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GNU Free Documentation License

Version 1.2, November 2002
Copyright © 2000,2001,2002 Free Software Foundation, Inc.

59 Temple Place, Suite 330, Boston, MA 02111-1307 USA

Everyone is permitted to copy and distribute verbatim copies of this license document, but
changing it is not allowed.

Preamble

The purpose of this License is to make a manual, textbook, or ther functional and useful
document \free" in the sense of freedom: to assure everyonéé¢ e®ective freedom to copy and
redistribute it, with or without modifying it, either comme rcially or noncommercially. Secon-
darily, this License preserves for the author and publishera way to get credit for their work,
while not being considered responsible for modi cations mae by others.

This License is a kind of \copyleft", which means that derivative works of the document
must themselves be free in the same sense. It complements ti@&NU General Public License,
which is a copyleft license designed for free software.

We have designed this License in order to use it for manuals fdree software, because free
software needs free documentation: a free program should g with manuals providing the
same freedoms that the software does. But this License is ndimited to software manuals; it
can be used for any textual work, regardless of subject matteor whether it is published as a
printed book. We recommend this License principally for woks whose purpose is instruction or
reference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other work, in any mediun, that contains a notice placed

by the copyright holder saying it can be distributed under the terms of this License. Such a
notice grants a world-wide, royalty-free license, unlimited in duration, to use that work under

the conditions stated herein. The\Document" , below, refers to any such manual or work.
Any member of the public is a licensee, and is addressed &gou" . You accept the license if
you copy, modify or distribute the work in a way requiring permission under copyright law.

A \Modi ed Version" of the Document means any work containing the Document or
a portion of it, either copied verbatim, or with modi cations and/or translated into another
language.

A \Secondary Section" is a named appendix or a front-matter section of the Document

that deals exclusively with the relationship of the publishers or authors of the Document to
the Document's overall subject (or to related matters) and @ntains nothing that could fall

directly within that overall subject. (Thus, if the Document is in part a textbook of mathe-

matics, a Secondary Section may not explain any mathematicy The relationship could be a
matter of historical connection with the subject or with rel ated matters, or of legal, commercial,
philosophical, ethical or political position regarding them.

The \Invariant Sections" are certain Secondary Sections whose titles are designateds
being those of Invariant Sections, in the notice that says tlat the Document is released under
this License. If a section does not "t the above de nition of Seondary then it is not allowed to be
designated as Invariant. The Document may contain zero Invaiant Sections. If the Document
does not identify any Invariant Sections then there are none

The \Cover Texts"  are certain short passages of text that are listed, as FrontCover Texts
or Back-Cover Texts, in the notice that says that the Documert is released under this License.
A Front-Cover Text may be at most 5 words, and a Back-Cover Tex may be at most 25 words.

A \Transparent"  copy of the Document means a machine-readable copy, repreged in
a format whose speci cation is available to the general pubt, that is suitable for revising the
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document straightforwardly with generic text editors or (f or images composed of pixels) generic
paint programs or (for drawings) some widely available draving editor, and that is suitable for
input to text formatters or for automatic translation to a va riety of formats suitable for input to
text formatters. A copy made in an otherwise Transparent Te format whose markup, or absence
of markup, has been arranged to thwart or discourage subse@at modi cation by readers is not
Transparent. An image format is not Transparent if used for any substantial amount of text. A
copy that is not \Transparent" is called \Opaque"

Examples of suitable formats for Transparent copies inclué plain ASCII without markup,
Texinfo input format, LaTeX input format, SGML or XML using a publicly available DTD,
and standard-conforming simple HTML, PostScript or PDF designed for human modi cation.
Examples of transparent image formats include PNG, XCF and JPG. Opaque formats include
proprietary formats that can be read and edited only by proprietary word processors, SGML or
XML for which the DTD and/or processing tools are not generally available, and the machine-
generated HTML, PostScript or PDF produced by some word pro@ssors for output purposes
only.

The \Title Page" means, for a printed book, the title page itself, plus such flowing pages
as are needed to hold, legibly, the material this License ragjres to appear in the title page. For
works in formats which do not have any title page as such, \Title Page" means the text near
the most prominent appearance of the work's title, precedimy the beginning of the body of the
text.

A section \Entitled XYZ" means a named subunit of the Document whose title either is
precisely XYZ or contains XYZ in parentheses following textthat translates XYZ in another
language. (Here XYZ stands for a speci ¢ section name menticed below, such asAcknowl-
edgements" , \Dedications" , \Endorsements" , or \History" .) To \Preserve the Ti-
tle" of such a section when you modify the Document means that it renains a section \Entitled
XYZ" according to this de nition.

The Document may include Warranty Disclaimers next to the notice which states that this
License applies to the Document. These Warranty Disclaimes are considered to be included by
reference in this License, but only as regards disclaiming arranties: any other implication that
these Warranty Disclaimers may have is void and has no e®ect aime meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any medium, either commercially or noncom-
mercially, provided that this License, the copyright notices, and the license notice saying this
License applies to the Document are reproduced in all copiesand that you add no other con-
ditions whatsoever to those of this License. You may not usedchnical measures to obstruct or
control the reading or further copying of the copies you makeor distribute. However, you may
accept compensation in exchange for copies. If you distrite a large enough number of copies
you must also follow the conditions in section 3.

You may also lend copies, under the same conditions stated ale, and you may publicly
display copies.

3. COPYING IN QUANTITY

If you publish printed copies (or copies in media that commorty have printed covers) of the

Document, numbering more than 100, and the Document's licese notice requires Cover Texts,
you must enclose the copies in covers that carry, clearly andegibly, all these Cover Texts:

Front-Cover Texts on the front cover, and Back-Cover Texts an the back cover. Both covers
must also clearly and legibly identify you as the publisher @& these copies. The front cover must
present the full title with all words of the title equally pro minent and visible. You may add

other material on the covers in addition. Copying with changes limited to the covers, as long as
they preserve the title of the Document and satisfy these coditions, can be treated as verbatim

copying in other respects.

Open” FOAM-2.1.0



U-5

If the required texts for either cover are too voluminous to t legibly, you should put the rst
ones listed (as many as t reasonably) on the actual cover, anadontinue the rest onto adjacent
pages.

If you publish or distribute Opaque copies of the Document numbering more than 100, you
must either include a machine-readable Transparent copy a@ng with each Opaque copy, or state
in or with each Opaque copy a computer-network location fromwhich the general network-using
public has access to download using public-standard netwdrprotocols a complete Transparent
copy of the Document, free of added material. If you use the lder option, you must take
reasonably prudent steps, when you begin distribution of Oaque copies in quantity, to ensure
that this Transparent copy will remain thus accessible at the stated location until at least one
year after the last time you distribute an Opaque copy (diredly or through your agents or
retailers) of that edition to the public.

It is requested, but not required, that you contact the authors of the Document well before
redistributing any large number of copies, to give them a chace to provide you with an updated
version of the Document.

4. MODIFICATIONS

You may copy and distribute a Modi ed Version of the Document under the conditions of
sections 2 and 3 above, provided that you release the Modi ed &tsion under precisely this
License, with the Modi ed Version lling the role of the Document, thus licensing distribution
and modi cation of the Modi ed Version to whoever possesses aapy of it. In addition, you
must do these things in the Modi ed Version:

A. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document,
and from those of previous versions (which should, if there are any, be listed in the
History section of the Document). You may use the same title & a previous version if the
original publisher of that version gives permission.

B. List on the Title Page, as authors, one or more persons or dities responsible for au-
thorship of the modi cations in the Modi ed Version, together with at least ve of the
principal authors of the Document (all of its principal auth ors, if it has fewer than ve),
unless they release you from this requirement.

C. State on the Title page the name of the publisher of the Modied Version, as the publisher.
D. Preserve all the copyright notices of the Document.

E. Add an appropriate copyright notice for your modi cations adjacent to the other copyright
notices.

F. Include, immediately after the copyright notices, a license notice giving the public per-
mission to use the Modi ed Version under the terms of this Licease, in the form shown
in the Addendum below.

G. Preserve in that license notice the full lists of Invariart Sections and required Cover Texts
given in the Document's license notice.

H. Include an unaltered copy of this License.

I. Preserve the section Entitled \History", Preserve its Ti tle, and add to it an item stating
at least the title, year, new authors, and publisher of the Madi ed Version as given on the
Title Page. If there is no section Entitled \History" in the D ocument, create one stating
the title, year, authors, and publisher of the Document as gien on its Title Page, then
add an item describing the Modi ed Version as stated in the previous sentence.
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J. Preserve the network location, if any, given in the Documaet for public access to a Trans-
parent copy of the Document, and likewise the network locatbns given in the Document
for previous versions it was based on. These may be placed ihé \History" section. You
may omit a network location for a work that was published at least four years before the
Document itself, or if the original publisher of the version it refers to gives permission.

K. For any section Entitled \Acknowledgements" or \Dedicat ions", Preserve the Title of the
section, and preserve in the section all the substance and t@ of each of the contributor
acknowledgements and/or dedications given therein.

L. Preserve all the Invariant Sections of the Document, unalered in their text and in their
titles. Section numbers or the equivalent are not considera part of the section titles.

M. Delete any section Entitled \Endorsements". Such a secton may not be included in the
Modi ed Version.

N. Do not retitle any existing section to be Entitled \Endors ements" or to con’ict in title
with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modi ed Version includes new front-matter sections or appendices that qualify as
Secondary Sections and contain no material copied from the @cument, you may at your option
designate some or all of these sections as invariant. To do ik add their titles to the list of
Invariant Sections in the Modi ed Version's license notice. These titles must be distinct from
any other section titles.

You may add a section Entitled \Endorsements”, provided it contains nothing but endorse-
ments of your Modi ed Version by various parties{for example, statements of peer review or
that the text has been approved by an organization as the autloritative de nition of a standard.

You may add a passage of up to ve words as a Front-Cover Text, ad a passage of up to
25 words as a Back-Cover Text, to the end of the list of Cover Tets in the Modi ed Version.
Only one passage of Front-Cover Text and one of Back-Cover Té¢ may be added by (or through
arrangements made by) any one entity. If the Document alreag includes a cover text for the
same cover, previously added by you or by arrangement made bihe same entity you are acting
on behalf of, you may not add another; but you may replace the t one, on explicit permission
from the previous publisher that added the old one.

The author(s) and publisher(s) of the Document do not by this License give permission to
use their names for publicity for or to assert or imply endorement of any Modi ed Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documents released nder this License, under
the terms de ned in section 4 above for modi ed versions, prouled that you include in the
combination all of the Invariant Sections of all of the original documents, unmodi ed, and list
them all as Invariant Sections of your combined work in its license notice, and that you preserve
all their Warranty Disclaimers.

The combined work need only contain one copy of this Licenseand multiple identical In-
variant Sections may be replaced with a single copy. If thereare multiple Invariant Sections
with the same name but di®erent contents, make the title of edt such section unique by adding
at the end of it, in parentheses, the name of the original autler or publisher of that section if
known, or else a unique number. Make the same adjustment to th section titles in the list of
Invariant Sections in the license notice of the combined wdk.

In the combination, you must combine any sections Entitled \History" in the various origi-
nal documents, forming one section Entitled \History"; lik ewise combine any sections Entitled
\Acknowledgements", and any sections Entitled \Dedications". You must delete all sections
Entitled \Endorsements".
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6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Document and othedocuments released under
this License, and replace the individual copies of this Licese in the various documents with a
single copy that is included in the collection, provided tha you follow the rules of this License
for verbatim copying of each of the documents in all other repects.

You may extract a single document from such a collection, anddistribute it individually
under this License, provided you insert a copy of this Licens into the extracted document, and
follow this License in all other respects regarding verbatin copying of that document.

7. AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivatives with other separate and independent docu-
ments or works, in or on a volume of a storage or distribution nedium, is called an \aggregate"
if the copyright resulting from the compilation is not used to limit the legal rights of the com-
pilation's users beyond what the individual works permit. When the Document is included in
an aggregate, this License does not apply to the other worksnithe aggregate which are not
themselves derivative works of the Document.

If the Cover Text requirement of section 3 is applicable to these copies of the Document,
then if the Document is less than one half of the entire aggregte, the Document's Cover Texts
may be placed on covers that bracket the Document within the ggregate, or the electronic
equivalent of covers if the Document is in electronic form. @herwise they must appear on
printed covers that bracket the whole aggregate.

8. TRANSLATION

Translation is considered a kind of modi cation, so you may dstribute translations of the
Document under the terms of section 4. Replacing Invariant &ctions with translations requires
special permission from their copyright holders, but you mg include translations of some or
all Invariant Sections in addition to the original versions of these Invariant Sections. You
may include a translation of this License, and all the liceng notices in the Document, and any
Warranty Disclaimers, provided that you also include the original English version of this License
and the original versions of those notices and disclaimersin case of a disagreement between
the translation and the original version of this License or anotice or disclaimer, the original
version will prevail.

If a section in the Document is Entitled \Acknowledgements", \Dedications", or \History",
the requirement (section 4) to Preserve its Title (section 3 will typically require changing the
actual title.

9. TERMINATION

You may not copy, modify, sublicense, or distribute the Document except as expressly provided
for under this License. Any other attempt to copy, modify, sublicense or distribute the Document

is void, and will automatically terminate your rights under this License. However, parties who
have received copies, or rights, from you under this Licenseill not have their licenses terminated

so long as such parties remain in full compliance.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, revised versins of the GNU Free Documenta-
tion License from time to time. Such new versions will be sinar in spirit to the present version,
but may di®er in detail to address new problems or concerns. &ttp://www.gnu.org/copyleft/
Each version of the License is given a distinguishing versio number. If the Document
speci es that a particular numbered version of this License br any later version" applies to it,
you have the option of following the terms and conditions eiher of that speci ed version or of

Open” FOAM-2.1.0
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any later version that has been published (not as a draft) by he Free Software Foundation. If
the Document does not specify a version number of this Licerss you may choose any version
ever published (not as a draft) by the Free Software Foundatdn.
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Chapter 1

Introduction

This guide accompanies the release of version 2.1.0 of thee@@Bource Field Operation
and Manipulation (OpenFOAM) C++ libraries. It provides a description of the basic
operation of OpenFOAM, rst through a set of tutorial exerciss in chapter2 and later
by a more detailed description of the individual componentthat make up OpenFOAM.

OpenFOAM is rst and foremost a C++ library , used primarily to create executa-
bles, known asapplications The applications fall into two categories:solvers that are
each designed to solve a speci ¢ problem in continuum mechesii andutilities, that are
designed to perform tasks that involve data manipulation. ie OpenFOAM distribution
contains numerous solvers and utilities covering a wide rge of problems, as described
in chapter 3.

One of the strengths of OpenFOAM is that new solvers and utiliés can be created
by its users with some pre-requisite knowledge of the undgrig method, physics and
programming techniques involved.

OpenFOAM is supplied with pre- and post-processing envirorents. The interface
to the pre- and post-processing are themselves OpenFOAM iités, thereby ensuring
consistent data handling across all environments. The ol structure of OpenFOAM is
shown in Figurel.l The pre-processing and running of OpenFOAM cases is deseqb

Open Source Field Operation and Manipulation (OpenFOAMy Cibrary

Pre-processing w

Meshing User Standard . Others
Tools ApplicationgApplication:s ParaView e.gEnSight

Post-processing

Utilities

\*2)

Figure 1.1: Overview of OpenFOAM structure.

in chapter 4. In chapter 5, we cover both the generation of meshes using the mesh
generator supplied with OpenFOAM and conversion of mesh dagenerated by third-
party products. Post-processing is described in chaptér
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Chapter 2

Tutorials

In this chapter we shall describe in detail the process of sgt simulation and post-
processing for some OpenFOAM test cases, with the principahaof introducing a user to
the basic procedures of running OpenFOAM. Th8FOAM_TUTORIALSdirectory contains
many more cases that demonstrate the use of all the solversdamany utilities supplied
with OpenFOAM. Before attempting to run the tutorials, the user must rst make sure
that they have installed OpenFOAM correctly.

The tutorial cases describe the use of thielockMeshpre-processing tool, case setup
and running OpenFOAM solvers and post-processing usip@raFoam Those users with
access to third-party post-processing tools supported inpg@nFOAM have an option:
either they can follow the tutorials usingparaFoamor refer to the description of the use
of the third-party product in chapter 6 when post-processing is required.

Copies of all tutorials are available from thetutorials directory of the OpenFOAM
installation. The tutorials are organised into a set of diretories according to the type
of °ow and then subdirectories according to solver. For exartg all the icoFoamcases
are stored within a subdirectoryincompressible/icoFoagmvhere incompressibleindicates
the type of °ow. If the user wishes to run a range of example ca&sat is recommended
that the user copy thetutorialsdirectory into their local run directory. They can be easily

copied by typing:

mkdir -p $FOANRUN
cp -r $SFOAMUTORIALSFOANRUN

2.1 Lid-driven cavity °ow

This tutorial will describe how to pre-process, run and pogbprocess a case involving
isothermal, incompressible °ow in a two-dimensional squaomain. The geometry is
shown in Figure 2.1 in which all the boundaries of the square are walls. The top Wa
moves in thex-direction at a speed of 1 m/s while the other 3 are stationaryinitially,
the °ow will be assumed laminar and will be solved on a uniform @sh using thecoFoam
solver for laminar, isothermal, incompressible °ow. Duringhe course of the tutorial, the
e®ect of increased mesh resolution and mesh grading towatuswalls will be investigated.
Finally, the “ow Reynolds number will be increased and theisoFoansolver will be used
for turbulent, isothermal, incompressible °ow.
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d=0.1m

Figure 2.1: Geometry of the lid driven cavity.

2.1.1 Pre-processing

Cases are setup in OpenFOAM by editing case les. Users shouldese an xeditor of
choice with which to do this, such asemacs vi, gedit kate, nedit etc. Editing Tes is
possible in OpenFOAM because the I/O uses a dictionary formawith keywords that
convey suzcient meaning to be understood by even the least exenced users.

A case being simulated involves data for mesh, elds, propas, control parameters,
etc. As described in sectiord.1, in OpenFOAM this data is stored in a set of les within
a case directory rather than in a single case e, as in many a@h CFD packages. The
case directory is given a suitably descriptive names.g. the rst example case for this
tutorial is simply named cavity. In preparation of editing case Ies and running the rst
cavity case, the user should change to the case directory

cd $FOANRUN/tutorials/incompressible/icoFoam/cavity

2.1.1.1 Mesh generation

OpenFOAM always operates in a 3 dimensional Cartesian coondte system and all
geometries are generated in 3 dimensions. OpenFOAM solveg ttase in 3 dimensions
by default but can be instructed to solve in 2 dimensions by sgifying a “specialempty
boundary condition on boundaries normal to the (3rd) dimensn for which no solution
is required.

The cavity domain consists of a square of side length= 0:1 m in the x-y plane.
A uniform mesh of 20 by 20 cells will be used initially. The blk structure is shown
in Figure 2.2 The mesh generator supplied with OpenFOAMblockMesh generates
meshes from a description speci ed in an input dictionarjplockMeshDictocated in the
constant/polyMesHdirectory for a given case. ThélockMeshDicentries for this case are
as follows:

1 *. C++ l—* ---------- *\

2 sl ——

3 | \\ ! F ield | OpenFOAM: The Open Source CFD Toolbox

4 |\ /O peration | Version: 2.1.0 |
s | W/ A nd | Web: www.OpenFOAM.org |
6 | \V M anipulation | |
7\ - */

s FoamFile

9

10 version 2.0;
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Figure 2.2: Block structure of the mesh for the cavity.

format ascii;
class dictionary;
object blockMeshDict;

}/*************************************//

convertToMeters 0.1;

vertices

);

0

|

RPFROORFOO
©oo00000

ORRFROORKE
PR
N e e’

blocks

hex (0123456 7) (20 20 1) simpleGrading (1 1 1)

edges
(
);
boundary
movingWall
type wall;
faces
3762
fixedWalls
type wall;
faces
0473
2651
51 54 0§
);
%rontAndBack
{ .
type empty;
faces
0321
) 24 56 73
} 1
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6 );
70 .
7 mergePatchPairs

72

73 );
74

75 // kkkkkkkkkkkkkkkkhkkkhkkhkkkkkhkkkkkkkkkhhkkkkkhkkkk kkkkkkkkkkkkkkhkkkhkkkkkkk //

The Te rst contains header information in the form of a banner(lines 1-7), then Te
information contained in aFoamFilesub-dictionary, delimited by curly braces{... g).

For the remainder of the manual:
For the sake of clarity and to save space, Ie headers, inclugj the banner and
FoamFilesub-dictionary, will be removed from verbatim quoting of cee les

The Te rst speci es coordinates of the blockvertices ; it then de nes the blocks
(here, only 1) from the vertex labels and the number of cellsithin it; and nally, it de nes
the boundary patches. The user is encouraged to consult Seat5.3 to understand the
meaning of the entries in theblockMeshDictle.

The mesh is generated by runningplockMeshon this blockMeshDictle. From within
the case directory, this is done, simply by typing in the ternmal:

blockMesh

The running status of blockMeshis reported in the terminal window. Any mistakes in

the blockMeshDictle are picked up byblockMeshand the resulting error message directs
the user to the line in the Te where the problem occurred. Ther should be no error

messages at this stage.

2.1.1.2 Boundary and initial conditions

Once the mesh generation is complete, the user can look atghnitial elds set up for
this case. The case is set up to start at timé= 0 s, so the initial eld data is stored in
a 0 sub-directory of the cavity directory. The 0 sub-directory contains 2 les,p and U,
one for each of the pressure) and velocity (U) elds whose initial values and boundary

conditions must be set. Let us examine Ig:
17 dimensions [02-2000 Q0]
8
19 internalField  uniform O;

21 boundaryField

23 ¢ movingWall

24 { )

25 type zeroGradient;
26 }

27 )

28 fixedWalls

29

30 type zeroGradient;
31

32

33 frontAndBack

34

35 type empty;

36 }

7}

23 // *hkkkkkhkhkhkkhkhhkhhhhhhhhhhhhhhhrhhhhhhhhkhhhhrhrikx *hkkkkkkkkkkhhhkhhhhkhhik //

There are 3 principal entries in eld data Tes:

dimensions speci es the dimensions of the “eld, herkinematic pressurej.e. m?s 2 (see
section4.2.6for more information);
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internalField  the internal eld data which can beuniform , described by a single value;
or nonuniform, where all the values of the eld must be speci ed (see sectidi2.8
for more information);

boundaryField the boundary eld data that includes boundary conditions anddata for
all the boundary patches (see sectiof.2.8for more information).

For this casecavity, the boundary consists of walls only, split into 2 patches maed: (1)
fixedWalls for the xed sides and base of the cavity; (2inovingWall for the moving top
of the cavity. As walls, both are given azeroGradienboundary condition for p, meaning
\the normal gradient of pressure is zero". ThdrontAndBack patch represents the front
and back planes of the 2D case and therefore must be seteaspty.

In this case, as in most we encounter, the initial elds are séb be uniform. Here the
pressure is kinematic, and as an incompressible case, itsalote value is not relevant, so
Is set touniform O for convenience.

The user can similarly examine the velocity eld in thed/U Te. The dimensions are
those expected for velocity, the internal eld is initialisé as uniform zero, which in the
case of velocity must be expressed by 3 vector componerits,uniform (0 0 0) (see
section4.2.5for more information).

The boundary eld for velocity requires the same boundary calition for the front-
AndBackpatch. The other patches are walls: a no-slip condition is sismed on the
fixedWalls , hence a xedValuecondition with a value of uniform (0 0 0) . The top
surface moves at a speed of 1 m/s in the-direction so requires axedValue condition
also but with uniform (1 0 0) .

2.1.1.3 Physical properties

The physical properties for the case are stored in dictionas whose names are given the
suxx ...Properties located in the Dictionaries  directory tree. For anicoFoamcase,
the only property that must be speci ed is the kinematic viscsity which is stored from
the transportPropertiedictionary. The user can check that the kinematic viscositys
set correctly by opening thetransportPropertieslictionary to view/edit its entries. The
keyword for kinematic viscosity isnu, the phonetic label for the Greek symbd! by which

it is represented in equations. Initially this case will beun with a Reynolds number of
10, where the Reynolds number is de ned as:

_ duj

(o]

Re

(2.1)

where d and jUj are the characteristic length and velocity respectively ah° is the
kinematic viscosity. Hered = 0.1 m, jUj =1 msi !, so that for Re = 10, ° =0.01 m?s 1.
The correct Te entry for kinematic viscosity is thus speci edoelow:

s nu nU[02-10000]7001;

19
20

21 //7(7(1\ *kkk *kkk *kkk *kkk *kkk *kkk kK% *kkk *kkk nnxx//

2.1.1.4 Control

Input data relating to the control of time and reading and wrting of the solution data are
read in from the controlDict dictionary. The user should view this le; as a case control
‘Te, it is located in the systemdirectory.

The start/stop times and the time step for the run must be set.OpenFOAM o®ers
great °exibility with time control which is described in full in section4.3. In this tutorial
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we wish to start the run at time t = 0 which means that OpenFOAM needs to read eld
data from a directory namedO | see section 4.1 for more information of the case e
structure. Therefore we set thestartFrom keyword to startTime and then specify the
startTime keyword to be 0.

For the end time, we wish to reach the steady state solution vehe the °ow is circu-
lating around the cavity. As a general rule, the °uid should pasthrough the domain 10
times to reach steady state in laminar °ow. In this case the °owaks not pass through
this domain as there is no inlet or outlet, so instead the endnhe can be set to the time
taken for the lid to travel ten times across the cavityj.e. 1 s; in fact, with hindsight, we
discover that 0.5 s is suxcient so we shall adopt this value. Tepecify this end time, we
must specify thestopAt keyword asendTimeand then set theendTimekeyword to 0.5.

Now we need to set the time step, represented by the keywodeltaT . To achieve
temporal accuracy and numerical stability when runningcoFoam a Courant number of
less than 1 is required. The Courant number is de ned for oneltas:

_ U]
T #X

Co (2.2)

where £t is the time step,jUj is the magnitude of the velocity through that cell and+x
is the cell size in the direction of the velocity. The °ow veladty varies across the domain
and we must ensureéCo < 1 everywhere. We therefore choosd based on the worst case:
the maximum Co corresponding to the combined e®ect of a large °ow velocity asthall
cell size. Here, the cell size is xed across the domain so thexinaum Co will occur next
to the lid where the velocity approaches 1 mis. The cell size is:

d 01

—= —=0:005m 2.3
n 20 2:3)
Therefore to achieve a Courant number less than or equal to hroughout the domain
the time stepdeltaT must be set to less than or equal to:

X

Co+x_ 1£ 0:005

tt=
JUJ 1

=0:005 s (2.4)

As the simulation progresses we wish to write results at certaintervals of time that
we can later view with a post-processing package. TheiteControl keyword presents
several options for setting the time at which the results araritten; here we select the
timeStep option which speci es that results are written everynth time step where the
value n is speci ed under thewritelnterval ~ keyword. Let us decide that we wish to
write our results at times 0.1, 0.2,..., 0.5 s. With a time sg of 0.005 s, we therefore
need to output results at every 20th time time step and so we tseritelnterval  to 20.

OpenFOAM creates a new directorynamed after the current timg¢ e.g.0.1 s, on each
occasion that it writes a set of data, as discussed in full irestion 4.1 In the icoFoam
solver, it writes out the results for each eld,Uand p, into the time directories. For this
case, the entries in thecontrolDictare shown below:

17

18 application icoFoam;
;g startFrom startTime;
22 startTime 0;

;31 StopAt endTime;
22 endTime 0.5;

% deltaT 0.005;

29
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30 writeControl timeStep;
g; writelnterval  20;

3:? purgeWrite 0;

22 writeFormat ascii;

32 writePrecision 6;

23 writeCompression off;

g timeFormat general;
ﬁ timePrecision  6;

32 runTimeModifiable true;

a

49 / kkkkkkkkkkkkkkhkkkkkkhkkkkkkhkkhhkkkkkhhkkkkkhkkkkkkk kkkkkkkkkkkkkkhkkkkkkhkkkk //

2.1.1.5 Discretisation and linear-solver settings

The user speci es the choice of nite volume discretisation lemes in thefvSchemes
dictionary in the systemdirectory. The speci cation of the linear equation solvers ral
tolerances and other algorithm controls is made in thésSolutiondictionary, similarly in
the systemdirectory. The user is free to view these dictionaries but wedo not need to
discuss all their entries at this stage except fopRefCell and pRefValue in the PISO
sub-dictionary of the fvSolutiondictionary. In a closed incompressible system such as the
cavity, pressure is relative: it is the pressure range that atters not the absolute values.
In cases such as this, the solver sets a reference levepBefValue in cell pRefCell . In
this example both are set to 0. Changing either of these vakisvill change the absolute
pressure eld, but not, of course, the relative pressures oelacity eld.

2.1.2 Viewing the mesh

Before the case is run it is a good idea to view the mesh to chdok any errors. The mesh
is viewed inparaFoamthe post-processing tool supplied with OpenFOAM. ThparaFoam
post-processing is started by typing in the terminal from wthin the case directory

paraFoam

Alternatively, it can be launched from another directory loation with an optional
-case argument giving the case directorye.g.

paraFoam -case $FOANRUN/tutorials/incompressible/icoFoam/cavity

This launches theParaViewwindow as shown in Figure6.1l. In the Pipeline Browser
the user can see thaParaViewhas openedcavity.OpenFOAM the module for the cavity
case.Before clicking the  Apply button , the user needs to select some geometry from
the Mesh Partspanel. Because the case is small, it is easiest to select ak tdata by
checking the box adjacent to theMesh Partspanel title, which automatically checks all
individual components within the respective panel. The useshould then click the Apply
button to load the geometry into ParaView

The user should then open thdisplaypanel that controls the visual representation
of the selected module. Within theDisplay panel the user should do the following as
shown in Figure2.3. (1) set Color By Solid Color ; (2) click Set Ambient Colorand
select an appropriate coloue.g. black (for a white background); (3) in the Style panel,
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—— Open Displaypanel

—— SelectColor by Solid Color
— Set Solid Color , e.g.black
— SelectWireframe

File Edit View [Sources Filters| |Animation Tools Help
e BR? [@AlRdEe wa Ka> DB mes IS
B 8 5| @polid Color '-‘ ~| ‘| wireframe I+ B8 28 b= 8% x4 28 82 G &G
Pipeline Browser CEIEIEER G (m]B]o]x]
@ builtin:
@
Object Inspector (&)%)

Properties | Display L Information | B
Color - [4]

(] Interpolate Colors =

%] Map Scalars

Apply Texture None -

@ Set Splid Color...

Color by @ Solid Color' | [i+ |~ L

Slice Direction ;v‘
Slice O———10 | \
Style
Representation Wireframe 7}3
Interpolation Gouraud M —
Material None |- |
Point size 5.00 ‘E: E\

Figure 2.3: Viewing the mesh irparaFoam

selectWireframe from the Representation menu. The background colour can be set by
selectingView Settings...  from Edit in the top menu panel.

Especially the rst time the user starts ParaView it is recommended that they
manipulate the view as described in sectiof.1.5 In particular, since this is a 2D case,
it is recommended thatUse Parallel Projectiors selected in theGeneralpanel of View
Settings window selected from theEdit menu. The Orientation Axesan be toggled on
and o® in theAnnotationwindow or moved by drag and drop with the mouse.

2.1.3 Running an application

Like any UNIX Linux executable, OpenFOAM applications can be run in two ways: as
a foreground processi.e. one in which the shell waits until the command has nished
before giving a command prompt; as a background process, ameich does not have to
be completed before the shell accepts additional commands.

On this occasion, we will runicoFoamin the foreground. TheicoFoamsolver is exe-
cuted either by entering the case directory and typing

icoFoam

at the command prompt, or with the optional-case argument giving the case directory,
e.g.
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icoFoam -case $FOANRUN/tutorials/incompressible/icoFoam/cavity

The progress of the job is written to the terminal window. It ells the user the current
time, maximum Courant number, initial and nal residuals forall elds.

2.1.4 Post-processing

As soon as results are written to time directories, they can bdewed usingparaFoam
Return to the paraFoanwindow and select thePropertiegpanel for the cavity.OpenFOAM
case module. If the correct window panels for the case moddie not seem to be present
at any time, please ensure that:cavity.OpenFOAMis highlighted in blue; eye button
alongside it is switched on to show the graphics are enabled;

To prepare paraFoamto display the data of interest, we must rst load the data at
the required run time of 0.5 s. If the case was run whiltaraViewwas open, the output
data in time directories will not be automatically loaded wihin ParaView To load the
data the user should clickRefresh Time the Propertiesvindow. The time data will be
loaded into ParaView

2.1.4.1 Isosurface and contour plots

To view pressure, the user should open thBisplay panel since it controls the visual
representation of the selected module. To make a simple plait pressure, the user should
select the following, as described in detail in Figur2.4: in the Stylepanel, selectSurface
from the Representation menu; in the Color panel, selectColor by °r and Rescale to
Data Range Now in order to view the solution att = 0:5 s, the user can use th&CR
Controls or Current Time Controls to change the current time to 0.5. These are
located in the toolbars below the menus at the top of th@araViewwindow, as shown in
Figure 6.4. The pressure eld solution has, as expected, a region of lowepsure at the
top left of the cavity and one of high pressure at the top righbf the cavity as shown in
Figure 2.5.

With the point icon (=») the pressure eld is interpolated across each cell to give a
continuous appearance. Instead if the user selects the dethn, @r, from the Color by
menu, a single value for pressure will be attributed to eaclelt so that each cell will be
denoted by a single colour with no grading.

A colour bar can be included by either by clicking theToggle Color Legend Visibility
button in the Active Variable Controls toolbar, or by selectingShow Color Legend
from the View menu. Clicking the Edit Color Mapbutton, either in the Active Variable
Controls toolbar or in the Colorpanel of the Displaywindow, the user can set a range
of attributes of the colour bar, such as text size, font seleon and numbering format for
the scale. The colour bar can be located in the image window dyag and drop with the
mouse.

New versions ofParaViewdefault to using a colour scale of blue to white to red rather
than the more common blue to green to red (rainbow). Therefethe rst time that the
user executes?araView they may wish to change the colour scale. This can be done by
selectingChoose Preseh the Color Scale Editoand selectingBlue to Red RainbowAfter
clicking the OK con rmation button, the user can click the Make Defaultbutton so that
ParaViewwill always adopt this type of colour bar.

If the user rotates the image, they can see that they have nowloured the complete
geometry surface by the pressure. In order to produce a gemeiicontour plot the user
should rst create a cutting plane, or “slice’, through the gametry using the Slice Tter
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Open Displaypanel
SelectColor by interpolated p
—— Rescale to Data Range
— SelectSurface

Properties | Display || Informatior| |

~View

(%] Visible [ Zoom To Data

~Color
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[%] Map Scalars

Apply Texture [ 1dne -]
Color by [op Ml |

lEdIt Color Map... ] lRescale to Data Range]

~Slice
Slice Direction | [-]
Slice S C]
~Style
Representation [Surface M
Interpolation | Gouraud M
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Opacity [1.00 B
\Volume mapper [ -]

Figure 2.4: Displaying pressure contours for the cavity cas
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Figure 2.5: Pressures in theavity case.
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as described in sectio®.1.6.1 The cutting plane should be centred at (@5; 0:05; 0:005)
and its normal should be set to (00; 1) (click the Z Normalbutton). Having generated
the cutting plane, the contours can be created using by th€ontour Tter described in
section6.1.6

2.1.4.2 \Vector plots

Before we start to plot the vectors of the °ow velocity, it may k& useful to remove other
modules that have been created.g. using theSlice and Contour Iters described above.
These can: either be deleted entirely, by highlighting theetevant module in thePipeline
Browserand clicking Deletein their respectivePropertiegpanel; or, be disabled by toggling
the eyebutton for the relevant module in the Pipeline Browser

We now wish to generate a vector glyph for velocity at the cerg of each cell. We
‘rst need to Tter the data to cell centres as described in seah 6.1.7.1 With the
cavity.OpenFOAMmModule highlighted in thePipeline Browsethe user should selecCell
Centers from the Filter->Alphabetical menu and then clickApply.

With these Centers highlighted in the Pipeline Browserthe user should then select
Glyph from the Filter->Alphabetical menu. The Propertieswindow panel should ap-
pear as shown in Figure2.6. In the resulting Propertiespanel, the velocity eld, U is
automatically selected in thevectors menu, since it is the only vector eld present. By
default the Scale Modefor the glyphs will be Vector Magnitude of velocity but, since
the we may wish to view the velocities throughout the domairthe user should instead se-
lect off and Set Scale Factaio 0.005. On clickingApply, the glyphs appear but, probably
as a single colourge.g. white. The user should colour the glyphs by velocity magnite
which, as usual, is controlled by settingColor by U in the Displaypanel. The user should
also selectShow Color Legenih Edit Color Map. The output is shown in Figure2.7, in
which uppercase Times Roman fonts are selected for t®lor Legendeadings and the
labels are speci ed to 2 xed signi cant gures by deselectingutomatic Label Formaand
entering %-#6.2f in the Label Formatext box. The background colour is set to white in
the Generapanel of View Settings as described in sectiof.1.5.1

Note that at the left and right walls, glyphs appear to indicae °ow through the walls.
On closer examination, however, the user can see that whileet °ow direction is normal
to the wall, its magnitude is 0. This slightly confusing sitation is caused byParaView
choosing to orientate the glyphs in thex-direction when the glyph scalingoff and the
velocity magnitude is 0.

2.1.4.3 Streamline plots

Again, before the user continues to post-processharaView they should disable modules
such as those for the vector plot described above. We now wikh plot streamlines of
velocity as described in sectio%.1.8

With the cavity.OpenFOAMmModule highlighted in the Pipeline Browserthe user
should then selectStream Tracer from the Filter menu and then click Apply. The
Propertieswindow panel should appear as shown in Figur28 The Seedpoints should
be speci ed along d.ine Source running vertically through the centre of the geometry,
l.e. from (0:05; 0; 0:005) to (0:05; 0:1; 0:005). For the image in this guide we used: a point
Resolutiorof 21; Max Propagatiorby Length 0.5; Initial Step Lengttby Cell Length 0.01;
and, Integration Direction BOTH . The Runge-Kutta 2 IntegratorTypewas used with
default parameters.

On clicking Apply the tracer is generated. The user should then seleEubefrom the
Filter menu to produce high quality streamline images. For the imagn this report, we
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Open Parametergpanel

SelectScale Mode off —
SelectGlyph Type Arrow—

Properties | Display | Information |
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(% Mask Points
(% Random Mode

Figure 2.6: Properties panel for theGlyph Tter.

N
\
\
|
|
{
|
{
|
|
|
|
/
/l

—H
N

\
\

P O 55 S5 B W5 B S W S

/’__»a—’—b—v—;—s—-’\’\\\
e . o X NG N\

f/ P . e
(77==\\}

L R e
LR N R R R R
R S N e e et

AT
IR TR T T R e e e e S S e

d

A S50 NG N R S N N N S e S

EEREEEEEEEEEEEERE

O T T 0 N A

A o el Wl e S o S S

N R g

‘\‘
A
%
!

!

A

Velocity, U (m/s)
0.00 0.25 0.50 0.75 1.00

Figure 2.7: Velocities in thecavity case.
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Properties | Display | Info
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Figure 2.9: Streamlines in thecavity case.
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used: Num. sides; Radius0.0003; and,Radius factorl0. The streamtubes are coloured
by velocity magnitude. On clickingApply the image in Figure2.9 should be produced.

2.1.5 Increasing the mesh resolution

The mesh resolution will now be increased by a factor of two aach direction. The results
from the coarser mesh will be mapped onto the ner mesh to use iagtial conditions for

the problem. The solution from the ner mesh will then be compad with those from
the coarser mesh.

2.1.5.1 Creating a new case using an existing case

We now wish to create a new case nameavityFinethat is created fromcavity. The user
should therefore clone thecavity case and edit the necessary les. First the user should
create a new case directory at the same directory level as tbavity case,e.g.

cd $FOANRUN/tutorials/incompressible/icoFoam
mkdir cavityFine

The user should then copy the base directories from theavity case intocavityFine and
then enter the cavityFinecase.

cp -r cavity/constant cavityFine
cp -r cavity/system cavityFine
cd cavityFine

2.1.5.2 Creating the ner mesh

We now wish to increase the number of cells in the mesh by usibpckMesh The user
should open theblockMeshDictle in an editor and edit the block speci cation. The blocks
are speci ed in a list under theblocks keyword. The syntax of the block de nitions is
described fully in section5.3.1.3 at this stage it is sutcient to know that following hex

is rst the list of vertices in the block, then a list (or vecton of numbers of cells in each
direction. This was originally set to(20 20 1) for the cavity case. The user should now
change this to(40 40 1) and save the Te. The new re ned mesh should then be created
by running blockMeshas before.

2.1.5.3 Mapping the coarse mesh results onto the ne mesh

The mapFieldautility maps one or more elds relating to a given geometry omt the cor-
responding elds for another geometry. In our example, the @6 are deemed “consistent’
because the geometry and the boundary types, or conditionsf both source and tar-
get elds are identical. We use theconsistent command line option when executing
mapFieldsn this example.

The eld data that mapFieldsmaps is read from the time directory speci ed by
startFrom / startTime in the controlDict of the target case,i.e. thoseinto which the
results are being mapped. In this example, we wish to map the ahresults of the coarser
mesh from casecavity onto the ner mesh of casecavityFine Therefore, since these re-
sults are stored in the0.5 directory of cavity, the startTime should be set to 0.5 s in the
controlDictdictionary and startFrom should be set tostartTime .
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The case is ready to ruimmapFields Typing mapFields -help quickly shows thatmap-
Fieldsrequires the source case directory as an argument. We arengsthe -consistent
option, so the utility is executed from withing the cavityFinedirectory by

mapFields ../cavity -consistent

The utility should run with output to the terminal including :

Source: ".." "cavity"
Target: "." "cavityFine"

Create databases as time

Source time: 0.5
Target time: 0.5
Create meshes

Source mesh size: 400 Target mesh size: 1600
Consistently creating and mapping fields for time 0.5

interpolating p
interpolating U

End

2.1.5.4 Control adjustments

To maintain a Courant number of less that 1, as discussed inc®n 2.1.1.4 the time
step must now be halved since the size of all cells has halvédereforedeltaT should
be set to to 0.0025 s in theontrolDict dictionary. Field data is currently written out at
an interval of a xed number of time steps. Here we demonstrateotv to specify data
output at xed intervals of time. Under the writeControl keyword in controlDict instead
of requesting output by a xed number of time steps with thetimeStep entry, a xed
amount of run time can be speci ed between the writing of restsl using the runTime
entry. In this case the user should specify output every 0.1 nd therefore should set
writelnterval ~ to 0.1 and writeControl to runTime. Finally, since the case is starting
with a the solution obtained on the coarse mesh we only needran it for a short period
to achieve reasonable convergence to steady-state. Therefthe endTimeshould be set
to 0.7 s. Make sure these settings are correct and then save tfe.

2.1.5.5 Running the code as a background process

The user should experience runningcoFoamas a background process, redirecting the
terminal output to a log Te that can be viewed later. From thecavityFinedirectory, the
user should execute:

icoFoam > log &
cat log

2.1.5.6 Vector plot with the re ned mesh

The user can open multiple cases simultaneouslyaraView essentially because each new
case is simply another module that appears in thBipeline BrowserThere is one minor
inconvenience when opening a new caseRaraViewbecause there is a prerequisite that
the selected data is a Te with a name that has an extension. Hower, in OpenFOAM,
each case is stored in a multitude of Tes with no extensions thin a speci ¢ directory
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Open Displaypanel

SelectUx from Line Series—

Selectarc _length —
SelectScatter Plot

Figure 2.10: Selecting elds for graph plotting.

structure. The solution, that the paraFoamscript performs automatically, is to create
a dummy Te with the extension .OpenFOAM| hence, the cavity case module is called
cavity.OpenFOAM

However, if the user wishes to open another case directly fromithin ParaView they
need to create such a dummy le. For example, to load theavityFinecase the Te would
be created by typing at the command prompt:

cd $FOANRUN/tutorials/incompressible/icoFoam
touch cavityFine/cavityFine.OpenFOAM

Now the cavityFinecase can be loaded int®araViewby selectingOpenfrom the File
menu, and having navigated the directory tree, selectincavityFine.OpenFOAM The user
can now make a vector plot of the results from the re ned mesh ParaView The plot can
be compared with thecavity case by enabling glyph images for both case simultaneously.

2.1.5.7 Plotting graphs

The user may wish to visualise the results by extracting sonsealar measure of velocity
and plotting 2-dimensional graphs along lines through theamnain. OpenFOAM is well
equipped for this kind of data manipulation. There are numeus utilities that do spe-
cialised data manipulations, and some, simpler calculatis are incorporated into a single
utility foamCalc As a ultility, it is unique in that it is executed by

foamCalc <calcType> < fieldNamel ... fieldNameN >
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The calculator operation is speci ed irk calcType>; at the time of writing, the following
operations are implementedaddSubtract ; randomise; div ; components mag magGrad
magSqrinterpolate . The user can obtain the list ok calcType> by deliberately calling
one that does not exist, so thafoamCalcthrows up an error message and lists the types
available, e.g.

>> foamCalc xxxx

Selecting calcType xxxx

unknown calcType type xxxx, constructor not in hash table
Valid calcType selections are:

8

randomise
magSqr
magGrad
addSubtract
div

mag
interpolate
components

The component&nd magcalcTypes provide useful scalar measures of velocity. When
\ foamCalc components"Uk run on a case, saycavity, it reads in the velocity vector eld
from each time directory and, in the corresponding time diories, writes scalar elds
Ux Uyand Uzrepresenting thex, y and z components of velocity. Similarly YoamCalc
mag U writes a scalar eld magUo each time directory representing the magnitude of
velocity.

The user can runfoamCalavith the componentgalcType on both cavityand cavityFine
cases. For example, for theavity case the user should do into theavity directory and
executefoamCalcas follows:

cd $FOANRUN/tutorials/incompressible/icoFoam/cavity
foamCalc components U

The individual components can be plotted as a graph iRaraView It is quick, con-
venient and has reasonably good control over labelling andriatting, so the printed
output is a fairly good standard. However, to produce graph®i publication, users may
prefer to write raw data and plot it with a dedicated graphingtool, such asgnuplotor
Grace/xmgr To do this, we recommend using theampleutility, described in section 6.5
and section2.2.3

Before commencing plottingthe user needs to load the newly generatddx Uy and
Uz elds into ParaView To do this, the user should click theRefresh Timest the top
of the Propertiespanel for the cavity.OpenFOAMmodule which will cause the new elds
to be loaded into ParaViewand appear in theVolume Fieldsindow. Ensure the new
“elds are selected and the changes are appliddg. click Apply again if necessary.Also,
data is interpolated incorrectly at boundaries if the boundry regions are selected in the
Mesh Partgpanel. Therefore the user shouldeselect the patchem the Mesh Partganel,
l.e.movingWall, fixedWall and frontAndBack, and apply the changes.

Now, in order to display a graph inParaViewthe user should select the module of inter-
est, e.gcavity.OpenFOAMand apply the Plot Over Line Tter from the Filter->Data
Analysis menu. This opens up a newXY Plot window below or beside the existin@D
Viewwindow. A PlotOverLine module is created in which the user can specify the end
points of the line in the Propertiespanel. In this example, the user should position the
line vertically up the centre of the domain,i.e. from (0:05; 0; 0:005) to (0.05; 0:1; 0:005),
in the Pointl and Point2 text boxes. TheResolutioncan be set to 100.
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Figure 2.11: Plotting graphs inparaFoam

On clicking Apply, a graph is generated in theXY Plot window. In the Displaypanel,
the user should setAttribute Mode to Point Data. The Use Data Array option can
be selected for theX Axis Data taking the arc _length option so that the x-axis of the
graph represents distance from the base of the cavity.

The user can choose the elds to be displayed in tHene Seriepanel of the Display
window. From the list of scalar elds to be displayed, it can beeen that the magnitude
and components of vector elds are available by defaulg.g. displayed asU:X, so that
it was not necessary to creaté&x using foamCalc Nevertheless, the user should deselect
all series exceptJx (or U:x). A square colour box in the adjacent column to the selected
series indicates the line colour. The user can edit this mosasily by a double click of the
mouse over that selection.

In order to format the graph, the user should modify the settigs below theLine Series
panel, namelyLine Color, Line Thickness, Line Style , Marker Style and Chart
Axes.

Also the user can click one of the buttons above the top left aoer of the XY Plot.
The third button, for example, allows the user to controNView Settingsn which the user
can set title and legend for each axis, for example. Also, theer can set font, colour and
alignment of the axes titles, and has several options for axiange and labels in linear or
logarithmic scales.

Figure 2.11is a graph produced usingParaView The user can produce a graph
however he/she wishes. For information, the graph in Figur2.11was produced with the
options for axes of:Standard type of Notation ; Specify Axis Rangeelected; titles inSans
Serif 12 font. The graph is displayed as a set of points rather than ane by activating
the Enable Line Seridsutton in the Displaywindow. Note: if this button appears to be
inactive by being \greyed out", it can be made active by seléiag and deselecting the
sets of variables in theline Seriepanel. Once theEnable Line Seridsutton is selected,
the Line Style and Marker Style can be adjusted to the user's preference.

2.1.6 Introducing mesh grading

The error in any solution will be more pronounced in regions lere the form of the
true solution di®er widely from the form assumed in the choselumerical schemes. For
example a numerical scheme based on linear variations of iedles over cells can only
generate an exact solution if the true solution is itself li@ar in form. The error is largest
in regions where the true solution deviates greatest frormkar form,i.e. where the change
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in gradient is largest. Error decreases with cell size.

It is useful to have an intuitive appreciation of the form of he solution before setting
up any problem. It is then possible to anticipate where the eors will be largest and
to grade the mesh so that the smallest cells are in these reggo In the cavity case the
large variations in velocity can be expected near a wall and # this part of the tutorial
the mesh will be graded to be smaller in this region. By usindié¢ same number of cells,
greater accuracy can be achieved without a signi cant increa in computational cost.

A mesh of 20£ 20 cells with grading towards the walls will be created for #n lid-
driven cavity problem and the results from the ner mesh of séion 2.1.5.2will then be
mapped onto the graded mesh to use as an initial condition. €lresults from the graded
mesh will be compared with those from the previous meshes.n& the changes to the
blockMeshDicdictionary are fairly substantial, the case used for this paof the tutorial,
cavityGradeis supplied in the SFOAM_RUN/tutorials/incompressible/icoFoardirectory.

2.1.6.1 Creating the graded mesh

The mesh now needs 4 blocks as di®erent mesh grading is needeti®left and right and
top and bottom of the domain. The block structure for this mels is shown in Figure2.12
The user can view theblockMeshDictle in the constant/polyMeshsubdirectory of cavi-
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Figure 2.12: Block structure of the graded mesh for the cayi{block numbers encircled).

tyGrade for completeness the key elements of tH#ockMeshDictle are also reproduced
below. Each block now has 10 cells in theandy directions and the ratio between largest
and smallest cells is 2.

17 convertToMeters 0.1;

19 vertices

; ~ oUlo— o~

P o oo o

Nt N N N N
>

o
~—-
H
N

~—
~

N
©
OR OO OOROCRrO3R30
N

roYooYorVko%oco%o
oVIRUIoCo o oVICY oo

PoY'oko

~

Open” FOAM-2.1.0



U-38 Tutorials

37 205 10.1)

38 110.1)

3 );

40

a1 blocks

42

43 hex (0 1 439 10 13 12) (10 10 1) simpleGrading (2 2 1)

44 hex (1 2 54 10 11 14 13) (10 10 1) simpleGrading (0.5 2 1)
45 hex (34 7 6 12 13 16 15) (10 10 1) simpleGrading (2 0.5 1)
46 hex (4 58 7 13 14 17 16) (10 10 1) simpleGrading (0.5 0.5 1)
47

48 ),

49 edges

51 );

s3  boundary

55 movingWall

56

57 type wall;

58 faces

59

60 6 15 16 7
61 7 16 17 8
62 );

63 %

64 ixedWalls

65

66 type wall;

67 faces

68

69 3 12 15 6)
70 0912 3
71 01109
72 12111
73 2514 11
74 58 17 14
75 );

76 %

77 rontAndBack

78

7 type empty;

80 faces

81

82 0341

83 1452

84 3674

85 4785

86 9 10 13 12
87 10 11 14 1
88 12 13 16 15
89 13 14 17 16
90 );

o1 }

92 )

93 i

94 mergePatchPairs

95

9% );

g; // B B ) //

Once familiar with the blockMeshDictle for this case, the user can executblockMesh
from the command line. The graded mesh can be viewed as befasing paraFoamas
described in sectior?.1.2

2.1.6.2 Changing time and time step

The highest velocities and smallest cells are next to the |itherefore the highest Courant
number will be generated next to the lid, for reasons given section2.1.1.4 It is therefore
useful to estimate the size of the cells next to the lid to caldate an appropriate time
step for this case.

When a nonuniform mesh grading is usedilockMeshcalculates the cell sizes using a
geometric progression. Along a length if n cells are requested with a ratio oR between
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the last and rst cells, the size of the smallest celkt s, is given by:

ril
+X = | 2.5
% ®rj 1 (2.5)

wherer is the ratio between one cell size and the next which is givey:b
1
r=Rmt (2.6)
and

R for R > 1;
®= | | (2.7)
1i ri"+ril forR< 1:

For the cavityGradecase the number of cells in each direction in a block is 10, th&tio
between largest and smallest cells is 2 and the block heiglmdawidth is 0.05 m. Therefore
the smallest cell length is 3.45 mm. From Equatio.2, the time step should be less than
3.45 ms to maintain a Courant of less than 1. To ensure that nes are written out
at convenient time intervals, the time stepdeltaT should be reduced to 2.5 ms and the
writeInterval  set to 40 so that results are written out every 0.1 s. These $egs can
be viewed in thecavityGrade/system/controlDictle.

The startTime needs to be set to that of the nal conditions of the caseavityFine
i.e.0.7. Sincecavity and cavityFineconverged well within the prescribed run time, we can
set the run time for casecavityGraddo 0.1 s,i.e. the endTimeshould be0.8.

2.1.6.3 Mapping elds

As in section2.1.5.3 usemapFieldgo map the nal results from casecavityFineonto the
mesh for casecavityGrade Enter the cavityGradealirectory and executemapFieldsy:

cd $FOANRUN/tutorials/incompressible/icoFoam/cavityGrade
mapFields ../cavityFine -consistent

Now run icoFoamfrom the case directory and monitor the run time information View
the converged results for this case and compare with otherstdts using post-processing
tools described previously in sectio2.1.5.6and section2.1.5.7

2.1.7 Increasing the Reynolds number

The cases solved so far have had a Reynolds number of 10. Thisary low and leads to
a stable solution quickly with only small secondary vortice at the bottom corners of the
cavity. We will now increase the Reynolds number to 100, at vich point the solution
takes a noticeably longer time to converge. The coarsest rhaa casecavity will be used
initially. The user should make a copy of thecavity case and name itcavityHighReby

typing:

cd $FOAM_RUN/tutorials/incompressible/icoFoam
cp -r cavity cavityHighRe
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2.1.7.1 Pre-processing

Enter the cavityHighRease and edit tharansportPropertiedictionary. Since the Reynolds
number is required to be increased by a factor of 10, decredBe kinematic viscosity by
a factor of 10,i.e. to 1£ 10 > m?s 1. We can now run this case by restarting from the
solution at the end of thecavity case run. To do this we can use the option of setting the
startFrom keyword to latestTime so that icoFoamtakes as its initial data the values
stored in the directory corresponding to the most recent tim, i.e. 0.5 The endTime
should be set to 2 s.

2.1.7.2 Running the code

Run icoFoamfor this case from the case directory and view the run time iafmation.
When running a job in the background, the following UNIX commads can be useful:

nohup enables a command to keep running after the user who issueg ttommand has
logged out;

nice changes the priority of the job in the kernel's scheduler; aiceness of -20 is the
highest priority and 19 is the lowest priority.

This is useful, for example, if a user wishes to set a case rurmon a remote machine
and does not wish to monitor it heavily, in which case they mayvish to give it low
priority on the machine. In that case thenohupcommand allows the user to log out of a
remote machine he/she is running on and the job continues roimg, while nice can set
the priority to 19. For our case of interest, we can execute ¢hcommand in this manner
as follows:

cd $FOANRUN/tutorials/incompressible/icoFoam/cavityHighRe
nohup nice -n 19 icoFoam > log &
cat log

In previous runs you may have noticed thaicoFoamstops solving for velocityU quite

quickly but continues solving for pressure for a lot longer or until the end of the run.

In practice, onceicoFoamstops solving forU and the initial residual of p is less than
the tolerance set in thefvSolution dictionary (typically 101 ©), the run has e®ectively
converged and can be stopped once the eld data has been writigut to a time directory.

For example, at convergence a sample of theg le from the run on the cavityHighRe
case appears as follows in which the velocity has already werged after 1.62 s and
initial pressure residuals are smallNo Iterations 0 indicates that the solution ofUhas
stopped:

1
2 Time = 1.63

3

4 Courant. Number mean: 0.108642 max: 0.81817 ) .

5 DILUPBICG: Solvmg for Ux, Initial residual = 7 86044e-06, Final residual = 7.86044e-06,
6 No lIterations O . .

7 DILUPBICG: Solving for Uy, Initial residual = 9.4171e-06, F inal residual = 9.4171e-06,

8 No_lterations O .

9 DICPCG: Solving for p, Initial residual = 3.54721e-06, Fina | residual = 7.13506e-07,

10 No Iterations 4

11 time step contlnwty errors : sum local = 6.46788e-09, globa | = -9.44516e-19,

12 cumulative = 1.04595e-17

13 DICPCG: Solving for p, Initial residual = 2.15824e-06, Fina | residual = 9.95068e-07,

14 No Iterations 3

15 time step contmuny errors : sum local = 8.67501e-09, globa | = 7.54182e-19,

16 cumulative = 1.12136e-17
17 ExecutionTime = 1.02 s ClockTime = 1 s

19 Time = 1.635

21 Courant. Number mean: 0.108643 max: 0.81817 . .
22 DILUPBICG: Solving for Ux, Initial residual = 7 6728e-06, F inal residual = 7.6728e-06,

23 No Iterations O
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24 DILUPBICG: Solving for Uy, Initial residual = 9.19442e-06, Final residual = 9.19442e-06,
25 No_lterations O » . ) .

26 DICPCG: Solving for p, Initial residual = 3.13107e-06, Fina | residual = 8.60504e-07,

27 No lterations 4

28 time step continuity errors : sum local = 8.15435e-09, globa | = -5.84817e-20,

29 cumulative = 1.11552e-17

30 DICPCG: Solving for p, Initial residual = 2.16689e-06, Fina | residual = 5.27197e-07,

31 No Iterations 14

32 time step continuity errors : sum local = 3.45666e-09, globa | = -5.62297e-19,

33 cumulative = 1.05929e-17 )
34 ExecutionTime = 1.02 s ClockTime = 1 s

2.1.8 High Reynolds number °ow

View the results in paraFoamand display the velocity vectors. The secondary vortices in
the corners have increased in size somewhat. The user canntlirecrease the Reynolds
number further by decreasing the viscosity and then rerun & case. The number of
vortices increases so the mesh resolution around them wiked to increase in order to
resolve the more complicated °ow patterns. In addition, as tnReynolds number increases
the time to convergence increases. The user should monit@siduals and extend the
endTimeaccordingly to ensure convergence.

The need to increase spatial and temporal resolution then b@mes impractical as
the °ow moves into the turbulent regime, where problems of agion stability may also
occur. Of course, many engineering problems have very higleyRolds numbers and it
is infeasible to bear the huge cost of solving the turbulentehnaviour directly. Instead
Reynolds-averaged simulation (RAS) turbulence models aresed to solve for the mean
°ow behaviour and calculate the statistics of the °uctuations The standardk j " model
with wall functions will be used in this tutorial to solve the lid-driven cavity case with
a Reynolds number of 1i Two extra variables are solved fork, the turbulent kinetic
energy; and,”, the turbulent dissipation rate. The additional equationsand models for
turbulent °ow are implemented into a OpenFOAM solver callechisoFoam

2.1.8.1 Pre-processing

Change directory to thecavitycase in thesFOAM_RUN/tutorials/incompressible/pisoFoam/-
rasdirectory (N.B: the pisoFoam/ras directory). Generate the mesh by runnindplockMesh
as before. Mesh grading towards the wall is not necessary whesing the standardk j "
model with wall functions since the °ow in the near wall cell isnodelled, rather than
having to be resolved.

A range of wall function models is available in OpenFOAM that ee applied as bound-
ary conditions on individual patches. This enables di®eremtall function models to be
applied to di®erent wall regions. The choice of wall functiomodels are speci ed through
the turbulent viscosity eld, °; in the 0/nut Te:

17

18 dimensions [02-1000 0]
19

20 internalField  uniform O;

21

22 boundaryField

23 |

24 movingWall

25 {

26 type nutkWallFunction;
27 value uniform O;

28

29 %ixedWaIIs

30

31 type nutkWallFunction;
32 value uniform O;

33

34 irontAndBack

35

36 type empty;

37 }
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s}
39
40

41 // kkkkkkkkkkkkkkkkhkkkkkhkkkkkhkkkhkkkkkkhkhkkkkkhkhkkkk kkkkkkkkkkkkkkhkkkkkkkkkk //

This case uses standard wall functions, speci ed by theutWallFunction type on the
movingWall and fixedWalls patches. Other wall function models include the rough wall
functions, speci ed though thenutRoughWallFunction keyword.

The user should now open the eld Tes fok and " (0/k and O/epsilo) and examine
their boundary conditions. For a wall boundary condition,” is assigned aepsilonWall-
Functionboundary condition and akgRwallFunctiorboundary condition is assigned td.
The latter is a generic boundary condition that can be applatto any eld that are of a
turbulent kinetic energy type, e.g.k, g or Reynolds Stres®R. The initial values for k and
" are set using an estimated °uctuating component of velocity °and a turbulent length
scale,l. k and" are de ned in terms of these parameters as follows:

11—
k= EUOZ uo (2.8)
ClO:75kl:5
s (2.9)
where C. is a constant of thek j " model equal to 0.09. For a Cartesian coordinate
system,k is given by:
1
k= E(UXO2+ uy%+ UP?) (2.10)

where U2?, UP? and U?? are the °uctuating components of velocity in thex, y and z
directions respectively. Let us assume the initial turbulece is isotropic,i.e. U7 = U?? =
U2, and equal to 5% of the lid velocity and thatl, is equal to 20% of the box width, 0.1
m, then k and " are given by:

5

U= U)=Up= Toot ms?! (2.11)
3U 5 [P
) k= 5 100 m?s 2=3:75£ 10 3 m?s 2 (2.12)
C10:75k1:5
"= Y 765£ 10 * m’s 3 (2.13)

These form the initial conditions fork and ". The initial conditions for U and p are
(0;0; 0) and 0 respectively as before.

Turbulence modelling includes a range of methods,g. RAS or large-eddy simulation
(LES), that are provided in OpenFOAM. In most transient solves, the choice of turbu-
lence modelling method is selectable at run-time through éhsimulationType keyword
in turbulencePropertiedictionary. The user can view this e in theconstantdirectory:

17
18 simulationType RASModel;
19
20
21

The options forsimulationType are laminar , RASModeand LESModel With RASModel
selected in this case, the choice of RAS modelling is speci @da RASPropertiesle, also
in the constantdirectory. The turbulence model is selected by thRASModegntry from a
long list of available models that are listed in Table3.9. The kEpsilon model should be
selected which is is the standardj " model; the user should also ensure thatirbulence
calculation is switchedon.

// kkkkkkkkkkkkkkkkhkhkkkkkkkkkhhhhhhkkkkkhkhhhhhhhixxxx *kkkkkkkkkkkkkkkhkkhhkkkx //
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The coezxcients for each turbulence model are stored within grespective code with a
set of default values. Setting the optional switch callegrintCoeffs to on will make the
default values be printed to standard output,i.e. the terminal, when the model is called
at run time. The coezcients are printed out as a sub-dictionar whose name is that of
the model name with the wordCoeffs appended,e.g. kEpsilonCoeffs in the case of
the kEpsilon model. The coezxcients of the modele.g. kEpsilon , can be modi ed by
optionally including (copying and pasting) that sub-dictonary within the RASProperties
dictionary and adjusting values accordingly.

The user should next set the laminar kinematic viscosity inhte transportProperties
dictionary. To achieve a Reynolds number of 0 a kinematic viscosity of 10° m is
required based on the Reynolds number de nition given in Eqtian 2.1

Finally the user should set thestartTime , stopTime, deltaT and the writelnterval
in the controlDict SetdeltaT to 0.005 s to satisfy the Courant number restriction and
the endTimeto 10 s.

2.1.8.2 Running the code

Execute pisoFoamby entering the case directory and typing pisoFoam' in a terminal.

In this case, where the viscosity is low, the boundary layerent to the moving lid is
very thin and the cells next to the lid are comparatively larg so the velocity at their
centres are much less than the lid velocity. In fact, afteta 100 time steps it becomes
apparent that the velocity in the cells adjacent to the lid reaches an upper limit of around
0.2ms ! hence the maximum Courant number does not rise much above 0IRis sensible
to increase the solution time by increasing the time step to kevel where the Courant
number is much closer to 1. Therefore reseleltaT to 0.02 s and, on this occasion, set
startFrom to latestTime . This instructs pisoFoanto read the start data from the latest
time directory, i.e.10.0 The endTimeshould be set to 20 s since the run converges a lot
slower than the laminar case. Restart the run as before and mtor the convergence of
the solution. View the results at consecutive time steps asehsolution progresses to see
if the solution converges to a steady-state or perhaps reashsome periodically oscillating
state. In the latter case, convergence may never occur butithdoes not mean the results
are inaccurate.

2.1.9 Changing the case geometry

A user may wish to make changes to the geometry of a case andfpen a new simulation.
It may be useful to retain some or all of the original solutioras the starting conditions
for the new simulation. This is a little complex because the Tds of the original solution
are not consistent with the elds of the new case. However theapFieldautility can map
“elds that are inconsistent, either in terms of geometry or bandary types or both.

As an example, let us go to thecavityClippedcase in theicoFoamdirectory which
consists of the standardtavitygeometry but with a square of length @4 m removed from
the bottom right of the cavity, according to the blockMeshDictelow:

17 convertToMeters 0.1;

19 vertices

20

21 000

22 0.6 0°0
23 0040
24 0.6 0.4°0)
25 104 0)
26 010

27 0.6 1°0)
28 110)
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30 0001

31 0.6 0 0.1
32 00401
33 0.6 0.4 0.1)
34 1 0.4 0.1)
35 0101

36 0.6 1 0.1)
37 1101

38

3 );

40

41 blocks

42

43 hex ( 9 11 10) (12 8 1) simpleGrading (1 1 1)

01328
44 hex (2 3 6 5 10 11 14 13) (12 12 1) simpleGrading (1 1 1)
45 hex 34 7 6 11 12 15 14) (8 12 1) simpleGrading (1 1 1)

% ),

48 edges
a9 (
50 );

52 boundary

s (

54 lid

55

56 type wall;

57 faces

58

59 513 14 6
60 6 14 15 7
61 );

62 %

63 ixedWalls

64

65 type wall

66 aces

67

68 08 10 2
69 2 10 13
70 7 15 12 4
71 4 12 11 3
72 3119 1)
73 1980
74 );

75 %

76 rontAndBack

77

78 type empty;

79 faces

80

81 0231
82 2563
83 3674
84 8 9 11 10)
85 10 11 14 13
86 ) 11 12 15 14
87 ;

88 }

8 );

90 i

91 mergePatchPairs

92

G );

gg // *hkkkkkkkhkkhkhkhhhhhhhhkhhhhhhhhhkhhhhhhhhhkhhhhriiik *hkkkkkhkkkkhhhkkhhkhhik //

Generate the mesh withblockMesh The patches are set accordingly as in previous cavity
cases. For the sake of clarity in describing the eld mappinggcess, the upper wall patch
is renamedlid , previously the movingWall patch of the original cavity.

In an inconsistent mapping, there is no guarantee that all #h eld data can be mapped
from the source case. The remaining data must come from eld den the target case
itself. Therefore "eld data must exist in the time directory d the target case before
mapping takes place. In thecavityClippedcase the mapping is set to occur at time 0.5 s,
since thestartTime is set to 0.5 s in thecontrolDict Therefore the user needs to copy
initial "eld data to that directory, e.g.from time O:

cd $FOANRUN/tutorials/incompressible/icoFoam/cavityClipped
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cp -r 0 05

Before mapping the data, the user should view the geometry @nelds at 0.5 s.

Now we wish to map the velocity and pressure elds frormavity onto the new elds
of cavityClipped Since the mapping is inconsistent, we need to edit theapFieldsDict
dictionary, located in the systemdirectory. The dictionary contains 2 keyword entries:
patchMapand cuttingPatches . The patchMaplist contains a mapping of patches from
the source elds to the target elds. It is used if the user wislgea patch in the target
“eld to inherit values from a corresponding patch in the sou eld. In cavityClippedwe
wish to inherit the boundary values on thelid patch from movingWall in cavity so we
must set the patchMapas:

patchMap
(

lid movingWall
)i

The cuttingPatches list contains names of target patches whose values are to be
mapped from the source internal eld through which the targepatch cuts. In this case
we will include the fixedWalls to demonstrate the interpolation process.

cuttingPatches

(
);

fixedWalls

Now the user should runmapFieldsfrom within the cavityClippeddirectory:
mapFields ../cavity

The user can view the mapped eld as shown in Figurd.13 The boundary patches
have inherited values from the source case as we expected. iHgudemonstrated this,
however, we actually wish to reset the velocity on théxedWalls patch to (0; 0; 0). Edit
the U eld, go to the fixedWalls patch and change the eld fronrnonuniform to uniform
(0; 0;0). The nonuniform "eld is a list of values that requires deleting in its entirety Now
run the case withicoFoam

2.1.10 Post-processing the modi ed geometry

Velocity glyphs can be generated for the case as normal, rst ame 0.5 s and later at

time 0.6 s, to compare the initial and nal solutions. In addiion, we provide an outline of
the geometry which requires some care to generate for a 2D&a¥he user should select
Extract Block from the Filter menu and, in theParametempanel, highlight the patches
of interest, namely thelid and xedWalls On clicking Apply, these items of geometry can
be displayed by selectingVireframe in the Displaypanel. Figure2.14displays the patches
in black and shows vortices forming in the bottom corners ohe modi ed geometry.
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Figure 2.13: cavity solution velocity eld mapped ontocavityClipped

Figure 2.14: cavityClippedsolution for velocity eld.
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2.2 Stress analysis of a plate with a hole

This tutorial describes how to pre-process, run and post-pcess a case involving linear-
elastic, steady-state stress analysis on a square plate lwi circular hole at its centre.
The plate dimensions are: side length 4 m and radil® = 0.5 m. It is loaded with a
uniform traction of %= 10 kPa over its left and right faces as shown in Figur&.15 Two
symmetry planes can be identi ed for this geometry and therefe the solution domain
need only cover a quarter of the geometry, shown by the shadarka in Figure2.15

-

%= 10 kPa <-— %= 10 kPa
R=05m 4
o
L2
R ) I
=
1 E
B
- 40m -

Figure 2.15: Geometry of the plate with a hole.

The problem can be approximated as 2-dimensional since thmadl is applied in the
plane of the plate. In a Cartesian coordinate system there eitwo possible assumptions
to take in regard to the behaviour of the structure in the thid dimension: (1) the plane
stress condition, in which the stress components acting oaof the 2D plane are assumed
to be negligible; (2) the plane strain condition, in which tle strain components out of
the 2D plane are assumed negligible. The plane stress coratditis appropriate for solids
whose third dimension is thin as in this case; the plane stracondition is applicable for
solids where the third dimension is thick.

An analytical solution exists for loading of an in nitely large, thin plate with a circular
hole. The solution for the stress normal to the vertical plam of symmetry is

8 M R?2 Al

< ..
hdo = T2E MR
"0 forjyj <R

(2.14)

Results from the simulation will be compared with this solubn. At the end of the
tutorial, the user can: investigate the sensitivity of the slution to mesh resolution and
mesh grading; and, increase the size of the plate in compansto the hole to try to

estimate the error in comparing the analytical solution foan in nite plate to the solution

of this problem of a nite plate.
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2.2.1 Mesh generation

The domain consists of four blocks, some of which have arapled edges. The block
structure for the part of the mesh in thex j y plane is shown in Figure2.16 As already
mentioned in section2.1.1.], all geometries are generated in 3 dimensions in OpenFOAM
even if the case is to be as a 2 dimensional problem. Therefardimension of the block
in the z direction has to be chosen; here, 0.5 m is selected. It doe$ a®ect the solution
since the traction boundary condition is speci ed as a stresather than a force, thereby
making the solution independent of the cross-sectional ae

8 up 7 up 6
left
right
Ay,
o X1 A Xo
left @ p - 3
10 2 A
L .
right
holé3
y X2 X2
X 0 X1 1 XT  down 2

down
Figure 2.16: Block structure of the mesh for the plate with a die.

The user should change into thelateHolecase in the$FOAM RUN/tutorials/stress-
Analysis/solidDisplacementFoatirectory and open theconstant/polyMesh/blockMeshDict
‘Te in an editor, as listed below

17 convertToMeters 1;
19 vertices
0)

ocooY
oo

S INEN|

(i?lO? 0
107 0.707107 O
553 0.353553 0

0
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0.353553 0.353553 0.5)
2205
0.707107 2 0.5)
0205
0105
0 0.5 0.5)
)i
blocks
hex (5 4 9 10 16 15 20 21) (10 10 1) simpleGrading (1 1 1)
hex (0 1 45 11 12 15 16) (10 10 1) simpleGrading (1 1 1)
hex (1 2 3 4 12 13 14 15) (20 10 1) simpleGrading (1 1 1)
hex (4 36 7 15 14 17 18) (20 20 1) simpleGrading (1 1 1)
hex (9 4 7 8 20 15 18 19) (10 20 1) simpleGrading (1 1 1)
)i
edges

(0.469846 0.17101 O

0 (0.17101 0.469846
1939693 0.34202 0

0.34202 0.939693 0

§0.469846 0.17101 0.5}

arc 15 20 (0.34202 0.939693 0.5

);
boundary
I{eft
type symmetryPlane;
faces

29 1028112%)

%ight
t type patch;
faces
2 314 13
_ 36 17 14
down
type symmetryPlane;
faces
0112 11
_ 1213 12
} ;
up
{ .
type patch;
faces
7 8 19 18
_ 6 7 18 17
%ole
type patch;
faces
10 5 16 21)
50 11 16)
%rontAndBack
type empty;
faces
10 9 4 5)
5410
1432
476 3%
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122 4987

123 21 16 15 20
124 16 11 12 15
125 12 13 14 15
126 15 14 17 18
127 15 18 19 20

128 );

129 }

130 );

131 .
132 mergePatchPairs

133
134 );
135

136 / kkkkkkkkkkkkkkkkkhkkhkkhkkkkkhhkkhkkkkkkhhkkkkkhkhkkkk Kkkkkkkkkkkkhkkkhkkkhkkkhkkkk //

Until now, we have only speci ed straight edges in the geomeds of previous tutorials but
here we need to specify curved edges. These are speci ed unkeredges keyword entry
which is a list of non-straight edges. The syntax of each ligntry begins with the type
of curve, includingarc, simpleSpline , polyLine etc., described further in sectiorb.3.1
In this example, all the edges are circular and so can be spedi by the arc keyword
entry. The following entries are the labels of the start andrel vertices of the arc and a
point vector through which the circular arc passes.

The blocks in thisblockMeshDicdo not all have the same orientation. As can be seen
in Figure 2.16the X, direction of block 0 is equivalent to thej x; direction for block 4.
This means care must be taken when de ning the number and digiution of cells in each
block so that the cells match up at the block faces.

6 patches are de ned: one for each side of the plate, one for th@le and one for the
front and back planes. Thdeft and downpatches are both a symmetry plane. Since this
is a geometric constraint, it is included in the de nition of the mesh rather than being
purely a speci cation on the boundary condition of the "elds. herefore they are de ned
as such using a speciaymmetryPlanéype as shown in theblockMeshDict

The frontAndBack patch represents the plane which is ignored in a 2D case. Again
this is a geometric constraint so is de ned within the mesh, gy the emptytype as shown
in the blockMeshDict For further details of boundary types and geometric constints,
the user should refer to sectio®.2.1

The remaining patches are of the regulgpatchtype. The mesh should be generated
using blockMeshand can be viewed inparaFoamas described in sectio2.1.2 It should
appear as in Figure2.17.

Figure 2.17: Mesh of the hole in a plate problem.
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2.2.1.1 Boundary and initial conditions

Once the mesh generation is complete, the initial eld with bundary conditions must be
set. For a stress analysis case without thermal stresses)yodisplacementD needs to be
set. TheO/D is as follows:

17 dimensions [010000 Q]
19 internalField  uniform (0 0 0);
21 boundaryField

2 |

23 left

24

25 type symmetryPlane;

26

27 %ight

28 {

29 type tractionDisplacement;
30 traction uniform ( 10000 0 0 );
31 pressure uniform O;

32 ) value uniform (0 0 0);

33

34 ?OWI’]

35

36 type symmetryPlane;

37 }

38 up

39 {

40 type tractionDisplacement;
a traction uniform ( 0 0 0 );

42 pressure uniform 0;

43 value uniform (0 0 0);

44

45 %ole

46

47 type tractionDisplacement;
48 traction uniform ( 0 0 0 );

49 pressure uniform 0;

50 value uniform (0 0 0);

51

52 %rontAndBack

53

54 type empty;

55 }

56

2; // kkkkkkkkkkkkkkkkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkk *khkkkkhkkkhkhkkhkkhkhhhiikk //

Firstly, it can be seen that the displacement initial condiions are set to (Q0;0) m. The
left and downpatchesmust be both of symmetryPlandype since they are speci ed
as such in the mesh description in theonstant/polyMesh/boundaryle. Similarly the
frontAndBack patch is declaredempty:.

The other patches are traction boundary conditions, set by specialisttraction bound-
ary type. The traction boundary conditions are speci ed by aihear combination of: (1)
a boundary traction vector under keywordraction ; (2) a pressure that produces a trac-
tion normal to the boundary surface that is de ned as negativevhen pointing out of
the surface, under keyworgressure . The up and hole patches are zero traction so the
boundary traction and pressure are set to zero. For theght patch the traction should
be (1e4; 0;0) Pa and the pressure should be 0 Pa.

2.2.1.2 Mechanical properties

The physical properties for the case are set in thmechanicalPropertiedictionary in the
constantdirectory. For this problem, we need to specify the mecharat properties of
steel given in Table2.1 In the mechanical properties dictionary, the user must atsset
planeStress to yes.
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Property Units Keyword Value
Density kgm 3 rho 7854
Young's modulus  Pa E 2£ 101
Poisson's ratio | nu 0.3

Table 2.1: Mechanical properties for steel

2.2.1.3 Thermal properties

The temperature eld variable T is present in thesolidDisplacementFoasolver since the
user may opt to solve a thermal equation that is coupled withne momentum equation
through the thermal stresses that are generated. The useresp es at run time whether
OpenFOAM should solve the thermal equation by théhermalStress switch in the ther-

malPropertiedictionary. This dictionary also sets the thermal properis for the case,
e.g. for steel as listed in Table2.2

Property Units Keyword Value
Speci ¢ heat capacity JkgIKi 1 C 434
Thermal conductivity WmilKi?t k 60.5
Thermal expansion coe®. K alpha L1L1£ 10°

Table 2.2: Thermal properties for steel

In this case we do not want to solve for the thermal equation. Aerefore we must set
the thermalStress keyword entry to no in the thermalPropertieslictionary.

2.2.1.4 Control

As before, the information relating to the control of the soltion procedure are read in
from the controlDict dictionary. For this case, thestartTime is 0 s. The time step is
not important since this is a steady state case; in this situen it is best to set the time
stepdeltaT to 1 so it simply acts as an iteration counter for the steadytate case. The
endTime set to 100, then acts as a limit on the number of iterations. Ae writelnterval
can be set to 20.

The controlDict entries are as follows:

17

18 application solidDisplacementFoam;
23 startFrom startTime;

2 startTime 0;

ii stopAt endTime;

52 endTime 100;

ig deltaT 1;

22 writeControl timeStep;

22 writelnterval  20;

23 purgeWrite 0;

22 writeFormat ascii;

:; writePrecision 6;

ig writeCompression off;

i; timeFormat general;
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43
a4
45
46
47
48
49
50
51

timePrecision  6;
graphFormat raw;

runTimeModifiable true;

// *kkkkhkkhkkkkkkkhkhhhhhhkrkkkkhhhhhhrrkrkkhkhkhhhhrriix *%% *k% *%k% *%% //

2.2.1.5 Discretisation schemes and linear-solver control

Let us turn our attention to the fvSchemedlictionary. Firstly, the problem we are
analysing is steady-state so the user should sel&teadyState for the time derivatives
in timeScheme This essentially switches o® the time derivative terms. Ndll solvers,
especially in °uid dynamics, work for both steady-state andransient problems butsolid-
DisplacementFoandoes work, since the base algorithm is the same for both type$
simulation.

The momentum equation in linear-elastic stress analysisdludes several explicit terms

containing the gradient of displacement. The calculationbene t from accurate and
smooth evaluation of the gradient. Normally, in the nite volune method the discreti-
sation is based on Gauss's theorem The Gauss method is suttigmccurate for most
purposes but, in this case, the least squares method will bsad. The user should there-
fore open thefvSchemesdictionary in the systemdirectory and ensure thdeastSquares
method is selected for thegrad(U) gradient discretisation scheme in theggradSchemes
sub-dictionary:

17
18
19
20
21
22
23
24
25
26
27
28
29
30

31

d2dt2Schemes
default steadyState;
}
ddtSchemes
default Euler;
gradSchemes
default leastSquares;
grad(D) leastSquares;
grad(T) leastSquares;
divSchemes
default none;
div(sigmaD) Gauss linear;

laplacianSchemes
default none;

laplacian(DD,D) Gauss linear corrected;
laplacian(DT,T) Gauss linear corrected;

interpolationSchemes

default linear;
snGradSchemes
default none;

fluxRequired

default no;
D yes;
T no;
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63}
64
65

66 / kkkkkkkkkkkkkkkkhkkkkkhkkkkkhkkkhkkkkkkhkhkkkkkhkhkkkk kkkkkkkkkkkkkkhkkkkkkkkkk //

The fvSolutiondictionary in the systemdirectory controls the linear equation solvers and
algorithms used in the solution. The user should rst look athe solverssub-dictionary
and notice that the choice okolver for Dis GAMQ he solvertolerance should be set to
10 © for this problem. The solver relative tolerance, denoted bxelTol , sets the required
reduction in the residuals within each iteration. It is uneonomical to set a tight (low)
relative tolerance within each iteration since a lot of terms in each equation are explicit
and are updated as part of the segregated iterative procedur Therefore a reasonable
value for the relative tolerance is @1, or possibly even higher, say:D, or in some cases
even 09 (as in this case).
17

18 solvers

19

20 lI(DlT)II

21 {

22 solver GAMG;

23 tolerance 1le-06;

24 relTol 0.9; ]

25 smoother ~ GaussSeidel;
26 cacheAggIomeratlon true;

27 nCellsinCoarsestLevel 20;
28 agglomerator faceAreaPair;
29 mergelLevels ;

2oy )

33 stressAnalysis

35 compactNormalStress yes;

36 nCorrectors 1;

37 D 1e-06;

8}

39

12 / / kkkkkkkkkkkkkkhhhkkkkkkkkhkhhhhhhkkkkhkhhhhhhhrrxxxx kkkkkkkkkkkkkkkkhkhkhkhhkkkx / /

The fvSolutiondictionary contains a sub-dictionary,stressAnalysighat contains some con-
trol parameters speci ¢ to the application solver. Firstly here isnCorrectors which
speci es the number of outer loops around the complete systeshequations, including
traction boundary conditions within each time step Since this problem is steady-state,
we are performing a set of iterations towards a converged stbn with the 'time step’
acting as an iteration counter. We can therefore setCorrectors to 1.

The Dkeyword speci es a convergence tolerance for the outer itéoa loop, i.e. sets
a level of initial residual below which solving will cease.t khould be set to the desired
solver tolerance speci ed earlier, 16 for this problem.

2.2.2 Running the code

The user should run the code here in the background from thernmand line as speci ed
below, so he/she can look at convergence information in theg Te afterwards.

cd $FOANRUN/tutorials/stressAnalysis/solidDisplacementFoam/ plateHole
solidDisplacementFoam > log &

The user should check the convergence information by viewithe generatedog e which
shows the number of iterations and the initial and nal residals of the displacement in
each direction being solved. The nal residual should alwayse less than 0.9 times the
initial residual as this iteration tolerance set. Once bothnitial residuals have dropped
below the convergence tolerance of 10the run has converged and can be stopped by
killing the batch job.
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2.2.3 Post-processing

Post processing can be performed as in secti@rl.4 The solidDisplacementFoasolver
outputs the stress elds as a symmetric tensor eldsigma. This is consistent with the
way variables are usually represented in OpenFOAM solvers bBye mathematical symbol
by which they are represented; in the case of Greek symbol$etvariable is named
phonetically.

For post-processing individual scalar eld component8j, , %, etc., can be generated
by running the foamCalcutility as before in section2.1.5.7 this time on sigma:

foamCalc components sigma

Components namedsigmaxx, sigmaxy etc. are written to time directories of the case.
The %, stresses can be viewed iparaFoamas shown in Figure2.18

30

25

20

15

Yy (kPa)

10
5
0

Figure 2.18: %, stress eld in the plate with hole.

We would like to compare the analytical solution of Equatior2.14 to our solution.
We therefore must output a set of data of4, along the left edge symmetry plane of
our domain. The user may generate the required graph data ogi the sampleutility.
The utility uses a sampleDictictionary located in the systemdirectory, whose entries are
summarised in Table6.3. The sample line speci ed irsets is set between (; 0:5; 0:25)
and (0.0; 2:0; 0:25), and the elds are speci ed in thefields list:

17

18 interpolationScheme cellPoint;
19

20  setFormat raw;

21

22 sets

P (

24 leftPatch

25 { )

26 type uniform;

27 axis Y,

28 start (0 0.5 0.25);
29 end. 02 0.25);
30 nPoints 100;

31 }

2 )

33 i )

34 fields ( sigmaxx );

35
36
37 // *% *% *% *% *% *% *% *% *% *% k% //
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35 T T T T T T T
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Numerical prediction o Analytical solution

Figure 2.19: Normal stress along the vertical symmetry#4y )x-o

The user should executesampleas normal. ThewriteFormat is raw 2 column format.
The data is written into Ies within time subdirectories of asetsdirectory, e.g.the data
at t = 100 s is found within the Te sets/100/leftPatchsigmaxx.xy In an application such
as GnuPlot one could type the following at the command prompt would beuscient to

plot both the numerical data and analytical solution:

plot [0.5:2] [0:] ' sets/100/leftPatch  _sigmaxx.xy ',
1ed*(1+(0.125/(x**2))+(0.09375/(x**4)))

An example plot is shown in Figure2.19

2.2.4 EXxercises

The user may wish to experiment withsolidDisplacementFoaiy trying the following
exercises:

2.2.4.1 Increasing mesh resolution

Increase the mesh resolution in each of theand y directions. UsemapField¢o map the
“nal coarse mesh results from sectioi.2.3to the initial conditions for the ne mesh.

2.2.4.2 Introducing mesh grading

Grade the mesh so that the cells near the hole are ner than thesaway from the hole.
Design the mesh so that the ratio of sizes between adjacentl€gs no more than 1.1
and so that the ratio of cell sizes between blocks is similao the ratios within blocks.

Mesh grading is described in sectiod.1.6 Again usemapFielddo map the nal coarse

mesh results from sectior?.2.3to the initial conditions for the graded mesh. Compare
the results with those from the analytical solution and prewmus calculations. Can this
solution be improved upon using the same number of cells withdi®erent solution?
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2.2.4.3 Changing the plate size

The analytical solution is for an in nitely large plate with a nite sized hole in it. There-
fore this solution is not completely accurate for a nite siz plate. To estimate the error,
increase the plate size while maintaining the hole size atéhrsame value.

2.3 Breaking of a dam

In this tutorial we shall solve a problem of simpli ed dam brek in 2 dimensions using
the interFoamThe feature of the problem is a transient °ow of two °uids sepated by
a sharp interface, or free surface. The two-phase algorithim interFoamis based on the
volume of °uid (VOF) method in which a specie transport equatn is used to determine
the relative volume fraction of the two phases, or phase friaagn ®,, in each computational
cell. Physical properties are calculated as weighted aveges based on this fraction. The
nature of the VOF method means that an interface between thescies is not explicitly
computed, but rather emerges as a property of the phase framt eld. Since the phase
fraction can have any value between 0 and 1, the interface igver sharply de ned, but
occupies a volume around the region where a sharp interfadesld exist.

The test setup consists of a column of water at rest located lied a membrane on
the left side of a tank. At timet = 0 s, the membrane is removed and the column of
water collapses. During the collapse, the water impacts amstacle at the bottom of the
tank and creates a complicated °ow structure, including sexa captured pockets of air.
The geometry and the initial setup is shown in Figur&.20

0.584 m

water column

0.584 m

0.292 m

“0.1461 M 0.1450 m ~ 0-024m
Figure 2.20: Geometry of the dam break.

2.3.1 Mesh generation

The user should go to thedlamBreakcase in theirSFOAM_RUN/tutorials/multiphase/inter-
Foam/laminardirectory. Generate the mesh runningplockMeshas described previously.
The damBreakmesh consist of 5 blocks; thelockMeshDicentries are given below.
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convertToMeters 0.146;

vertices

ERNNSRNNSENNSRNNSENNGSRNNG

boundary

(

leftwall

type wall;
faces

%ightWaII

type wall;
faces

27 19 15 3%
11 23719 7)

?owe rWall

type wall;
faces

)i
atmosphere

type patch;
faces

82021 9
9 21 22 10)
10 2223 11)

2 13 17 16) (23 8 1) simpleGrading (1 1
4 15 19 18) (19 8 1) simpleGrading (1 1
6 17 21 20) (23 42 1) simpleGrading (1 1 1)
17 18 22 21) (4 42 1) simpleGrading (1 1 1)
18 19 23 22) (19 42 1) simpleGrading (1 1 1)

1)
1)
1
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102 );
103 .
14 mergePatchPairs

105
106 );
107

108 // kkkkkkkkkkkkkkhkkkkkkhkkkkkkkkkhhkkkkkhhkkkkkkhkkkkkkk kkkkkkkkkkkkkkhkkkkkkhkkkk //

2.3.2 Boundary conditions

The user can examine the boundary geometry generated bjockMeshby viewing the
boundary Ie in the constant/polyMeshdirectory. The le contains a list of 5 boundary
patches: leftWall , rightWall , lowerWall , atmosphere and defaultFaces . The user
should notice thetype of the patches. Theatmosphere is a standardpatch i.e. has no
special attributes, merely an entity on which boundary contlons can be speci ed. The
defaultFaces patch is emptysince the patch normal is in the direction we will not solve
in this 2D case. TheleftWwall , rightWwall and lowerWall patches are each avall. Like
the plain patch the wall type contains no geometric or topological information abdtuhe
mesh and only di®ers from the plaipatchin that it identi es the patch as a wall, should
an application need to knowge.g.to apply special wall surface modelling.

A good example is that theinterFoamsolver includes modelling of surface tension at
the contact point between the interface and wall surface. Thmodels are applied by
specifying thealphaContactAngléoundary condition on thealphal (®;) eld. With it,
the user must specify the following: a static contact angléhetaO Ly; leading and trailing
edge dynamic contact angleshetaA p, andthetaR pr respectively; and a velocity scaling
function for dynamic contact angle,uTheta.

In this tutorial we would like to ignore surface tension e®estbetween the wall and
interface. We can do this by setting the static contact anglgyp = 90* and the velocity
scaling function to 0. However, the simpler option which we gl choose here is to specify
azeroGradientype onalphal, rather than use thealphaContactAnglboundary condition.

The top boundary is free to the atmosphere so needs to permit both Gotv and in°ow
according to the internal “ow. We therefore use a combinationf boundary conditions
for pressure and velocity that does this while maintainingtability. They are:

A

totalPressuravhich is a xedValuecondition calculated from speci ed total pressure
p0 and local velocity U

pressurelnletOutletVelocitywhich applies zeroGradienton all components, except
where there is in°ow, in which case axedValuecondition is applied to thetangential
component;

inletOutlet which is azeroGradientondition when °ow outwards, xedValuewhen
°ow is inwards.

At all wall boundaries, the buoyantPressurboundary condition is applied to the pressure
“eld, which calculates the normal gradient from the local desity gradient.

The defaultFaces patch representing the front and back planes of the 2D probte
Is, as usual, aremptytype.

2.3.3 Setting initial eld

Unlike the previous cases, we shall now specify a non-unifoimtial condition for the
phase fraction®, where

1 for the liquid phase

(2.15)
0 for the gas phase

®l:
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This will be done by running the setFieldsutility. It requires a setFieldsDictdictionary,
located in the systemdirectory, whose entries for this case are shown below.

17
18 defaultFieldValues
19

20 volScalarFieldValue alphal O

21 X

22 ) .

23 regions

2 (

25 E)oxToCeII

26

27 box (0 0 -1) (0.1461 0.292 1);
28 fieldvValues

29

30 volScalarFieldValue alphal 1

31 )

32 } )

3 )

34

35

36 [] R *x *x *x *x *x *x *x *x *x /)

The defaultFieldValues sets the default value of the eldsj.e. the value the eld
takes unless speci ed otherwise in theegions sub-dictionary. That sub-dictionary con-
tains a list of subdictionaries containingfieldvValues that override the defaults in a
speci ed region. The region is expressed in terms ot@oSetSource that creates a set
of points, cells or faces based on some topological consttaiHere, boxToCell creates
a bounding box within a vector minimum and maximum to de ne theset of cells of the
liquid region. The phase fraction®, is de ned as 1 in this region.

The setFieldsutility reads elds from e and, after re-calculating those dds, will
write them back to Te. Because the les are then overridden, its recommended that a
backup is made beforsetFieldss executed. In thedamBreaktutorial, the alphal eld is
initially stored as a backuponly, namedalphal.org . Before runningsetFieldsthe user
“rst needs to copyalphal.org to alphal, e.g. by typing:

cp O/alphal.org O/alphal

The user should then executsetFieldss any other utility is executed. UsingparaFoam
check that the initial alphal eld corresponds to the desired distribution as in Figuré.21

Phase fraction,®;
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Figure 2.21: Initial conditions for phase fractioralphal.
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2.3.4 Fluid properties

Let us examine thetransportPropertiesle in the constantdirectory. The dictionary
contains the material properties for each °uid, separated to two subdictionariesphasel
and phase2 The transport model for each phase is selected by theansportModel
keyword. The user should selecNewtonian in which case the kinematic viscosity is
single valued and speci ed under the keywordu. The viscosity parameters for the other
models, e.gCrossPowerLaware speci ed within subdictionaries with the generic name
<modet Coe®si.e.CrossPowerLawCoe®sthis example. The density is speci ed under
the keywordrho.

The surface tension between the two phases is speci ed undée tkeyword sigma.
The values used in this tutorial are listed in Table2.3.

phasel properties

Kinematic viscosity n?s'! nu 1.0£ 10 °®
Density kgm 3 rho 1.0£ 1C°

phase2 properties

Kinematic viscosity n’s® nu 1.48£ 10°
Density kgm 2 rho 1.0

Properties of both phases
Surface tension Nm! sigma 0.07

Table 2.3: Fluid properties for thedamBreaktutorial

Gravitational acceleration is uniform across the domain ahis speci ed in a Te named
g in the constantdirectory. Unlike a normal eld Te, e.g.U and p, g is a uniformDimen-
sionedVectorFieldnd so simply contains a set alimensions and avalue that represents
(0;9:81;0) ms 2 for this tutorial:

17

18 dimensions 01-2000 Q0]

19 value 0 -9.81 0);

20

21

22 ] X X X X X xx X X X /)

2.3.5 Turbulence modelling

As in the cavity example, the choice of turbulence modelling @thod is selectable at run-
time through the simulationType keyword in turbulencePropertiedictionary. In this
example, we wish to run without turbulence modelling so we sé&aminar :

17
18 simulationType laminar;
19
20

21 // *kkkkkkkkkkkkkkkkhhkkkkkkkkhhhhhhhkkkkikrhhhhhhhiix *kkkkkkkkkkkkkkkkkhhhhkx //

2.3.6 Time step control

Time step control is an important issue in free surface tragkg since the surface-tracking
algorithm is considerably more sensitive to the Courant nuber Cothan in standard °uid

°ow calculations. Ideally, we should not exceed an upper limCo % 0:5 in the region
of the interface. In some cases, where the propagation vetpds easy to predict, the
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user should specify a xed time-step to satisfy th€o criterion. For more complex cases,
this is considerably more ditcult. interFoamtherefore o®ers automatic adjustment of the
time step as standard in thecontrolDict The user should specifiadjustTimeStep to be
on and the the maximum Co for the phase elds,maxAlphaCpand other elds, maxCp
to be 0.5. The upper limit on time stepmaxDeltaT can be set to a value that will not be
exceeded in this simulationg.g. 1.0.

By using automatic time step control, the steps themselvega never rounded to a
convenient value. Consequently if we request that OpenFOAMases results at a xed
number of time step intervals, the times at which results areaved are somewhat arbitrary.
However even with automatic time step adjustment, OpenFOAM &bws the user to specify
that results are written at xed times; in this case OpenFOAM faces the automatic time
stepping procedure to adjust time steps so that it “hits' onhe exact times speci ed for
write output. The user selects this with theadjustableRunTime option for writeControl
in the controlDictdictionary. The controlDictdictionary entries should be:

17

18 application interFoam;

;g startFrom startTime;

2 startTime 0;

ii StopAt endTime;

2: endTime 1;

% deltaT 0.001;

§2 writeControl adjustableRunTime;

g; writelnterval  0.05;

:i purgeWrite 0;

22 writeFormat ascii;

2; writePrecision  6;

ig writeCompression uncompressed,;
i; timeFormat general;

ﬁ timePrecision  6;

i: runTimeModifiable yes;

i; adjustTimeStep yes;

49

so  maxCo 0.5;
51 maxAlphaCo 0.5;
52

s3  maxDeltaT 1;

54
55

56 // *kkkkkhkkkkk *kkk *kkk *kkk *kkk *kkk *kkk *kkk *kkk nn//

2.3.7 Discretisation schemes

The interFoamsolver uses the multidimensional universal limiter for exygit solution
(MULES) method, created by OpenCFD, to maintain boundednessf the phase fraction
independent of underlying numerical scheme, mesh structyretc. The choice of schemes
for convection are therfore not restricted to those that arestrongly stable or bounded,
e.g. upwind di®erencing.

The convection schemes settings are made in tliivSchemesub-dictionary of the
fvSchemedglictionary. In this example, the convection term in the mometum equation
(r : (¥1JU)), denoted by the div(rho*phi,U)  keyword, usesGauss limitedLinearV
1.0 to produce good accuracy. The limited linear schemes recaiia coexcientA as
described in section4.4.1. Here, we have opted for best stability withA = 1:0. The
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r = (U®,) term, represented by thediv(phi,alpha) keyword uses thevanLeer scheme.
Ther : (U,,®,) term, represented by thediv(phirb,alpha)  keyword, can similarly use
the vanLeer scheme, but generally produces smoother interfaces usirge tspecialised
interfaceCompression scheme.

The other discretised terms use commonly employed schemesttsat the fvSchemes
dictionary entries should therefore be:

17

18 ddtSchemes

19

20 default Euler;
21

22

23 gradSchemes

24

25 { default Gauss linear;
26

27 .

28 divSchemes

29

30 ¢ div(rho*phi,U) Gauss limitedLinearV 1,

31 div(phi,alpha) Gauss vanLeer;

32 div(phirb,alpha) Gauss interfaceCompression;

33

34 X

s laplacianSchemes

36 { .
37 default Gauss linear c