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The Virtual Material Laboratory

Designing integrated software for
porous media characterization and engineering

Andreas Wiegmann, PhD

CEO
Math2Market GmbH
Computational Materials at your fingertips...
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GEO D
e The Virtual Material Lab lets you ...

import materials model materials

&%®

characterize materials characterize properties
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|. GeoDict, InterPore and ITWM

GeoDict was developed at Fraunhofer Institute for Industrial
Mathematics in Kaiserslautern since 2001. ITWM, about 400
employees, is one of 60 institutes in the Fraunhofer Society, the
largest Applied Research Agency in Europe with 14,000 staff.

In 2011, the three main developers of GeoDict spun off
Math2Market GmbH, Kaiserslautern, with full support from ITWM.
M2M today has 6 full time and 6 part time staff, 3 of them off-site.

Math2Market and ITWM continue to closely collaborate with joint
projects and joint personnel.

The connection with InterPore has been fruitful for GeoDict
regarding requirements, publications, sales and project work ever
since the inaugural meeting at Fraunhofer in Kaiserslautern in
2009.
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FLOW AND MATERIAL SIMULATION

"The migration of our research and technology into
commercial software used to take ten or more years."

“Together with M2M, this transfer happens much faster !”

Dr. Konrad Steiner, Head of department, Fraunhofer ITWM
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Il. The concept of Virtual Material
Characterization & Engineering

Recent vailability of

B sub-micron resolution 3d images (UCT, FIB-SEM, ...)

W affordable computers (1TB memory, 64 cores, 2GB graphics ...)
W stochastic geometric models and highly efficient numerics
allows to

® model materials geometrically as 3d images

W characterize material properties No meshing required!

M engineer optimized materials for dedicated purposes

¥ in an integrated tool
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Material Characterization & Engineering

Lab
Porous media
b or
Composite
material
manufacture measure
next material;
try next fluid
A 4
Properties

Properties include:

pore size distribution
pressure drop, permeability
effective stiffness

filter efficiency, capacity
Pressure-saturation curve
Relative permeability
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Mesh

A

compute

l

Properties

try next
set of
parameters
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Validation - Step 1. Characterization
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Validation - Step 2: Engineering

CT Image validated Model
To achieve synergies Qlet;n & generate
for computations, CT )
- Voxel Voxel
images and models YO Vet
are converted to | |
voxel meshes corrlpute comfute

Properties compare Properties
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Material Characterization & Engineering

'--

Lab Tomograph GEO DICT -~

filter & generate
segment

Voxel
Mesh

compute
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Computer Aided Material Engineering
with GeoDict

GEO metry

+ Visualization

+ Scripting Language

+ Matlab Interface

+ Excel Interface

pre J|CT ions

Sintered
Nonwoven Woven
Design Structure Design
Design
Y A 4 Y
3d Image Fibrous Sintered Woven Periodic
(UCT, FIB,...) Model Model Model Model
Fluid
parameters
v
Voxel Surface
Mesh properties
parameters
Pressure (relative) Filter Filter Pore-Solid | | Pressure -
Drop Permeability| | Efficiency Capacity Analysis Saturation
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Integrative benefit of voxel meshes

M Integration via voxel mesh means any CT or FIB-SEM and
any model is compatible with any material characterization
and any property computation.

® Voxel meshes are the integrator, a lowest common
denominator for volume representations like STL for
surface representations.

B VVoxel meshes allow highly efficient algorithms, most
notably Fast Fourier Transform based PDE-solvers.

B Simple basis allows complex yet easy-to-use software

MATH



nonwovens

fiber reinforced composites
papers
ceramic materials

rocks
dense (sphere) packings
woven materials
closed cell foams

open cell foams
regular materials
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Simulations performed on 3d
structures composed of little cubes

] Advantages: Straight forward

B automatic grid generation
for computed tomography

virtual structure generation

W solver implementation

parallel implementation

] Disadvantages: resolving features
B requires many grid cells

M requires very large scale
computations
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Analytic, surface and volume
representation

<Objectl> . “Objects’

Color 1 « “Triangles”
: : e “Voxels”

Type ShortCircularFiber

Pointl 6.6e-5,2.5e-5,4.8e-5 e« “World” or

Point2 8.9e-5,-2.04e-5,5.3e-5 gggndmg

FiberEndTypel O
FiberEndType2 0

Diameter 1.2e-05
</Object1> O TN
X
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Glass fiber nonwoven
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Curled & Inhomogeneous nonwoven
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Binarized SEM (top) and
virtual sintered ceramics (bottom)
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Virtual woven:
multiple weft layers

]

weave.gmc

-- GeoDict2012R1 64 bit Linux Standard Edition )

File Modules View Options Macro Help
& B E = & &

~ Status

Analytic Object-Data: .

Memory: - ID: 1880

Domain: 280 x 350 x84 Voxel: 8 pm
Project: ..mss/People/glatt/GeoDict_WorkingDir

DataView | Raycast | Smooth | Results | Paricles | Awows | Tensors | Streamlines
Volume % 3D: 1 (002 | Ho6: [-4222
Number of Objects 3D: 32 1v [0.12 | arT:[-17.40
Components 3D: - 1z [3.05 | nk: [35.72

~FiberG

Object Options

=]
r}
5L

T

Result File Name (".gdr) |FiberGeo.gdr

[‘ Create ]

\

~ Fraunhofer
ITWM
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Virtual
felt:
woven,
nonwoven
&
needling

felt.gmc

File Modules View Options Macro Developer

e & B E =» & &

Status
Analytic Object-Data:

wemory: [IESEIN o 3205

Domain: 400 x 400 x 290 Voxel: 10 pm
Project: ...oDict_WorkingDir/09_Filz/02_Example

FiberGeo-

Create Options Edit ...

Result File Name (*.gdr) | FiberGeo.gdr

Create

~ Fraunhofer

ITWM

" File: Felt.gdt -- GeoDict2012R1 64 bit Linux Developer Edition <)

Help

Raycast | Smooth | Resuts | Particles | Arrows | Tensors | ’thr:-;mii|l|
Volume % 3D: _7 : 72.96 v X |-0.01 HDG: |32.25
Number of Objects 3D: -- 1Y (016 ATT: [20.24
Components 3D: -- TZ [1.31 BNK: [-56.84
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Gas Diffusion Layer Model

Created with a stochastic process

Input:
* Porosity

* Fiber diameter and type

* Anisotropy

—
)
©
=
0
=
-
e
D
()
=
[

* (Fiber crimp)
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3D Models: Catalyst Layer (CL)

Model example:
Porosity 33.3 %
Carbon/Pt 50.1 vol%
Electrolyte 16.6 vol%

Size: (800 nm)3, voxel length 1 nm
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IV Material properties & processes

Effective thermal conductivity
Effective diffusivity ( Knudsen <1, > 1, ~1); tortuosity

Permeability ( flow resistivity, pressure drop )

Effective stiffness

Particle filtration ( efficiency / beta ratio, capacity / life time )
Advection & diffusion ( break through curves, effective surface )
2-phase flow ( pressure-saturation, relative effective properties )
Pore & Solids analysis ( Porosimetry, bubble point, cloudiness,... )
Large deformations

Scripting language for automation and optimization

Matlab Interface for pre- & post processing, Excel for post-proc.

MATH




Cloudiness analysis
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For a thin nonwoven, the
mass in through-direction
IS added up and shown in
colors.

Red means much mass,
blue little mass.

It is another way to
compare real and virtual
nonwoven and evaluate
the quality of material
models.
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Compression

Aim: how does a GDL change due to clamping pressure?

pe FeelMath

Current development together with Fraunhofer =

~ Fraunhofer
ITWM

= transverse isotropic elastic modulus for fibers
= isotropic elastic modulus for binder
=  30% compression

h 10 min on Laptop
13.5 mio grid points |

M AT | I © 2013 Math2Market GmbH
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Filtration Simulation: Pressure drop
and Filter Efficiency

. Randomness:
Basic idea:

1. Filter model = Starting positions

2. Determine flow field (pressure drop)

3. Track particles (filtered or not?) Result:
= Percentage of filtered particles

= Brownian motion

L4 LAY ... L =

M AT H © 2013 Math2Market GmbH

2 MARKET

27



Filtration Simulation: Filter Life Time

-, ~:.:o':": '.’. *o

1. Filter Model 3. Track Particles

14
/
4. Deposit Particles 5. Flow Field 6. Repeat ...
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Sieving resolved particles

Cake with
higher density
&

Lower
permeabillity

b
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The Multipass Test (ISO 4548)

Contamination Testing Dilution
circuit circuit system

Particle injection ﬁ | Qp |
Storage vessel
[Pressure sensor]— ( Online I >

; Lparticle counter 2
Filter Q

( Online
[Pressure sensorl Lpartlcle counter 1

O—0C- O

Pump

© Math2Market GmbH
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Fractional Filtration Efficiency

100.00 % HWW‘OT

80.00 % 1 pm

60.00 % - A L"A.’A " ~5 um

40.00 % \IN\ V —9 um
=-<15 um

= A /\ 7N~"< |/
20.00 % ‘ oY 25 um
0.00 % - 0000

Os 500s 1000s 1500s 2000 s
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DPF ceramic and soot filtration

Sub-voxel soot
particles form a filter
cake that is modeled as
porous media with
locally varying
permeability.

These soot particles do
most of the work to
filter more particles.

A new ceramic was
designed based on
simulations, a joint
patent with Fraunhofer
IKTS is on its way.
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Pressure drop from media & capillary

Pressure at 0.01 m/s Pressure at 0.01 m/s
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Wide outflow channel looses 1 Narrow outflow channel looses 2
bar over filter media bars over filter media and channel

MATH




The optimized filter element ...

Innovation in filtration Focus on user henafits

ARGO-HYTOS sets the standard with
the intreduction of EXAPOR*MAX 2

Extended service intervals
Higher dirt hoding capacity and improved Ao fatigue stabiity are of particdlar importance in adieing
exiended sendce intereals

The new perfomance-anented sruchure of the S material makes 2 wistntial onbibuticn io improing
dirt holding capacity, reducing pressune loases and improving the diSerential prezzone stahilisg. The amproved
eyt support Fabeic fpatent pending) desipates sedrosiaic chage completety, ghves the best pssible
Pexural strengeh whill redicing preore |oeses. The plestic sesve shonk onio e fker bedows enae that
it fightly fis the edges of the hole, which has 2 positve: efiect on fow Eatigue stabliry. These mprovemens:
make & substantial contribution 10 inareasing the fife of the: filer dements

Higher machine avalabifiry, lnnger senvice imtenvals 2nd lower operasing
s, These were the development goals for the new gmeration of fiter
Elments.

With the introadoction of EXAPORMMAX T, ARGDHHYI0S i opening 2
new chapie in fitration for bydreulc and lebrcation sptems.

The structore of the sperialiy developed T-iaper Gker material wes dsigned Higher operational reliability _

for optimum perdomance, wing giaes and potpester e of difient = MMmmgmthﬂmnMMJﬂmmmm
finenees comibined with am improved hybnd support Ehric {poent perding } —.1%-—1%—._—_‘( pﬁﬂdﬁmwmgdmmmamamqmm
made of stainke: steel and polyesser This sets the standard & - by time conaming and expensive mantenance werk.

® Pressure boss

e A new design for hydraulic filter e e o s

the new generation of filer slements the Sier fneness has been

The plasic deeve wmed on the EXAPORMAX 2 for the fn

g pleat support structures was found

# Protection from damage
* [mprovement of flow fatigos stability

e DASEM ON SIMulations and a patent

* Higher operational refiability
* [mpgroved il deanliness

# Reduced operafing and maintenance costs

e granted to Argo-Hytos in 2009. Y e

g, The subnfantial esuction n prescure bosses alied o an imgroved g
hcidiing rapacity |esds b an inoee in power density 20 that, depending

= = o the application, smalier fhers ooukd be wsed. @3_—_“
= = Positive identification of elements
The plastic seave used on the EXAPOR®MAX 2 fiter demesss can be e
prirted 2 required. Fhis substontiolly impiowss positve identifiaion and jsan.
impartant leatire forbulding up and seniring = stratege spaee part basines, e wrins g

Reduced operating and maintenance costs
Fhese imoations work together b reduce operaing and mem?=nance ants and bring about an improwe-
ment i the productivity and ecnomy ol machmnery and plane.
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Non-wetting phase (air) reservoir

Drainage
® Hilpert / Miller 2001

B Guarantees
connectivity of NWP to
reservoir

M |dea: push spheres
Start: wet

Start: large radius
(i.e. small p.)

Steps: < radius
(higher p,)
B No residual water

Wetting phase (water) reservoir

MATH



Non-wetting phase (air) reservoir

Drainage (+)

B Ahrenholz et al.
2008

B Additionally: WP
must be connected
to reservoir

M Residual water
(orange)

Wetting phase (water) reservoir

MATH



Drainage - Sandstone Sample

M Slice of the 3D result

B Residual water: 8.6 % g el

® black: air %?
M red: residual water ~ },.. é‘}_‘a\
. . . T - ?:."';" [
B white: matrix material ~ ,* ’3‘» {
Ji 3 "y

i‘-‘-s.__
- -
70.00um | & S =
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Relative Permeability (Sandstone)

M Solids (white)
B Water (yellow)

W Stokes solver for
relative oil permeability
INn remaining pores

. r \ 1
- . ' F
| ARl w
70-00un RS- 357« Sl s M

MATH See poster by L. Cheng et al.
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Rock models for Fluent

Structure as
Parasolid for
further
processing.

In a gas production
operation, the flow of
gas through piles of
rocks must be
simulated with Fluent.

A model of the rocks is
created and exported
to Fluent from the
analytic description of
the position and
shapes of the rocks.




Bricks design for electric arc furnace

* In an electric arc furnace
(blue and red), bricks of
two materials (white and
black) must be piled.

* The brick shapes can be
designed and determine
the performance of the
furnace via packing
density, contact areas,
pile permeability, triple
lines etc. etc.




V The GMC Scripting Language

M Every operation can be “recorded” and “played”

B Every operation consists of a command name and a list of
parameters

M There exist variables and loops
M The variables enter in the parameter lists
¥ The loops provide value lists to enter into the parameters

® They can be used to provide input to multiple operations in a
single, user-defined GUI

® They can be used to define long-running parameter studies

MATH



GeoDict Modules — 2012R2 edition

FiberGeo , PaperGeo, SinterGeo, WeaveGeo, GridGeo, PackGeo, PleatGeo: structure generators

ImportGeo
ProcessGeo
LayerGeo
ExportGeo
FlowDict
ElastoDict
ConductoDict
DiffuDict

PleatDict
FilterDict
SatuDict

PoroDict
MatDict
AcoustoDict
AddiDict
GMC
Matlab
GeoDexcel

e.g. CT, .stl / CAD import

3d image processing

layered media

e.g. Fluent, Abaqus

single phase flow properties
effective elastic properties
effective conductivity
effective diffusivity

porous media flow
delta P, efficiency, capacity
two phase flow properties

pore analysis

solids analysis

acoustic absorption

advection, diffusion, adsorption
scripting language

pre- and post processing

post processing

File Modules View Options Macio Help
& & = CIC

Shatus

Analytic Object-Data: .

enor: |NEEGHN 1o

Damain: - omel -

l Project: ...ict\Documents\MyFirstGeaDictProject

FiberGea

Create Optiohs Edit ..
Fiesult File Mame [*.gdr]  wKI1.gdr

Create

Z Fraunhofer
MATH
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Geometric material designer
& material property preDictor

Dr Jirgen Becker,
Dr. Erik Glatt,
Andreas Wiegmann, PhD

GeoDict 2012R1, February 2012
©2001-2012

info@geodict. de
www.geodict.com
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Technology & application areas

» Complete set of geometric material models as gad / stl / gdt

» From Fast Solvers for simple equations in complex structures to
Fast Solvers for complex equations in complex structures for:

Filter Media and Hygiene materials
Composites (damage & delamination; modelling)
Batteries & Fuel Cells (electro-chemistry)
Oil & Gas industries
» Simple formulas (like DigiMat)

» Strong parallel performance & client server architecture
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Thank You — and please
come see more at
our booth...

GEO DicT -

The Virtual Material Laboratory

www.geodict.com
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