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Elmer i A finite element software
for multiphysical problems
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Components of Elmer software suite 1L

A
A

To o Do o I»

CSsScC
Elmer is actually a suite of several programs

You may use many of the components
independently

ElmerGUI T Pre- and Postprocessing ElmerGUI

ElmerSolver - Solution

ElmerPost - Postprocessing
ElmerGrid i structured meshing and mesh import
Others

i ElmerFront: the old preprocessor

I Mesh2D: Delaunay mesher usable through
ElmerFront

I MATC: library for on-the-fly arithmetics ElmerPost

i ElmerParam: black-box interfacing of ascii-file
based simulations



Alternative mesh generators for ElImer

CScC
Open source Commercial
A Mesh2D A GiD
i 2D Delaunay i Inexpensive

| Writes Elmer format T With an add-on module can directly write Elmer format

T Usable via the old ElmerFront )
A Gambit

A ElmerGrid: native to Elmer
T Preprocessor of Fluent suite

T Simple structured mesh generation
i ElmerGUI/ElmerGrid can read .FDNEUT format

T Usable via EImerGUI
A Comsol multiphysics
A Tetgen, Netgen
T ElmerGUI/ElmerGrid can read .mphtxt format
I Tetrahedral mesh generation

T Usable via EImerGUI as a plug-in

A Gmsh A Ask for your format:

T Writing a parser from ascii-mesh file usually not big a

T Includes geometry definition tools deal

T ElmerGUI/ElmerGrid can read the format
A Triangle
1 2D Delaunay

T ElmerGUI/ElmerGrid can read the format



Alternative postprocessors for Elmer 1L

Open source

A

A

ElmerPost

I Postprocessor of Elmer suite

ParaView, Visit
T Use ResultOutputSolve to write .vtu or .vtk

T Visualization of parallel data

OpenDX

T Supports some basic elementtypes

Gmsh

T Use ResultOutputSolve to write dat

Gnuplot, R, Octave, &

T Use SaveData to save results in ascii matrix format

T Line plotting

CscC

Commercial

A Matlab, Excel , &

T Use SaveData to save results in ascii
matrix format

i Line plotting




Elmer i Numerical Methods 1L

A

csc
Time-dependency

I Static, transient, eigenmode, scanning
Discretization

I Galerkin, Discontinous Galerkin (DG)

I Stabilization: SUPG, bubbles

I Lagrange, edge, face, and p-elements
Matrix equation solvers

i Direct: Lapack, Umfpack, (SuperLU, Mumps, Pardiso)

I Ilterative Krylov space methods (own & Hypre)

I multigids ol vers (GMG & AMG) forHyar@asy o equations

I Preconditioners: ILU, BILU, Parasails, multigrid, SGS, Jacobi, é
Parallellism

i Parallel assembly and solution (vector-matrix product)
Adaptivity

I For selected equations, works well in 2D



Elmer - Physical Models

A Heat transfer
T Heat equation
i Radiation with view factors
I convection and phase change
A Fluid mechanics
T Navies-Stokes (2D & 3D)
i Turbulence models: k-g v3-f, VMS
T Reynolds (2D)
A Structural mechanics
1 Elasticity (unisotropic, lin & nonlin)
T Plate, Shell
A Free surface problems
T Lagrangian techniques
I Level set method (2D)

A Mesh movement

T Extending displacements in coupled problems

T ALE formulation

Acoustics CsSc
i Helmholtz
i Linearized time-harmonic N-S
Species transport
I Generic convection-diffusion equation
Electromagnetics

I Emphasis on steady-state and harmonic
analysis

i New Whitney element formulation for
magnetic fields

Electrokinetics

i Poisson-Boltzmann

i Poisson-Nernst-Planck
Quantum mechanics

i DFT (Kohn Scham)
Particle Tracker

é .



Parallelization techniques 1L

CscC

A Parallelization with MPI
I Assembly parallelizes almost trivially
I Solution by iterative methods (GMG, Krylov methods, Hypre)

I Many preconditioners (ILUn) are not the same in parallel

A Convergence may suffer
A Mesh partitioning (serial)
I Partitioning by Metis
I Simple geometric division
A Some initial work on hybrid methods
I OpenMP / MPI
A Recent developments towards improved scalability

I FETI: Effficient scalingof Na v i equafion

i Block preconditioning: Particularly suitable for the Stokesbequation



Elmer 1 Selected multiphysics features 1L

A Solver is an asbtract dynamically loaded object csc
I Solver may be developed and compiled without touching the main library
i No upper limit to the number of Solvers

i Currently ~50 different Solvers, roughly half presenting physical phenomena

A Solvers may be active in different domains

I Automatic mapping for non-conforming meshes

A Parameters of the equations are fetched using an overloaded function
allowing

i Constant value

I Linear or cubic dependence via table

I Effective command language (MATC)

I User defined functions with arbitrary dependencies

I As a result solvers may be weakly coupled without any a priori defined manner

A Tailored methods for some difficult strongly coupled problems

I Consistant modification of equations (e.g. artificial compressibility in FSI, pull-in
analysis)

I Monolitic solvers (e.g. Linearized time-harmonic Navier-Stokes)



Example: Poisson equation —V?¢ = p 1L

CscC

A Implemented as an dynamically linked solver

A Compilation by:
Elmerf90 Poisson.fo0 T 0 Poisson.so

A Execution by:
ElmerSolver case.slif

A The example is ready to go massively parallel and with
all a plethora of elementtypes in 1D, 2D and 3D




Poisson eqguation: code Poisson.f90

I> Solve the Poisson equation -\nabla\cdot\nabla \phi = \rho
|

SUBROUTINE PoissonSolver(

Model,Solver,dt, TransientSimulation )
|

USE DefUTtils
IMPLICIT NONE
é

lnitialize the system and do the assembly:
|

CALL Defaultlnitialize()

active = GetNOFActive()

DO t=1,active
Element => GetActiveElement(t)
n = GetElementNOFNodes()

LOAD = 0.0d0
BodyForce => GetBodyForce()
IF (ASSOCIATED(BodyForce) ) &
Load(1:n) = GetReal( BodyForce, 'Source’, Found )

I Get element local matrix and rhs vector:
|

CALL LocalMatrix( STIFF, FORCE, LOAD, Element, n)

I Update global matrix and rhs vector from local contribs

I

CALL DefaultUpdateEquations( STIFF, FORCE )
END DO

CALL DefaultFinishAssembly()
CALL DefaultDirichletBCs()
Norm = DefaultSolve()

CONTAINS cScC

|

SUBROUTINE LocalMatrix( STIFF, FORCE, LOAD, Element, n)
!

é

CALL GetElementNodes( Nodes )
STIFF = 0.0d0
FORCE = 0.0d0

I Numerical integration:
!
IP = GaussPoints( Element )
DO t=1,IP%n
I Basis function values & derivatives at the integration point:
!
stat = Elementinfo( Element, Nodes, IP % U(t), IP % V(t), &
IP % W(t), detJ, Basis, dBasisdx )

I The source term at the integration point:
|

LoadAtIP = SUM( Basis(1:n) * LOAD(1:n))

I Finally, the elemental matrix & vector:
|
STIFF(1:n,1:n) = STIFF(1:n,1:n) + IP % s(t) * Detd * &
MATMUL( dBasisdx, TRANSPOSE( dBasisdx ) )
FORCE(1:n) = FORCE(1:n) + IP % s(t) * DetJ * LoadAtIP *
Basis(1:n)
END DO

|

END SUBROUTINE LocalMatrix
I

END SUBROUTINE PoissonSolver
|




Poisson equation: command file case.sif

Check Keywords "Warn"

Header
Mesh DB "." anesh"
End

Simulation
Coordinate System = "Cartesian"
Simulation Type = Steady State
Steady State Max Iterations = 50
End

Body 1
Equation =1
Body Force =1
End

Equation 1
Active Solvers(1) =1
End

Solver 1
Equation = "Poisson"
Variable = "Potential"
Variable DOFs = 1

Procedure = "Poisson" "PoissonSolver"

Linear System Solver = "Directo

Linear System Direct Method = umfpack
Steady State Convergence Tolerance = 1e-09

End

Body Force 1
Source = Variable Potential
Real Procedure "Source" "Source"
End

Boundary Condition 1
Target Boundaries(2) =1 2
Potential = Real 0

End

CscC




Poisson equation: source term, examplest

CscC

Constant source:

Source =1.0

Source dependeing piecewise linear on x:

Source = Variable Coordinate 1
Real
0.00.0
1.0 3.0
2.04.0
End

Source depending on x and y:

Source = Variable Coordinate
Re al M Asin G2*@*tx(0))* cos(2*pi( tx( 1)) o

Source depending on anything

Source = Variable Coordinate 1
Procedure 0Source 0 MySource O



Poisson equation: EImerGUI menus

<?xml version="'1.0" encoding='"UTF-8'?> cCScC
<IDOCTYPE edf>
<edf version="1.0" >
<PDE Name="Poisson" >
<Name>Poisson</Name>

<BodyForce>
<Parameter Widget="Label" > <Name> Properties </Name> </Parameter>
<Parameter Widget="Edit" >
<Name> Source </Name>
<Type> String </Type>
<Whatis> Give the source term. </Whatis>
</Parameter>
</BodyForce>

<Solver>
<Parameter Widget="Edit" >
<Name> Procedure </Name>
<DefaultValue> "Poisosn" "PoissonSolver" </DefaultValue>
</Parameter>
<Parameter Widget="Edit">
<Name> Variable </Name>
<DefaultValue> Potential</DefaultValue>
</Parameter>
</Solver>

<BoundaryCondition>
<Parameter Widget="Label" > <Name> Dirichlet conditions </Name> </Parameter>
<Parameter Widget="Edit">
<Name> Potential </Name>
<Whatis> Give potential value for this boundary. </Whatis>
</Parameter>
</BoundaryCondition>
</PDE>

<o



Short history of Elmer jL

CscC

A 1995 Elmer development was started as part of a national
CFD program

A Collaboration with TKK, VTT, JyU, and Okmetic Ltd.

A Atfter the initial phase the development driven by number of application projects
i MEMS, Microfluidics, Acoustics, Crystal Growth, Hemodynamics, Glaciology, &

A 2005 Elmer published under GPL-license

A 2007 Elmer version control put under sourceforge.net
T Roughly 400 000 lines of code
A 2010 Used wordwide by thousands (?) of researchers
T About 1000 downloads of the Windows binary each month
T ~50000 visits to community forum from 122 countries during last year

A Readily available in major Linux systems

A Application projects are nowadays mainly international
T Used in a number of EU-projects

T Central tool in computational glaciology



elmerfem.org statistics for 2011: countries

Visits
68,784
% of Site Total: 100.00%
Detail Level: Country/Territory
1. W United States
2. W Germany
3. M Finland

4. France

5 M United Kingdom

6. [taly

7. Canada
8. India

9. Japan
10. Spain
1. Russia

12 Netherlands

13. Switzerland
14. Poland

15. China

16. Belgium
17. Sweden
18. Australia

19. Czech Republic

20. Argentina

Pages/Visit

4.47

Site Avg: 4.47 (0.00%)

et Visits * o

12,847
9,473
5,787
5,503
3.706
3.443
2,014
1,767
1,676
1,619
1,391
1,376
1.321
1,216
1,187

958
882
778
761

664

Avg. Time on Site

00:04:57

Site Avg: 00:04:57 (0.00%)

Visits

18.68%

13.77%

8.41%

8.00%

5.39%

5.01%

2.93%

2.57%

2.44%

2.35%

2.02%

2.00%

1.92%

1.77%

1.73%

1.39%

1.28%

1.13%

1.11%

0.97%

% New Visits

46.89%

Site Avg: 46.73% (0.34%)

Bounce Rate

51.80%

Site Avg: 51.80% (0.00%)

Country/Territory contribution to total:  Visits v

30.45%

5.01%

5.39% ‘

8.00%

18.68%
8.41%



Elmer windows downloads at sf.net (6 months)

A Home / WindowsBinaries  (Change File) Date Range:| 2011-05-04 to 2011-11-04

DOWNLOADS

6 837

In the selected date range

’\ TOP COUNTRY

w % ’ Germany
o~ 16% of downloaders
TOP 05
Windows
94% of downloaders
Country # Downloads «
1. Germany 1,142
2 United States 1,036
3. ltaly 521
4. Japan 458
5. Russia 327
6. United Kingdom 258
7. France 241
8. India 216
9. China 215
10.  Spain 177

Elmer is also available in several Linux distrbutions but are beoyng any trafic control
- TEEEBEBEEEEEEETETSS—SSSSSSSSSSSSGSSSSSGSSSSESSSS
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Figures by Esko Jarvinen, Mikko
Lyly, Peter Raback, Timo Veijola
(TKK) & Thomas Zwinger



Czockralski Crystal Growth

A Most crystalline silicon is grown by the
Czhockralski (CZ) method

A One of the key application when Elmer

development was started in 1995
- o

tic Ltd.

Seed

Single Silicon Crystal

Quartz Crucible

Water Cooled Chamber

Heat Shield

Carbon Heater

Graphite Crucible

Crucible Suppart

. . . Spill Tray
V. Savolainen et al., Simulation of large-scale

silicon melt flow in magnetic Czochralski growth,
J. Crystal Growth 243 (2002), 243-260.

Electrode




CZ-growth: Transient simulation

Parallel simulation of silicon meltflows using stabilized finite
element method (5.4 million elements).

Simulation Juha Ruokolainen, animation Matti Grohn, CSC




MEMS: Inertial sensor

A MEMS provides an ideal field for multi-
physical simulation software

A Electrostatics, elasticity and fluid flow are
often inherently coupled

A Example shows the effect of holes in the
motion of an accelerometer prototype Figure by VTI Technologies

A. Pursula, P. Raback, S. Lahteenmaki and J. Lahdenpera, Coupled FEM simulations of accelerometers
including nonlinear gas damping with comparison to measurements,

J. Micromech. Microeng. 16 (2006), 2345-2354.



Microfluidics: Flow and heat transfer in a microchip

21 : . 27
1 1

Celsius

A Electrokinetically driven flow

To

Joule heating

A Heat Transfer influences
performance

A Elmer as a tool for prototypin

o

Complex geometry T. Sikanen, T. Zwinger, S. Tuomikoski, S. Franssila, R. Lehtiniemi, C.-
_ _ M. Fager, T. Kotiaho and A. Pursula,
A Complex simulation setup Microfluidics and Nanofluidics (2008)




Acoustics: Losses in small cavities

Temperature waves resulting from the Temperature waves computed from the
Helmholtz equation linearized Navier-Stokes equation

L

M. Malinen, Boundary conditions in the Schur complement preconditioning
of dissipative acoustic equations, SIAM J. Sci. Comput. 29 (2007)




Computational Hemodynamics

A Cardiovascular diseases are the
leading cause of deaths in western

countries

A Calcification reduces elasticity of

arteries

A Modeling of blood flow poses a
challenging case of fluid-structure-

interaction

A Artificial compressibility is used to
enhance the convergence of FSI

coupling

E. Jarvinen, P. Raback, M. Lyly, J. Salonius. A

method for partitioned fluid-structure interaction
computation of flow in arteries. Medical Eng. &

Physics, 30 (2008), 917-923
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Artificial compressibility in FSI

A Artificial compressibility (AC) is used to enhance the convergence

A An optimal AC field may be defined by applying a test load to the

strcucture and computing the local relative volume change per
pressure unit [1]

A Convergence in the artery case is monotonic and rather fast (max

20 iterations)

A Without AC heavy under-relaxation is needed and convergence
cannot be guaranteed

L L L L L L
0 5 10 15 20 25 30 35 40 19° | ! I
Number of coupling iteraton 0 50 100 150
Number of coupling iteration

1
200 250

[1] P. Raback, J.
Ruokolainen & E. Jarvinen,
Computing the artificial
compressibility field for
partitioned fluid-structure
interaction, ECCOMAS
2008, Venice.



RANS turbulence modeling

CcscC

Comparison of k-evs. v2-f i turbulence models (red &

AL
.7.7‘7": o
o CaRRER

40

wH+10%L 1 b

Simulation J. Ruokolainen, CSC

[ 5.783 11.57 17.33 23,13 28,92

P B ]

al'ariTrvy RS

le-10 2.378 4,755 7.133 a.511 11.89
Bl e '



VMS turbulence modeling

A Large eddy simulation (LES)
provides the most accurate
presentation of turbulence without
the cost of DNS

A Requires transient simulation
where physical quantities are
averaged over a period of time

A Variational multiscale method
(VMS) by Hughes et al. Is a variant
of LES particularly suitable for
FEM

A Interation between fine
(unresolved) and coarse (resolved)
scales is estimated numerically

Simulation

A N O adohoc par a met er s J. Ruokolainen, CSC




Glaciology: Grand challenges a ¥

A Elmer is the leading code for
3D ice flow simulation even
internationally

A Elmer uses full Stokes
equation to model the flow

A Currently the mostly used tool
In the area

I British Antarctic Survey
I University of Grenoble

I University of Sapporo

A Simulations of continental ice

heets ver mandin
sheets eyde and g - Simulation T. Zwinger, CSC

A Climate change makes the
simulations very important




Thermal creep in light mills

A Glass container in a very low
pressure < 10 Pa

A Each ving has a black and
silver side

A When hit by light the light mill
rotates with silver side ahead

A The physical explanation of the
light mills requires
consideration of rarefied gases
and thermal creep

A These were studied in the
thesis project of Moritz Nadler,
University of Tubingen, 2008



http://en.wikipedia.org/wiki/Crookes_radiometer

Thermal creep in light mills

. T e — 2D compressible Navier-Stokes eq. with heat eq. plus two
T ==X.=—— = rarefied gas effects:

@ Maxwell’s wall slip and thermal transpiration
2 — o, ou, Jdup Su OT
o on = Ox ) 4pT 0x

@ Smoluchowski's temperature jump
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Simulation Moritz Nadler, 2008




EHDL of patterned surfaces

A Solution of Reynolds &
nonlinear elasticity
equations

Simulation Bengt .

Wennehorst, e (g
Univ. Of Hannover, i N

2011




Whitney element solver 1L

CcscC

Case picked up from Elmer forum - sometimes the community
is faster in testing new models than the developers.

-

‘5’
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Mesh in EImerGUI Z-component of magnetic field



Optimization in FSI

A Elmer includes some tools that help in
the solution of optimization problems \
A Profile of the beam is optimized so

that the beam bends as little as
possible under flow forces

Optimized profiles for Re={0,10,50,100,200}

Pressure and velocity distribution with Re=10

Simulation Peter Raback




Particle tracker - Granular flow jL

CcscC




