow interface 51
laminar inflow (inlet boundary condition)
78
laminar mixture model (mm) interface
theory 320
laminar outflow (outlet boundary condi-
tion) 83
laminar three-phase flow, phase field in-
terface 254
laminar two-phase flow, level set (tpf) in-
terface 242-243, 248-249
leaking wall, wall boundary condition 76,
111,394
level set functions, initializing 571, 577
level set interface 554
theory 303, 569
level set model (node) 556
lift force 332
line mass source (node)
fluid flow 99
species transport 432
line source
species transport 487
local
CFL number 56, 260, 277, 292, 381
local CFL number 104, 199
high Mach number flow 363
low re k-epsilon turbulence model 64, 67
low Reynolds number

k-epsilon turbulence theory 182



low Reynolds number wall treatment
164, 167, 178, 181, 185, 188, 192

lubrication 529

L-VEL turbulence model 58

Marangoni effect (node) 222
mass action law, laminar flow 503
mass balance 329
mass based concentrations (node) 427
mass conservation, level set equations
306
mass flux (node)
Darcy’s law 376
tpdl interface 399
mass fraction (node) 466
mass fractions 415
mass source (node)
Brinkman equations 383
Darcy’s law 375
mass transfer (node)
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mass transport 495
mathematics, moving interfaces
level set 554
phase field 559, 564
theory 569, 574, 579
Maxwell-Stefan diffusion model 452
mean curvature variable 572
mean value closure 509
MEMS Module 392
meshing 33
microfluidic wall conditions (node) 392
mixture model, laminar flow (mm) inter-
face 274
mixture model, turbulent flow (mm) in-
terface 277
mixture properties (node) 280, 565

mixture viscosity 281

mixture-averaged diffusion model 451,
496

modeling strategy 30

modified Reynolds equation, gas flow 541

modified Reynolds equation, thin-film
flow 529

momentum balance equations 330

moving interfaces 574, 579

moving wall (wall functions), boundary
condition |12

moving wall, interior wall boundary con-
dition 114

MPH-files 24

multiphase flow theory 303, 313, 320,
569, 574, 579

Navier-Stokes equations 303
Nernst-Einstein relation 425, 439, 442,
489
Neumann condition 171
no flow (node)
Darcy’s law 377
level set 558
no flux (node) 429
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transport of concentrated species 468
no slip, interior wall boundary condition
95,113
no slip, wall boundary condition 75, 110,
393
no viscous stress (open boundary) 85
nodes, common settings 42
non-conservative formulations 306, 486
nonisothermal flow interface
theory 225
normal stress, normal flow (boundary

stress condition) 87

Ohm'’s law 491

open boundary (boundary stress condi-
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tion) 87

open boundary (node)

spf interfaces 85

transport of concentrated species 470

transport of diluted species 434
outflow (node)

transport of concentrated species 468

transport of diluted species 430
outlet (boundary stress condition) 87
outlet (node)

bf interfaces 271

Darcy’s law 377

hmnf interfaces 354

mm interfaces 288

spf interfaces 83

ternary phase field 567

thin-film flow 527

tpdl interface 400

P pair nodes

Brinkman equations 381

Darcy’s law interface 372

Euler-Euler interface 295

free and porous media flow 388

hmnf interfaces 348

level set 555

phase field 560

rmspf interfaces 107

ternary phase field 565

tff interface 519

tffs interfaces 519

transport of concentrated species 455

transport of diluted species 422
partially saturated porous media (node)

440

perfectly stirred reactor 508
perforations (node) 526
periodic condition (node)

transport of diluted species 432

periodic flow condition (node) 90
phase field interface 559
theory 303, 574, 579
phase field model (node) 560
phase properties (node) 295
physics interfaces, common settings 42
point mass source (node)
fluid flow 98
species transport 433
point nodes
Brinkman equations 381
Darcy’s law interface 372
Euler-Euler interface 295
free and porous media flow 388
hmnf interfaces 348
rmspf interfaces 107
tff interface 519
tffs interfaces 519
point source
species transport 487
Poiseuille flow 535
porous electrode coupling (node) 436
porous matrix properties (node) 390
porous media and subsurface flow
Brinkman equations interface 379
Darcy’s law interface 371
free and porous media flow interface
387
theory, Brinkman equations 404
theory, Darcy’s law 402
theory, free and porous media flow
407
porous media transport properties
(node) 437
Prandtl number 230
pressure (node) 375
pressure and saturation (node) 399

pressure point constraint (node) 97



pseudo time step 501
pseudo time stepping
hmnf interfaces 363
settings 56, 260, 277, 292, 381

RANS

Euler-Euler interface 278

mixture model interface 294

theory, single-phase flow 159
rarefied gas 542
rarefied, general accommodation 523
rarefied, total accommodation 522
rarefied-general accommodation 543
rarefied-total accommodation 543
Reacting Volume 428
reaction (node) 463
reaction coefficients (node) 436
reaction rate, turbulence and 508
Reactions

in porous catalyst pellets 445
reactions (node)

transport of concentrated species 465

transport of diluted species 427
reactive pellet bed (node) 443
removing species 415
Reynolds number 218

extended Kays-Crawford 231

low, turbulence theory 182

slip velocity models 326

turbulent flow theory 158
Reynolds stress tensor 160, 169
Reynolds-averaged Navier-Stokes. See

RANS.

rotating interior wall (node) | 14
rotating machinery (rmspf) interfaces

theory 202
rotating machinery, laminar flow (rmspf)

interface 102

rotating machinery, turbulent flow (rm-

spf) interface 104—106
rotating wall (node) 114

rough walls 172

SCCM, flow rate in 80
Schiller-Naumann model 333
Schiller-Naumann slip model 326
Schmidt number 325, 337, 339, 504
screen (node) 88
selecting
heat transfer interfaces 208
high Mach number flow (hmnf) inter-
faces 342
multiphase flow interfaces 236
porous media and subsurface flow in-
terfaces 366
single-phase flow interfaces 44
SEMI standard E12-0303 80
shear rate magnitude variable 72
single-phase flow
turbulent flow theory 158
single-phase flow interface
laminar flow 51
slide-film damping 530
sliding wall 77
sliding wall (wall functions), boundary
condition 112
sliding wall, wall boundary condition 110,
393
slip length 542
slip model
Hadamard-Rybczynski 326
Schiller-Naumann 326
slip model theory 316
Haider-Levenspiel 326
Reynolds number 326
slip velocity, wall boundary condition 75,
Il

slip, interior wall boundary condition 95,
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slip, wall boundary condition 75, 110, 393
solid pressure and particle interaction
334
Soret effect 498
sound waves 361
Spalart-Allmaras turbulence model 66
spf.sr variable 72
squeezed-film damping 530
SST turbulence model 63
standard cubic centimeters per minute
80
standard flow rate 80
standard settings 42
static pressure curves 89, 92
Stokes equations 51
Stokes flow 50
superficial volume average, porous me-
dia 405
supersonic inlet 362
supersonic outlet 363
Supporting Electrolytes 490
surface equilibrium reaction (node) 436
surface tension force variable 578
Sutherland’s law 351
swirl flow 169
symmetry (node)
bf interfaces 272
Darcy’s law 376
mm interfaces 289
spf interfaces 84, 355
thin-film flow 528
transport of concentrated species 469

transport of diluted species 431

technical support, COMSOL 24
tensors

Reynolds stress 169
ternary phase field interface 564

theory
bf interfaces 313
Brinkman equations 404
conjugate heat transfer multiphysics
interface 225
Darcy’s law 402
Euler-Euler model, laminar flow 329
free and porous media flow 407
hmnf interfaces 356
level set 569
mm interfaces 320
nonisothermal flow 225
phase field 574, 579
rmspf interfaces 202
spf interfaces |17
thin-film flow 529
tpf interfaces 303
transport of concentrated species in-
terface 495
transport of diluted species interface
482
turbulent flow k-epsilon model 158
turbulent flow low re k-epsilon model
158
thermal creep, wall boundary condition
75,111
thermal diffusion 498
thickness
fracture 448
thin diffusion barrier (node) 434
Thin Impermeable Barrier 434
thin-film flow interfaces
theory 529
thin-film flow, domain (tffs) interface 517
thin-film flow, edge (tff) interface 518
thin-film flow, shell (tffs) interface 514
thin-film gas flows 541
TMAC, microfluidic wall conditions 392



Torczynski and Gallis 544
traction boundary conditions 86
transport mechanisms 456, 459, 462
transport of concentrated species inter-
face 449
theory 495
transport of diluted species in porous
media interface 421
transport of diluted species interface 417
theory 482
turbulence models
algebraic yPlus 56, 162
k-epsilon 59, 168
k-epsilon, bubbly flow 317
k-epsilon, mixture models 324
k-omega 61
low re k-epsilon 64, 67
L-VEL 58, 166
Spalart-Allmaras 66, 186
SST 63
turbulence models, reacting flow 504
turbulent bubbly flow (bf) interface 260
theory 313
turbulent compressible flow 161
turbulent conjugate heat transfer
theory 227
turbulent dissipation rate
multiphase flow 317
turbulent flow algebraic yPlus (spf) inter-
face 56
turbulent flow k-epsilon (spf) interface
59
turbulent flow k-epsilon interface
theory 158
turbulent flow k-omega interface 61
turbulent flow low re k-epsilon (spf) in-
terface 64, 67

turbulent flow low re k-epsilon interface

theory 158
turbulent flow L-VEL (spf) interface 58
turbulent flow Spalart-Allmaras (spf) in-
terface 66
turbulent flow, SST (spf) interface 63
turbulent kinetic energy theory 317
k-epsilon model 168
mixture model 324
RANS 162
turbulent length scale 195
turbulent mass transport flux 504
turbulent mixing 493, 499
turbulent mixing (node)
transport of concentrated species 462
transport of diluted species 426
turbulent mixture model (mm) interface
theory 320
turbulent non-isothermal flow interfaces
theory 227
turbulent Prandtl number 218, 230
turbulent Schmidt number 493, 499
two-fluid Euler-Euler model
bubbly flow 313
mixture model 320
two-phase Darcy’s law (tpdl) interface
395

undamped turbulent kinematic viscosity

187

vacuum pump (node) 89
vapor cavitation 549
variables
distance to cell center in viscous units
178, 181, 185, 193
level set interface 572
phase field interface 577
viscous drag, coefficient 316
viscous slip, wall boundary condition 75,
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volume force (node)
Brinkman equations 384
ee interfaces 302
free and porous media flow 391
spf interfaces 73

vorticity waves 361

W wall (node)
bf interfaces 267
ee interface 298
free and porous media flow 393
mm interfaces 283
rotating machinery fluid flow 109
single-phase flow 74
thin-film flow 528
wall distance initialization study step 180,
183, 191
wall functions 170, 177
rough walls 172
wall functions, turbulent flow 170
wall functions, wall boundary condition
112
wall roughness 75, 95
wall treatment
automatic 165, 167, 176, 181, 184, 188,
191
low Reynolds number 164, 167, 178,
181, 185, 188, 192
wall functions 170, 177
websites, COMSOL 25
well posedness 359
Wen and Yu fluidized state expression
332
wetted wall (boundary condition) 246
wetted wall (node) 563, 567
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