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Abstract

This report presents an overview of two popular CFD tools, OpenFOAM and COMSOL Mul-
tiphysics.

It highlights their main features and differences, gives a short review of the finite-volume
and finite-element discretization methods, which are utilized by OpenFOAM and COMSOL,
respectively, and compares their performance in a simple test case.
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1. CFD Tools

This chapter will give an overview over the main features of OpenFOAM and COMSOL, as

well as their differences.

1.1. OpenFOAM

OpenFOAM (Open Field Operation and Manipulation) [1, 2, 3] is a free and open source
computational fluid dynamics (CFD) toolbox. It is developed by OpenCFD Ltd. and distributed
by the OpenFOAM Foundation under the GNU General Public License (GPL). The software
package is written in C++ and includes more than 80 solver applications covering a wide
range of continuum mechanics, such as structural mechanics, heat transfer, chemical reactions,
turbulence and multiphase flow. To solve the systems of partial differential equations describing
these phenomena, both the Finite Element Method and the Finite Volume Method have been
implemented, but the FVM is the method that is utilized by most solvers. The package also

contains tools for meshing, as well as pre- and post-processing.

Since the source code is freely available and anyone is allowed to use and modify it in any way,
the software is well-suited to be adapted for specific purposes or for the implementation of
new custom functions and solvers. However, documentation is very scarce and often insuffi-

cient, making modifications or the application of the software difficult, especially for new users.

1.1.1. Usage

OpenFOAM does not provide a graphical user interface (GUI), instead it is operated using the

command line interface (CLI) of a terminal emulator.
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To run simulations with OpenFoam, a mesh has to be generated. Unstructured meshes of
any shape are supported, cells can have any number of faces and corresponding neighbour
cells and the faces can have any number of edges. Faces are defined by means of their nodes
and all external faces need an identifier to be able to specify boundary conditions later on.
OpenFOAM s provided with two meshing utilities: blockMesh can be used for simple geome-
tries that consist of one or more blocks, e.g. a cylinder inside a channel, which have to be
specified in a text configuration file, called blockMeshDict. More complex geometries can
be discretized with snappyHexMesh, which generates a mesh from CAD objects like e.g. STL
files. It is also possible to convert meshes created with third-party software, e.g. ANSYS
GAMBIT.

OpenFOAM cases are set up using dictionary files. Each case folder contains the subfolders
0, constant and system, which in turn contain a number of text files. The amount of files

depends on the model that is used. An exemplary case structure is shown in Figure 1.1.

fvSchemes
fvSolution

— E constant

|: ... Properties

l__D| polyMesh

points
faces
owner
neighbour
boundary

L time directories

F controlDict

Figure 1.1.: The OpenFOAM case structure

The files specifying the initial and boundary conditions are placed inside the 0 folder, one for
each variable/field quantity (e.g. velocity, pressure). See Figure 1.2 for an exemplary dictio-

nary file.
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/% s— CH — \
| — \ \
[ \\ F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / O peration | Version: 2.4.0 |
| \\ / A nd | Web: www . OpenFOAM . org |
| \\/ M anipulation |
\
FoamFile
{

version 2.0;

format ascii;

class volVectorField;

object U;
I
/r"/r" * %k >k >k 3k 3k 3k >k >k >k >k 3k 3k >k >k >k >k >k >k 3k 3k >k >k >k >k %k % 3% % % >k >k % 3k % % X // //
dimensions [01 -1000 0];

internalField uniform (0 0 0)

boundaryField
inlet
{
type fixedValue;
value uniform (1.2 0 0)
}
outlet
{
type zeroGradient;
}
fixedWalls
type fixedValue;
value uniform (0 0 0)
}
frontAndBack
type empty;
}
r"r' 3k >k ok ok ok ok sk ok ok ok ok ok ok ok ok Sk ok ok ok ok ok ok ok ok Sk ok ok ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok kol ok ok ok ok ok ok ok ok ok ok ok ok ok ,/"/'

Figure 1.2.: An exemplary OpenFOAM dictionary file (containing the specifcation of the initial
and boundary conditions for the velocity field)

The constant folder contains the mesh and information on physical properties and constants,
e.g. densities or gravity.

The controlDict inside the system folder specifies solver settings such as the start- and end-
time of the simulation, the timestep and output options. The fuSchemes dictionary in the
same directory sets the numerical schemes for terms, such as derivatives in equations, that
appear in the applications. Finally, fvSolution specifies the numerical methods to solve for

the individual variables.

For every solver, at least one tutorial case is included in the software package to familiarize the
user with the actual dictionaries required by the solver and the parameters therein. Nonetheless

it is often not documented which values a certain parameter can take, how this affects the
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simulation, or if it is needed at all. Therefore, it is sometimes necessary to rely on the findings

of other users or on trial and error.

After running a case, the obtained results can be displayed and post-processed with ParaView

or other applications.

1.2. COMSOL

COMSOL was founded in Stockholm, Sweden in 1986 by two graduate students of the Royal
Institute of Technology. The company now has offices all over the world and employs 420

people. Its main product is the finite element analysis (FEA) program COMSOL Multiphysics.

COMSOL Multiphysics covers an even greater range of physics than OpenFOAM, from struc-
tural mechanics to electromechanics, fluid flow, heat transfer, chemical reactions, acoustics,

microfluidics and more.

One of the main features is the easy implementation of multiphysics couplings. For example,
one might examine the thermal expansion of a structure subject to a heat load, which might

in turn be caused by an electric current.

Because COMSOL Multiphysics is a complete FEA program, it can be used for the whole
analysis process of a case. This means that not only the actual simulations, but everything
from pre- to post-processing can be performed with COMSOL. However, it is still possible to

im- or export data (e.g. CAD files) from or to other applications.

1.2.1. Usage

COMSOL Multiphysics has a GUI that provides access to all features needed to analyse a
case, see Figure 1.3. On the left, the ‘Model Builder' section gives an overview of the case.
Whenever a new case is created or a new component is added to an existing case, the dimension
has to be specified. The component then appears and can be modified. Typically a component
will include a geometry and one or more materials, physics interfaces and meshes. All of these

will in turn have subnodes to specify e.g. material properties or boundary conditions. These
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subnodes can be edited in the tab to the right of the model builder.
The graphics tab on the right side of the program window visualizes the components and
results, and the tab below contains the log and progress information.
When the model is defined, one or more study nodes have to be added in the model builder.
These nodes appear below the study components and determine e.g. whether to compute a
steady state or time dependent solution, or which solver to use. Once a study has finished,

the results appear at the bottom of the model builder.

- = ) ® @ =10l
Model  Defintions  Geometry  Materials | Physics | Mesh  Study  Resuls a
IK_INEN=1k=
Laminar  Add | Domains  Boundaries  Pairs Pirts Glabal
Flow = Physics - M - - -
Physics Domain Boundary Paint Global Contextual Multiphysics
Model Builder Statistics v & Graphics Convergence Plot 1 Convergence Plot2
. St ELG IMesh aa@@E| L ~EEE> @&
4 % circle_offset_structured_coarse.mph ¢ 8 Buld Al - - - * * - * * * - * -
4 () ciohal = _ @
(=) Definitions Label: 88 -| e
i) Materials 0.5
4 Q) Component 1 frompd) Geometric Entity Selection g
= Definitions 0.47
4 %\ Geometry 1 Geometric entity lewel: | Entire geometry -
[ Rectangle 1 fr7) 0.37]
@ Circle 1 fc1) (Eam) |
Square 1 fsgr) 02
Difference 1 (o) Active o1
() Circle 2 fc2) '
T Rectangle 2 2/ Statistics o7
T Rectangle 3 #3) I —
[0 Rectangle 4 frd) artial mes| 0,17
I Rectangle 5 Elemert bype: Al elements -
[ Rectandle 5 15/ i
/Palygon 1 foaly) A e O 0.2
1 usdhilsteral slements: N
7 polsgon 2 po2) ‘ ‘ ‘ . . : . . . ‘ . .
/1 Polygan 3 (paly) Edge elements: 1088 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18 2 2.2
Farm Union (#7,) Yertex elements: 32
22 Materials Domain element statistics — Messages Progress Log  Table
S Laminar Flow (5 Mumber of elemerts: 8104 \
e é%\ SE' . Minimum element qualicy:  0.2435 SR IS UG 13 2453 5. 10 11T, 19 101 ULy 13 SELUIS =
> Studly @ OO Saved file: S8mm_symmetry_channel.mpl
[V Step 1 Time Dependant Average slement qualty Opened fle: circle_offset_structured_cosrse.mph
", Solver Configurations Elemert area ratio: 0.0408 Opened file: square_offset_struckured_fixed-timesteps_cluster.mph
) 5 Opened fie: Samm_syrmetry_channel mph
£ Joba Configuratians Hecklares O Complete mesh consists of 4753059 domain slements, 342777 boundary elements, and 22592 edge elements,
B Reits WMaximum growthrate: 1017 Opened file: circle_offset_structured_coarse.mph
Opened file: Full_model_half_copperZ.mph
LI} | 3] Average growthrate; 1001 (=] Omened fe: circle_aFfset_sfrortured coarse mph =l
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Figure 1.3.: The COMSOL GUI

1.3. Comparison of OpenFOAM and COMSOL

There are many differences between OpenFOAM and COMSOL. As mentioned above, COM-
SOL comes with a GUI and provides tools for pre- and post-processing, while OpenFOAM is

very limited in this regard and relies for example on ParaView for visualization.

The differences go deeper than that however, and extend to business models of the respective

companies and the way they distribute their software.
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OpenFOAM is open source software and is free to use, modify and redistribute. However,
using it can be quite difficult and the provided user guide serves only as an overview, not an
exhaustive knowledge base. OpenCFD earns money by offering different support packages,

ranging from simple assistance in case setup to customized solvers for specific applications [4].

COMSOL Multiphysics on the other hand requires the purchase of a license. Additionally,
as is typical with proprietary software, no source code is provided. COMSOL does provide
thorough documentation, as well as an online forum to talk to support staff and other users, a
blog discussing features of the program and how to use them to solve specific problems, and

a variety of workshops and tutorials.



2. The Finite Volume and Finite Element
Method

This chapter discusses some of the fundamental theoretical aspects of computational fluid
dynamics.

Section 2.1 shortly introduces the governing equations. Section 2.2 presents the basics of the
Finite-Volume Method, which is utilized by OpenFOAM, and Section 2.3 does the same for
the Finite-Element Method used by COMSOL.

2.1. Flow Equations

In computational fluid dynamics, newtonian fluids are described by the Navier-Stokes equations

[5]. These equations for continuity, momentum and energy, respectively, are the following:

dp
ZF (p?) =0
8t+v (p?V)
%+v- (mw—% — foun
8E —_ Ed
%+v- @Eﬁ-ﬁ-ﬁ@) = o T

In these equations, p is the density, T is the stress tensor resulting from friction within the
fluids, ¢ denotes the heat flux, F the inner energy of the fluids and f;ol volume forces such as
gravity. The velocity vector ¥ is often denoted in the literature by U, and this notation will

be used from now on.

The equations simplify considerably under the assumption of constant density: The continuity

equation reduces to
V-U=0, (2.1)
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hence the velocity field is a solenoidal (divergence-free) vector field. As a consequence, the
pressure is no longer coupled to density and temperature. As a result, and with the additional
assumption of constant viscosity, the energy equation and the continuity and momentum equa-
tions can be decoupled. Because the temperature of the fluid is not of concern here, the energy

equation can be neglected.

The assumption that the density is constant is reasonable because the fluid modeled by the

Navier Stokes equations is a slow-moving liquid.

The momentum equation can be rewritten (see e.g. [6]) as follows

oU
pSr + V- (PUU) = Vp+ VU4 oG + F, (2.2)

where ?5 represents the surface tension force
?S = okn

with the surface tension coefficient o, the unit vector normal to the interface n and the

interface curvature k, the latter two are defined as

_— Va
~ |Val
k=V-n.

In summary, isothermal and incompressible flow is governed by (2.1) and (2.2). They have
to be discretized to numerically calculate their solution. Two different ways to discretize the

equations are presented in Sections 2.2 and 2.3.

2.2. The Finite-Volume Method

The finite-volume method (FVM) [7, 8] is a method for the numerical solution of partial

differential equations. In the field of computational fluid dynamics, these equations describe
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conservation laws, i.e. the conservation of mass, momentum and energy. In general, a con-
servation law states that a certain property in a closed, isolated system remains constant over

time. An example is the generic equation

9¢

5tV F(¢) =s (2.3)

with a scalar quantity ¢, a flow vector ]3(925) and a source term s. If the source term is equal
to zero and no flow occurs, ¢ does not change.

The FVM requires two steps. The equation of interest is integrated over a control volume 2
that is constant over time, and is then transformed by the divergence theorem into a volume-
and a surface integral, which can then be discretized independently. Applying these steps to
(2.3) yields

%/ﬂ¢dv+/§2vﬁ(¢)dv:/ﬂsd% (2.4)

which is equivalent to

%/Q¢dv+ j{dgﬁ@)-dﬁzfgsdv. (2.5)

Now the balance over a finite volume V; can be taken, resulting in

o = .
5 (GAV) + D F)-dd= AV, (2.6)

cell faces

For the discretization, a grid has to be generated. For the sake of simplicity, a two-dimensional
grid with rectangular cells (cp. Figure 2.1) is assumed. A value ¢§? is assigned to the center
of each cell V; for every point in time t*. Now the first part of (2.5) can be discretized using

for example the forward difference quotient:

G P
/V‘ Y dV =~ A7 AzxAy

J

The discretization of the flux is performed separately for the four cell faces. To do this, the

value of ﬁ(gzﬁ) on the cell boundaries has to be approximated.
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Figure 2.1.: Discrete cells on a cartesian grid [9]

The discretization method used should be suitable for the problem or equation. If the flux is
governed by diffusion, central differences are the method of choice, because diffusion describes
a balancing process that does not have a specific direction.

If, on the other hand, the flux is dominated by convection, the flow direction plays an impor-

tant role. In this case, an upwind discretization scheme should be applied [7, 10].

Often, convection and diffusion occur simultaneously and have to be accounted for. In the

case of the convection-diffusion equation, the flow vector has the form

F(¢) =U¢— DV

with the diffusion coefficient D. The discretization of the flux will be demonstrated exemplarily

for horizontal flow over the right (eastern) cell face. F(¢) reduces to

£(6) = up— D2 (2.)

where u is the component of U in the direction of the x-axis. The value on the cell boundary is
designated with the subscript ¢, the values at the cell centers to the left and right are denoted
with the subscripts P and FE, respectively. Discretizing the diffusive part of (2.7) with central
differences yields

10
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poe—dr

A%Ep

fe = ue¢e -

The value of ¢, is still undefined. Because it is part of the convective part of the equation,
instead of taking an average of the form

Or + op

Pe = 9

¢, is set to the value upstream of the boundary. This full upwind discretization renders the

following one sided formulation:

UeDE U, < 0

e e>0
Ueﬁbe—{ugbp "

Once f., and analogous f,, f. and f, (the flow over the left, top and bottom cell boundaries)

have been fully discretized, the surface integral in (2.5) can be approximated:

§F0)-adx (o= £)0y + (5.~ 90

In practice, there are many other and more advanced discretization schemes. The ability to
choose different schemes that are suited to different equations is one advantage of the FVM.

Another strength is its ability to work on unstructured meshes [8].

The main steps of the FVM will now be applied to the continuity and momentum equations,

because they are the equations of interest. For the continuity equation, this yields:

dp
aﬂLV (pU) =

o9 pdv+/v-(pU)dvzo
o o

g fodve f uad
av + U-dA =0
“ o), P

Here, pU is called the mass flux. It can be seen that the change of mass within the volume V
over time is equal to the flow over the surface or boundary. Again, the balance over a finite
volume Vj is applied, giving

11
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0 .
o7 (PAV;) + > plUi-dAd=o.

cell faces

Applying the same steps to the momentum equation results in

9, »
5 (PUIAY;) + > pUi-dA=0.

cell faces

2.3. The Finite-Element Method

The finite-element method rests upon the discrete representation of a weak integral form of
the partial differential equation to be solved [10]. To derive the weak form, two classes of

functions are needed, namely the test functions and trial solutions.

The test functions are all functions which are square integrable, have square integrable first
derivatives over the computational domain {2, and vanish on the Dirichlet part I'p of the

boundary. They are defined by
V={weH(Q)|w=00onTp},

where H'(Q) is a Sobolev space. The trial solutions are similar, except in that they are

required to satisfy the Dirichlet conditions on I'p:

S={ue H(Q) |u=uponTp}.

For simplicity, the main steps of the finite-element method will be demonstrated using the

Poisson equation
~Viu=s inQ, (2.8)

with w = up on T'p and n- Vu = h on 'y (the Neumann part of the boundary).

The first step is to multiply the equation of interest with a test function w and to integrate

over :

—/wVQudQ:/wsdQ (2.9)
Q

Q

12
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Then the Green-Gauss divergence theorem is applied to the left hand side of (2.9):
—/wV2udQ:—/ (V- (wVu) — Vw - Vu) dQ
Q Q
:/Vw-VudQ—/w(n-Vu)dF
Q r

This changes the requirements on wu, it now only has to be once differentiable, as has w.

Inserting the Neumann boundary condition gives the weak form of (2.8):

/Vw-VudQ:/wsdQ—i-/ w h dl’ (2.10)
Q Q Iy

Obviously, any solution to the original problem (2.8) is a solution to the weak problem. It can
be shown by means of the Lax-Milgram lemma [10] that a solution to the weak problem is

unique and is therefore identical to the strong solution, if the latter exists.

Now (2.10) can be discretized by partitioning the computational domain €2 into a finite number

of subdomains, or elements.
ﬁ:UQe and QN =Qfore# f

Similarly, finite dimensional subspaces of the test function and trial solution spaces are de-

fined,
Vhi={we H'(Q) | w

St i={uec HY(Q) | u

qc € P (Q2°) Veand w =0onI'p}
qe € P(Q°) Veand u =uponI'p},

where P,, is the finite element interpolating space.
The finite-element formulation is then obtained by restricting (2.10) to V" and S™:

/th-Vuh dQ:/whsdQ+/ w" h dT (2.11)
Q Q I'n

In the (Bubnow-) Galerkin method, the test functions are taken equal to the interpolation or

shape functions 1V;.

N
Uh: E UZ'Ni, wh:Nj
=1

13
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Figure 2.2.: Piecewise linear shape functions [11]

The key is now to choose these interpolation functions in such a way that their contribution

to the solution is non-zero on only a few elements, see Figure 2.2. This will then result in a
sparse matrix system which can be solved efficiently.

It should be noted that similarly to Section 2.2, the current Section serves only to introduce the

general idea of the FEM, and that there are of course a variety of variations and sub-classes,
notably the Petrov-Galerkin method [8].

14



3. Comparison of a 2D Testcase

To compare the OpenFOAM and COMSOL solvers, the Karman vortex street was chosen as
a simple, 2D laminar test case. The Karman vortex street is a well known phenomenon and
frequently used as an example or test case. Indeed, the test case presented here was besed on
a COMSOL tutorial case [12].

3.1. Case Setup

The test case that was chosen consists of a two-dimensional channel with an obstacle. Fluid
flows in from the left and out to the right. The channel has a length of 2.4m and a height
of 0.4m. The inflow velocity was set to 1.27. The kinematic viscosity v was set to 0.001%2,
resulting in a Reynolds number of Re= % =480 (with the characteristic length [ set to the
channel height). The flow is thus in the laminar regime, as the critical Reynolds number for
channel flows is in the range 2300-4000.

Placing the obstacle in the middle of the channel results in a symmetric, stationary flow profile.
When introducing an irregularity by moving the obstacle a little closer to the upper channel

wall, however, a Karman vortex street forms.

The test case was run with two variations, once with a circular obstacle and 8104 grid cells or
elements, and once with a square obstacle and 32816 cells. In each instance, the grid was first
generated in COMSOL and then, lacking the option to convert to a format OpenFOAM can
read, defined for OpenFOAM by writing the respective mesh dictionaries by hand using the
same parameters. This ensured that identical meshes were used by COMSOL and OpenFOAM.

They are shown in Figure 3.1. In both cases, 6 real-time seconds of fluid flow were simulated.

15
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Figure 3.1.: The testcase grids

3.1.1. OpenFOAM

For the OpenFOAM simulations, the icoFoam solver was selected. OpenFOAM version 2.4

was used. All dictionary files needed to rerun the cases are included in appendix A.

3.1.2. COMSOL

COMSOL Multiphysics version 5.0 was used. A laminar single phase flow physics interface
was utilized, selecting incompressible flow and leaving all other settings at their defaults. The

velocity field was initialized to 07, and the inlet velocity had to be ramped up from 0™, as

m
s

the solver would not converge when starting with 1.2 right away.

3.2. Results

Figures 3.2 and 3.3 show the velocity magnitude of the fluid. It can be seen that the flow
fields generally look similar, as they should. Changing the shape of the obstacle or the number
of cells does not change the result qualitatively, as the vortex street forms in both cases.
However, the velocity field obtained by the simulation with OpenFOAM appears to be a bit

washed out, indicating a higher influence of diffusion.

16
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Figure 3.2.: The velocity magnitude after 4s. The top image corresponds to the OpenFOAM
simulation, the bottom one to COMSOL.
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Figure 3.3.: The velocity magnitude after 4s. The top image corresponds to the OpenFOAM
simulation, the bottom one to COMSOL.
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3. Comparison of a 2D Testcase

3.2.1. Runtime Comparison

To quantify the performance of the two solvers, the test cases were run on the RWTH cluster
(on the linux frontend cluster.rz.rwth-aachen.de) using one, four and eight cores with a clock
rate of 2GHz. The runtimes are shown in Table 3.2.

OpenFOAM computes the solutions a lot faster than COMSOL, despite the fact that the
number of degrees of freedom is nearly identical, see Table 3.1. This measure does of course

not allow any statement about the solution quality.

COMSOL | OpenFOAM
Circle (8140 Cells) 25131 24312
Square (32816 Cells) | 100056 08448

Table 3.1.: Number of degrees of freedom

For finite volumes, the number of degrees of freedom is equal to three (the two velocity com-
ponents and pressure) times the number of cells. For finite elements, the number is equal to
three times the number of nodes. Because the same (trapezoidal) grids and only linear finite

elements were used, the number of nodes is only slightly larger than the number of cells.

COMSOL OpenFOAM
Cores Shared memory Distributed memory Distributed memory

Circle: 1 12 min 2.1 min
(8104 Cells) 4 7.1 min 12.1 min 1 min

8 7.1 min 11.5 min 4.2 min
Square: 1 1h 17min 17.3 min
(32816 Cells) 4 33.6 min 42.8 min 4.1 min

8 30.3 min 38.5 min 14.2 min

Table 3.2.: Runtime comparison

COMSOL supports both shared and distributed memory parallelism, whereas OpenFOAM only
supports the latter.

18



3. Comparison of a 2D Testcase

It can be seen that the computation runs faster when using shared memory, as expected. Fur-
thermore, the test cases seem to be too small to gain a meaningful speedup from computation
on more than four cores. In fact, OpenFOAM takes longer to compute the solution when using
eight cores, indicating that most time is utilized for the intercommunication of the cores.

One other interesting thing to note is that OpenFOAM shows superlinear speedup when switch-
ing from one to four cores. This could be due to to the fact that dividing the problem leads

to fewer cache misses, avoiding reloading data from RAM.
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4. Conclusion

OpenFOAM and COMSOL Multiphysics are two very different software packages. OpenFOAM
uses the FVM while COMSOL uses the FEM. For general cases, it is impossible to recom-
mend one method over the other. Historically, the FEM was predominantly used in structural
mechanics, while the FVM was preferred for fluid dynamics. Nowadays, this distinction can
be made to lesser and lesser extent, as both methods are actively researched and undergoing
development, and are now more or less universally applicable. The merits of one method over
the other is the subject of ongoing debate.

As for the software packages themselves, they have different strengths and foci. The main
differences are summarized in Table 4.1.

| COMSOL | OpenFOAM

Discretization method | FE | FV
Cost - n
Support + _
GUI + _
Ease of use + _
Customizability - ¥+
Runtime ‘ - ‘ T

Table 4.1.: CFD-tool quick comparison

OpenFOAM emphasizes openness and the possibility to use and modify the software in any
imaginable way, at the expense of requiring a deep understanding of its inner workings.
COMSOL Multiphysics, in contrast, is easy to use, but users cannot extend the functionality
and have to pay for a license.

Thus, the decision which of the software packages to use, if any, can vary for every applica-
tion.
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A. OpenFOAM case files

A.1. Circular Obstacle

/* — CH

- |

\\ / F ield |
\\ / O peration | Version: 2.4.0

\\ / A nd | eb: www . OpenFOAM . org

M |

=

\\/

anipulation

OpenFOAM: The Open Source CFD Toolbox

oamFile

~—~ e — — — — —

2.0;
ascii;

volScalarField;

version
format
class

object P

[/ % % sk % x k k x k k k k *k ¥ k k ¥ *x k *k ¥ k *k ¥ ¥ *k ok

dimensions [02-2000 0];

internalField uniform O;

boundaryField

{

inlet

{

type zeroGradient;

outlet

{
type fixedValue;

value uniform O0;

fixedWalls

{

type zeroGradient;

frontAndBack

{

type empty;

e sk ok ok ok
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A. OpenFOAM case files

\\ /

\ I \
| F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / O peration | Version: 2.4.0 |
| \\ / A nd | Web: www . OpenFOAM . org |
| \\/ M anipulation |
\ /
FoamFile
{

version 2.0;

format ascii;

class volVectorField;

object U;

}

[/ % ok ok ok ok ok ok %k ok x k ok ok ok ok ok ok K K Kk ok ok ok ok ok ok k k k Kk Kk k x k k *k *x [/
dimensions [01 -1000 0];

internalField uniform (0 0 0)

boundaryField

{

inlet

{

type fixedValue;
value uniform (1.2 0 0);
}
outlet
{
type zeroGradient;
}
fixedWalls
{
type fixedValue;
value uniform (0 0 0)
}
frontAndBack
{
type empty ;

[ sk sk sk sk sk s s sk ok ko ks sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s o o R R R R R K K oK oK oK sk sk sk sk sk sk sk ok ok ok ok o R R R ook ok sk sk sk sk sk sk sk okok ok [/

oamFile

/ Ci+ \
\ I |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / O peration | Version: 2.4.0 |
| \\ / A nd | Web: www . OpenFOAM. org |
| \\/ M anipulation |

\ /
F

{

version 2.0;

format ascii;

class dictionary;
object blockMeshDict;

}

[/ % ok ok ok ok ok ok %k % ok ok ok ok ok ok ok ok K Kk Kk k Kk ko k k k k k k * ¥ *x x x k *k *x [/
convertToMeters 1;

vertices

(

//front x % % % x x x
(0 0 0)
(0.129289 0 0)
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A. OpenFOAM case files

)

blocks

(

(0.270711 0
(0.4 0
(0 0.139289

(0.129289 0.139289
(0.270711 0.139289
(0.4 0.139289

//inner circle

(0.164645 0.174645
(0.235355 0.174645
(0.164645 0.245355
(0.235355 0.245355

(0 0.280711
(0.129289 0.280711
(0.270711 0.280711
(0.4 0.280711

(0 0.
(0.129289 0.
(0.270711 0.
(0.4 0.

ENIESEN NN

//back * % % % % x %

(0 0
(0.129289 0
(0.270711 0
(0.4 0

(0 0.139289
(0.129289 0.139289
(0.270711 0.139289
(0.4 0.139289

//inner circle
(0.164645 0.174645
(0.235355 0.174645
(0.164645 0.245355
(0.235355 0.245355
(0 0.280711
(0.129289 0.280711
(0.270711 0.280711
(0.4 0.280711

(0 0.
(0.129289 0.
(0.270711 0.
(0.4 0.

ENIE SN NIEN

//insert additional

//front

(2.2 0

(2.2 0.139289
(2.2 0.280711
(2.2 0.4
//back

(2.2 0

(2.2 0.139289
(2.2 0.280711
(2.2 0.4

hex (0 1 5 4 20 21
hex (1 2 6 5 21 22
hex (2 3 7 6 22 23

0.1)
0.1)
0.1)
0.1)

1)
1)
1)
1)

o o o o

1)
1)
1)
1)

o o o o

1)
1)
1)
1)

o o o o

1)
1)
1)
1)

o o o o

faces

o o o o

0.1)
0.1)
0.1)
0.1)

grid distortion

25 24) (12 13 1) simpleGrading (1 1 1)
26 25) (16 13 1) simpleGrading (1 1 1)
27 26) (12 13 1) simpleGrading (1 1 1)
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A. OpenFOAM case files

(161 13 1) simpleGrading (1 1 1)

(12 16 1) simpleGrading (1 1 1)
(12 16 1) simpleGrading (1 1 1)

(7 41 42 15 27 45 46 35) (161 16 1) simpleGrading (1 1 1)

hex (3 40 41 7 23 44 45 27)
hex (4 5 13 12 24 25 33 32)
hex (6 7 15 14 26 27 35 34)
hex
hex (12 13 17 16 32 33 37 3
hex (13 14 18 17 33 34 38 3
hex (14 15 19 18 34 35 39 3
hex (15 42 43 19 35 46 47 3
//circle segments
hex (5 6 9 8 25 26 29 28) (
hex (5 8 10 13 25 28 30 33)
hex (9 6 14 11 29 26 34 31)
hex (10 11 14 13 30 31 34 3
)i
edges
(
//outer circle
arc 5 6 (0.2 0.11 0)
arc 6 14 (0.3 0.21 0)
arc 14 13 (0.2 0.31 0)
arc 13 5 (0.1 0.21 0)
//inner circle
arc 8 9 (0.2 0.16 0)
arc 9 11 (0.25 0.21 0)
arc 11 10 (0.2 0.26 0)
arc 10 8 (0.15 0.21 0)
//outer circle
arc 25 26 (0.2 0.11 0.1)
arc 26 34 (0.3 0.21 0.1)
arc 34 33 (0.2 0.31 0.1)
arc 33 25 (0.1 0.21 0.1)
//inner circle
arc 28 29 (0.2 0.16 0.1)
arc 29 31 (0.25 0.21 0.1)
arc 31 30 (0.2 0.26 0.1)
arc 30 28 (0.15 0.21 0.1)
)i
boundary
(
fixedWalls
{
type wall;
faces
(
(0 1 21 20)
(1 2 22 21)
(2 3 23 22)
(3 40 44 23)
(9 8 28 29)
(8 10 30 28)
(10 11 31 30)
(11 9 29 31)
(17 16 36 37)
(18 17 37 38)
(19 18 38 39)
(43 19 39 47)
)i
}
inlet
{

type patch;

6) (12 11 1) simpleGrading (1 1 1)
7) (16 11 1) simpleGrading (1 1 1)
8) (12 11 1) simpleGrading (1 1 1)
9) (161 11 1) simpleGrading (1 1 1)

16 5 1) simpleGrading (1 1 1)
(5 16 1) simpleGrading (1 1 1)
(5 16 1) simpleGrading (1 1 1)
3) (16 5 1) simpleGrading (1 1 1)
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A. OpenFOAM case files

faces

(
(4 0 20 24)
(12 4 24 32)
(16 12 32 36)

)i
}
outlet
{
type patch;
faces
(
(40 41 45 44)
(41 42 46 45)
(42 43 47 46)
)i
}
frontAndBack
{
type empty;
faces
(
(0 45 1)
(1 56 2)
(2 6 7 3)
(4 12 13 5)
(5 13 10 8)
(589 6)
(6 9 11 14)
(6 14 15 7)
(10 13 14 11)
(12 16 17 13)
(13 17 18 14)
(14 18 19 15)
(20 21 25 24)
(21 22 26 25)
(22 23 27 26)
(24 25 33 32)
(25 28 30 33)
(25 26 29 28)
(29 26 34 31)
(26 27 35 34)
(30 31 34 33)
(32 33 37 36)
(33 34 38 37)
(34 35 39 38)
)i
}
)i
mergePatchPairs
(
)i

[ stk sk sk sk s ke ke ke ke ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s s o o ok ok R R ok ok ok sk sk sk sk sk sk sk sk sk sk ok ok ok ok sk kR ok ook sk sk sk sk sk sk skskskok ok [/

/ C+ \
\ \ \
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / O peration | Version: 2.4.0
| \\ / A nd | Web: www . OpenFOAM . org |
| \\/ M anipulation |
\ /
FoamFile
{

version 2.0;

format ascii;

class dictionary;
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A. OpenFOAM case files

location
object

}

"constant";

transportProperties;

[/ % ok ok ok ok ok ok ok ok ok ok ok kR ok sk ok sk ok sk Kk kK Kk ko k ok ok ok Kk ok ko k Kk k ok x [/

nu

nu [02—-10000] 0.001;

/] sk sk sk s s s e ke ke sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk s s ok o R ok ok sk ok ok ok sk sk sk sk sk sk sk sk ok ok ok ok s kR Kok ok ok sk sk sk sk sk sk sk skokok ok [/

\\ /
\\ /
N/
\\/

>0

G
|
ield | OpenFOAM: The Open Source CFD Toolbox
peration | Version: 2.4.0
nd | Web: www . OpenFOAM . org
I

anipulation

oamFile

~ ey — = = — —

version
format
class
location
object

}

2.0;

ascii;
dictionary;
"system";

controlDict;

~—— =%

[/ % ok ok ok ok ok ok ok ok ok ok ok sk sk sk sk ok ok kR K ok ok ok sk sk sk ok ok ok ok ok ox ok ok ok ok [/

application

startFrom

startTime

stopAt

endTime

deltaT

writeControl

writeInterval

purgeWrite

writeFormat

writePrecision

icoFoam;

startTime;

0;

endTime;

6.0;

0.005;

timeStep;

4;

writeCompression off;

timeFormat

timePrecision

general;

6;

runTimeModifiable true;

[ stk sk sk sk s e e ke ke ke sk s ok sk sk sk sk sk sk sk sk sk sk sk sk s sk s o ok ok ok ko ok ok ok ok sk sk sk sk sk sk sk sk ok ok ok sk sk kR ok ok ok ok sk sk sk sk sk sk sk skok ok ok [/

—
-
~
=T>0m

G+
|
ield | OpenFOAM: The Open Source CFD Toolbox
peration | Version: 2.4.0
nd | Web: www . OpenFOAM . org
I

anipulation
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A. OpenFOAM case files

\

Foam

{

}

File

version 2.0;

format ascii;
class dictionary;
location "system";
object fvSchemes ;

ddts

{

grad

{

divs

{

lapl

{

inte

{

snGr

{

flux

{

chemes

default Euler;
Schemes

default Gauss linear;
grad(p) Gauss linear;
chemes

default none;
div(phi,U) Gauss linear;

acianSchemes

default Gauss linear orthogonal;

rpolationSchemes

default linear;

adSchemes

default orthogonal;
Required

default no;

P ;

[ sk sk sk ok ok sk s ko sk s sk ok ok sk sk ok sk s s sk sk ok o ok sk sk s sk sk o R ok sk sk s K sk sk o sk sk sk ok sk sk o ok sk sk sk ok ok sk sk ok sk sk sk ok ok sk sk kokok -/ /

\\
\

G
I
/ F ield | OpenFOAM: The Open Source CFD Toolbox
\ / O peration | Version: 2.4.0
\\ / A nd | Web: www . OpenFOAM . org
\\/ M anipulation |

~~m g — — — — —

}

oamFile

version 2.0;

format ascii;
class dictionary;
location "system";
object fvSolution;

~—— =%

[/ % ok ok ok ok ok ok ok ok ok ok ok sk sk sk ok ok ok ok ok ok k sk ok sk sk ok ok ok ok ok ok ox ok ok ok ok [/
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A. OpenFOAM case files

solvers
{
P
{
solver PCG;
preconditioner DIC;
tolerance le—06
relTol 0;
}
U
{
solver smoothSolver;
smoother symGaussSeidel;
tolerance le—05;
relTol 0;
}
}
PISO
{
nCorrectors 2;
nNonOrthogonalCorrectors O0;
pRefCell 0;
pRefValue 0;
}

A.2. Square Obstacle

All dictionary files except for the blockMeshDict remain the same as in the first testcase.

/ G+ \
\ — | \
| \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / O peration | Version: 2.4.0 |
| \\ / A nd | Web: www . OpenFOAM . org |
| \\/ M anipulation | |
\
FoamFile
{

version 2.0;

format ascii;

class dictionary;

object blockMeshDict;
}

[/ % ok ok ok ok ok ok ok % ok ok ok ok ok sk ok ok R ok K ok ok ok ok ok ok ok ok ok Kk ok k x k k k x [/
convertToMeters 1;

vertices

(
(0 0 0)
(0.16 0 0)
(0.24 0 0)
(2.2 0 0)
(0 0.17 0)
(0.16 0.17 0)
(0.24 0.17 0)
(2.2 0.17 0)
(o 0.25 0)
(0.16 0.25 0)
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A. OpenFOAM case files

(0.24 0.25 0)
(2.2 0.25 0)
(0 0.4 0)
(0.16 0.4 0)
(0.24 0.4 0)
(2.2 0.4 0)
(0 0 0.1)
(0.16 0 0.1)
(0.24 0 0.1)
(22 0o 0.1)
(0 0.17 0.1)
(0.16 0.17 0.1)
(0.24 0.17 0.1)
(2.2 0.17 0.1)
(0 0.25 0.1)
(0.16 0.25 0.1)
(0.24 0.25 0.1)
(2.2 0.25 0.1)
(0 0.4 0.1)
(0.16 0.4 0.1)
(0.24 0.4 0.1)
(2.2 0.4 0.1)
)i
blocks
(
hex (0 1 5 4 16 17 21 20) (31 33 1) simpleGrading (1 1 1)
hex (1 2 6 5 17 18 22 21) (16 33 1) simpleGrading (1 1 1)
hex (2 3 7 6 18 19 23 22) (377 33 1) simpleGrading (1 1 1)
hex (4 5 9 8 20 21 25 24) (31 16 1) simpleGrading (1 1 1)
hex (6 7 11 10 22 23 27 26) (377 16 1) simpleGrading (1 1 1)
hex (8 9 13 12 24 25 29 28) (31 29 1) simpleGrading (1 1 1)
hex (9 10 14 13 25 26 30 29) (16 29 1) simpleGrading (1 1 1)
hex (10 11 15 14 26 27 31 30) (377 29 1) simpleGrading (1 1 1)
)i
edges
(
)i
boundary
(
fixedWalls
{
type wall;
faces
(
(0 1 17 16)
(1 2 18 17)
(2 3 19 18)
(6 5 21 22)
(10 6 22 26)
(9 10 26 25)
(5 9 25 21)
(13 12 28 29)
(14 13 29 30)
(15 14 30 31)
)
}
inlet
{

type patch;
faces
(
(4 0 16 20)
(8 4 20 24)
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A. OpenFOAM case files

(12 8 24 28)
)i
}
outlet
{
type patch
faces
(
(3 7 23 19)
(7 11 27 23)
(11 15 31 27)
)i
}
frontAndBack
{
type empty;
faces
(
(0 4 51)
(156 2)
(2 6 7 3)
(4 89 5)
(6 10 11 7)
(8 12 13 9)
(9 13 14 10)
(10 14 15 11)
(16 17 21 20)
(17 18 22 21)
(18 19 23 22)
(20 21 25 24)
(22 23 27 26)
(24 25 29 28)
(25 26 30 29)
(26 27 31 30)
)i
}

mergePatchPairs

(
)

/

//
/
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