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ANALYSIS OF SOLID MATERIAL IN POROUS MEDIA
WITH MATDICT

For three-dimensional models of porous media obtained from a tomography image or
from a digital model generated with GeoDict, the MatDict module analyzes the
characteristics of materials. There is no fixed assignment of a material ID
(identification) to solid or pore space. Instead, it depends on the definitions made for
the constituent materials.

Mat
Material Statistics \ll Material Statistics S
— - Material Characterization
GAD Objects Analysis
Options L2 Edit. Algorithms

Help Record

Cloud

P Run

Job Queue

MatDict's commands are grouped by four topics: Material Statistics, Material
Characterization, GAD Objects Analysis and Algorithms.

MATERIAL STATISTICS

B Structure Information: The algorithms determine porosity, solid volume
fraction, number of GAD objects, density, mass and grammage in all three spatial
directions. Values represent average values for the entire material(s) inside the
bounding box. Additionally, the individual solid volume fraction of all materials is
given as well.

B Thickness Estimation (1D Statistics): The methods determine the solid volume
fraction (SVF) of the material in the different spatial directions and measures the
material thickness. The SVF is computed in the plane normal to the direction of
interest and the average value for each of those planes is reported.

B 2D Density Map: The algorithms calculate the distribution of grammage, solid
volume fraction, and number of objects in the direction of interest. Each pixel in
the density map is calculated by averaging the respective property in the direction
of interest.

B 3D Inhomogeneity: The algorithms compute the solid volume fraction, solid
density (distribution) and porosity of specified sub-volumes.

MATERIAL CHARACTERIZATION

B The Solid Size Distribution (Granulometry) is determined by fitting spheres
into the solid objects. To be more precise, a point belongs to a solid object of a
diameter larger or equal than g, if it is inside any sphere of diameter d, which can
be fitted into the solid objects.
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Analysis of solid material in porous media with MatDict

For the Percolation Paths calculation, the method determines the maximal
diameters of spherical particles that can move through the medium. In addition,
the shortest paths of the largest particles are calculated and displayed. Also, the
shortest path of a given sphere size through the medium may be computed.

Connected Components: The solid fraction of a porous medium is not
necessarily a homogeneous medium but can be composed of individual
components that (all together) form the solid. Neighborhood relations between
voxels inside a component differ from those among different components and
between component and pore. The method analyzes the voxel-to-voxel relations
of the solid material and computes the components that build up the solid fraction.
Results of the method include the number of defined components (material and
background), mean number of components per 2D slice in each spatial direction,
and their size with respect to volume visualized as a histogram.

Estimate Surface Area: The algorithm calculates an approximation of the surface
area by statistical methods and not simply by adding up the voxel surfaces.
Therefore, the surface of a sphere is approximated correctly. However, the
estimation is slightly biased in case of highly anisotropic media. The method
originates from statistical image analysis, where the determination of the four
Minkowski measures (Volume, Surface Area, Integral of mean curvature, Integral
of total curvature) from voxelized images is an essential task. To determine the
surface area, the Crofton formula is used, which relates at first the 3D surface area
to an integral over 2D boundary lengths of planar cross sections and then second
these lengths to an integral over 1D rays. Based on this formula, an analysis of
the intersection points of rays in all space directions with the structure allows
determining the surface area.

Estimate Three-Phase Contact Line: The algorithm estimates the length of the
contact line between the phases in a three-phase system and the number of voxel
edges of the contact line in the Cartesian directions. The length of the contact line,
which strongly depends on the structure’s topology, is often important for the
performance of a material (for example for catalysts).

The four Minkowski Parameters (Volume, Surface Area, Integral of mean
curvature, Integral of total curvature) are the structures characterizing parameters
to analyze mathematical topology and can be computed for a selected Material ID.
These parameters can be used e.g. for image processing, estimating root lengths
or hysteresis.

A Chord Length Distribution (CLD) is the distribution of the length of a typical
chord of a structure. By being characteristic for any given geometry class, it is a
highly precise and sensitive measure to compare the geometries of porous media.
The calculation of CLD is particularly useful in 2D tomographic cross-sections, for
which the pore size distribution cannot be determined by granulometry or by
porosimetry. See the PoroDict handbook for further information about
granulometry or porosimetry.

The Geodesic Tortuosity command computes the tortuosity of paths crossing
the material, either through pore space or through solid materials. For every voxel
on the outflow plane, the algorithm finds the shortest path through the selected
material.

The 2-Point Correlation computes the probability for two voxels having a certain
distance to be similar or equal. For each distance, several voxels are compared if
they belong to the same type and a probability is computed based on this
information. If two voxels are correlated, the probability is 1, if they are not
correlated, for example in a completely random structure, the probability is 0.
Then an average probability for each distance is given as result.
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Introduction

GAD OBJECTS ANALYSIS

B Analyze Objects. The algorithms analyze GeoDict Analytic Data (GAD) for the
total number of GAD objects, number of overlap objects (i.e. the overlaps between
different objects), number of objects, overlap solid volume percentage, total
number of contacts, mean coordination number, and the individual volume of each
component. It provides histograms for object volume and contact area.

B The GAD Objects Orientation analysis provides the direction tensor and
anisotropy for individual classes of GAD objects.

ALGORITHMS

B In the Euclidean Distance Transform (EDT), the algorithm calculates the
distance from any point (voxel) inside a pore to the nearest pore/solid boundary.
This is useful when characterizing the structure’s pore morphology.

B The Skeletonizer reduces any given structure to its center lines.
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Analysis of solid material in porous media with MatDict

MATERIAL STATISTICS

STRUCTURE INFORMATION

The Structure Information command determines porosity, solid volume fraction
(SVF), density, mass, and grammage in all three spatial directions for the volume

inside the bounding box. For these calculations, the algorithm requires the density of
all solid materials as input data.

Material Information:

my ID 00: Pore [invis.]

wID 01: Polyethylene Terephtalate (PET)
ID 02: Cellulose
ID 04: Binder

After selecting Structure Information from the pull-down menu and clicking the
Options’ Edit... button, the Structure Information dialog opens.

EJ Structure Information

GeoDiIcT

Result File Mame (*.gdr) Example1-StructureInformation.gdr

Temperature -273.15 <= |20 == 1000.00 °C = Open & Edit Material Database

+ Material Solid Density
ID MName
oo Pore...
01 [ Polyethylene Terephtalte (PET)...

Density |/ (ka/m3} ~ | Temp. Range / (°C)

Material Law 1 ~ | 1380

a (e (==

02 [ celulose... © |Materal Law 1 ~ | 1500
o4 [ Binder (Solid)... " [Manuallaw 1~ | (1200 - + |-
[y @ & B R Help 0K Cancel

At the top of the dialog, replace the default Result File Name by a nhame according
to your current project. The result files are saved in the chosen project folder (File »
Choose Project Folder in the menu bar).

Underneath, the Material panel contains the material IDs of the constituent materials

present in the current structure, and the Solid Density tab contains the density
information for each of the present material IDs.
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Material Statistics — Structure Information

By default, material IDs that are not present in the structure are not displayed under
the Material tab, but they can be displayed by clicking on the “+” symbol to the left
of the Material tab.

For materials that are defined in GeoDict’'s Material Database, the density of the
material is directly inserted under the Solid Density tab for that material ID. If
multiple Material Laws are defined the desired one can be selected or a new one can
be added by clicking on the name and then Open & Edit Material Database.

If a material is not present in the GeoDict Material Database, it can be added in the
Material Database and its properties are defined there. Alternatively, a material can
be set to Manual, and its density can be entered under the Solid Density tab. Manual
Laws are Material Laws for manual materials and can be added or deleted by clicking
the “+” or “-" button in the right column of the manual material. The corresponding
values can be directly entered.

The density of the solid materials can be given in kg/m? or g/cm?3 for all materials.

The given Temperature value and the Temp. Range are only of importance if the
solid density is defined as a temperature-dependent quantity in the GeoDict Material
Database. For example, if Aluminum would be chosen as material, the solid density
would be temperature dependent.

More information on materials can be found in the Material Database handbook.

[ Edit Material Database O X
Search Material Database
Group by | Type - C:/Users/blumer/GeoDict2023/MaterialDataBase Choose...
Name s
~ Fluid

Air General Solid Mechanical Properties Electrochemistry Thermal Conductivity Elect 1| ¥
Brine

Carbon Dioxide (C02) Density Selection

Electrolyte (Salvionic)

Electrolyte (Solvionic) Edit Material Law | Material Law 1 - Delete Rename
Electrolyte
Helium Add Material Law Add
Hydrogen
Mercury
0il Parameter Temperature hd
Oxygen
. SD";""fater Temperature / (°C) Density / (ka/m?) =
Alurminurn (5083) 1 |-253.15 2734
Aluminum (AA - 1050)
Aluminum 2 |-203.15 2732.9
Aramide (PPTA - Keviar 29)
Aramide (PPTA - Keviar 49) 1 3 |-153.15 2728.1
Aramide (PPTA - Kevlar 965) H

Aramide (PPTA - Twaron) 103.15 27712
Brass (CuZn30) 1 i ) )
Brass (CuZns)

Calcte 5 |-53.15 2713.2

Carbon Fiber (DIALEAD - K63712)

Carbon Fiber (M601B) 6 315 2704.4

Carbon Fiber (T300)

Carbon Fiber 7 |46.85 2695.1

Cellulose

Copper 8 96.85 2685.4

Cordierite

Dolomite 9 |146.85 2675.5

Epoxy (3501-6)

Feldspar ] 10/196.85 2665.3

Glass (A-Glass Fiber)

Glass (AR-Glass Fiber) 246.85 2654.8

Glass (C-Glass Fiber) o ) )

Glass (F-Glass Fiber) - 12| 296.85 2643.0
1 L3
Add Materi Add Humber of Rows 20 >
Copy Material  Aluminum Copy ... Load._ Save
Delete Material Delete

Help Save Database Cancel

In the above example, the densities of the PET and cellulose fibers are not set to be
temperature dependent.
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Analysis of solid material in porous media with MatDict

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

Be aware, that the reported Solid Grammage values are only meaningful if the whole
thickness of the media is included in the domain. In the example on page 4, this is
only true for the value in Z-direction.

E Result Viewer = O X
Ma Jan 29 2024 (2024 Build 70838) .../ MatDict2024/Examplel-StructureInformation.gdr
Domain Size: 512 x 512 x 2000 Voxel Length: 750 nm | Load Structure [ ]

Input Map Log Map Results Metadata

Repart Map

Voxel length 7.5e-07 m 3
Size 512 x 512 x 2000 Voxel

Porosity 0.895601

Solid volume fraction 0.104399

Mumber of GAD-Objects | 0

Solid density 147.356 kg/m3

0.147356 g/cm?

Solid mass 3.25928e-08 kg

Solid grammage:

X-Direction: 56.5848 g/m2
¥-Direction: 56.5848 g/m2
Z-Direction: 221.034 g/m?

Specific solid volume:

K-Direction: 4.00893 mm3/m2
Y-Direction: 4.00893 mm3/m2
Z-Direction: 15.6599 mm3/m2

Specific pore volume:
K-Direction: 0.343911 L/m2
Y-Direction: 0.343911 L/m?2
Z-Direction: 1.3434 L/m2

Constituent materials:
Pore, Polyethylene Terephtalate (PET), Cellulose, Manual 1

Volume fraction:

Material Pore: 0.895601

Material Polyethylene Terephtalate (PET): 0.0149915
Material Cellulose: 0.0645953

Material Manual 1: 0.0248125

MateriallD 0: 0.895601

MateriallD 1: 0.0149915

MateriallD 2: 0.0645953

MateriallD 4: 0.0248125

Manage Data - Load Input Parameters Export o Close
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Material Statistics — Thickness Estimation

THICKNESS ESTIMATION (1D STATISTICS)

The Thickness Estimation (called 1D Statistics up to GeoDict 2023) command
calculates the solid volume percentage (SVP) for each voxel layer perpendicular
to the given direction (“through direction”). MatDict

The user can select various types of fitting functions,
Fit 1 to Fit 6, consisting of piecewise linear segments
that best describe the type of porous media. For each Thickness Estimation (1D Statistics) ~
selected fitting type, GeoDict solves an optimization | options 2 Edi.

problem to identify the best-fitting function. The
thickness of the solid medium, of the inlet/outlet, and
of the medium’s surfaces is then derived from this

Material Statistics =

function. Furthermore, the SVP of these regions is Help @ Record
computed. =
After clicking the Edit... button in the Options — P Run
section, the Thickness Estimation dialog opens.
Thickness Estimation O *
O
Result File Name (*.gdr) ThicknessEstimation.gdr
Fitking Options Minimizer Options Equations & References
Direction
Background Mode Pore - X v vz
(Pore/Fluid Material IDs: 00)
Questionnaire
Does the medium have inlet and outlet? Y (@7 il
Is the transition fromn inlet and outlet to the inner medium smooth? Y (@7 N
Does the (inner) medium have a gradient? Y (e 7 N
Fit Selection
: 3 1 4 — | <
. . HI IH Ve IR N
1 2 . o . 4:;/ R —
1 2 5 3] 1 2 5 b
V| Fit 1 (Whole, Uniform) v | Fit 3 (Sharp, Uniform) V| Fit 5 (Smooth, Uniform)
13 __14 -I- __-(;.
- 2 — — .3 N
1 . o . . . o .
1 2 5 6 1 2 5 6
V| Fit 2 (Whole, Gradient) v | Fit 4 (Sharp, Gradient) V| Fit 6 (Smooth, Gradient)
Write Inlet and Qutlet to a .gdt file. Thickness SVP Threshold / (%) | 50 -
LIt Help oK Cancel
G L @ BB
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Analysis of solid material in porous media with MatDict

At the top of the dialog, enter the Result File Name. The result file with the given
name is saved in the chosen project folder (File - Choose Project Folder in the
menu bar).

The parameters are organized into the Fitting Options and Minimizer Options tabs.
The Equations & References tab, provides further information about the underlying
algorithm.

In the Background Mode pull-down menu, choose Pore to assign the material ID
corresponding to pore space (“background”) and exclude it from the calculations.
Alternatively, choose GivenID to assign one or multiple material IDs to the pore
space (only for the calculations within Thickness Estimation) and select the material
IDs from the Background MaterialID pull-down menu.

In the Direction panel, one or more through directions for the thickness estimation
can be chosen from the three principal directions.

In the Fit Selection panel, one or multiple fitting types (Fit 1 to Fit 6) can be selected.
In the Result Viewer, the selection can be change for post-processing calculations.
This feature is particularly useful for comparing results across various fitting types.
Additionally, to facilitate an easier selection, users can employ the Questionnaire,
which automatically chooses fitting types based on the provided responses.

More precisely, a distinction is made between media with a homogeneous density
distribution (“Uniform”) and media with a density gradient (“Gradient”).
Furthermore, either the absence (“Whole"”) or presence of an inlet area and outlet
area is considered. In the latter case, these areas can be non-empty, allowing for
solids such as fibers to stick out of the medium. The transition between inlet and
medium (and medium and outlet) can be approximated either by a sharp transition
zone (“Sharp”) or by a smooth transition zone, which results in a non-zero surface
length (“Smooth”).

Fits 3 to 6 take an inlet/outlet area into consideration. If Write Inlet and Outlet to
a .gdt-File is checked, the structure of the detected inlet and outlet is written to a
file to a .gdt file in the project folder.

Fits 5 and 6 assume that the medium begins at the center of the inlet area and ends
at the center of the outlet area. This definition is modified by adjusting the Thickness
SVP Threshold value, the technical specifics of which can be found in the tooltip.

The following table gives an overview if and how the fits available in GeoDict 2023
correspond to the new fits in GeoDict 2024.

Homogeneous media Fit 1 (Whole, Uniform)

Gradient media Fit 2 (Whole, Gradient)

- Fit 3 (Sharp, Uniform)

- Fit 4 (Sharp, Gradient)

Homogeneous media with non-empty inlet/outlet | Fit 5 (Smooth, Uniform)

Gradient media with non-empty inlet/outlet Fit 6 (Smooth, Gradient)

Homogeneous media with inlet/outlet -

Gradient media with inlet/outlet -

8 GeoDict 2024 User Guide



Material Statistics — Thickness Estimation

Note that, in GeoDict 2023, the fits for media with inlet/outlet layers with only
background material are considered as inlet or outlet. This option is not available
anymore in GeoDict 2024, instead you can specify in detail if the transition between
media and inlet/outlet is sharp or not.

[ Thickness Estimation O X

GEoODICT

Result File Mame (*.gdr | ThicknessEstimation.gdr
Fitting Options Minimizer Options Equations & References

Reduction Factor 0.5

Minimum Step Size 0.0001

dk

Maximum Iterations 1000000
v Penalize Outside Nodes
Penalize Interval Ratio (0.7

Penalze Slope Ratio 0.8

@E E‘l- @ ne Help oK Cancel

The minimization method includes several numerical parameters that can be fine-
tuned under the Minimizer Options tab. Detailed information about these
parameters is available in the tooltips and can also be found in the published
document (see [1]). These options are intended for experts; the default values are
generally suitable for common porous media.

As an example, we analyze a 3D model of a structure with a side length of 1500 um
(1.5 mm) in Z-direction (2000 voxels - voxel length of 0.75 pm/voxel).To analyze the
structure, we use the settings shown below. The results are shown in the next section
where we explain the content of the result viewer.

Material Information:

mw ID 00: Pore [invis.]

mID O1: Polyethylene Terephtalate (PET)
ID 02: Cellulose
ID 04: Binder

GeoDict 2024 User Guide 9



Analysis of solid material in porous media with MatDict

m Thickness Estimation

GeoDicT

Result File Mame (*.gdr) |Ex::lmpIel—ThicknessEstirrlation.gdr

Fitting Options | Minimizer Options = Equations & References

Direction
Background Mode | Pore i - - 7z
(Pore/Fluid Material IDs: 00)
Questionnaire
Does the medium have inlet and outlet? Y (w7 N
Is the transition from inlet and outlet to the inner medium smooth? Y (w7 M
Does the (inner) medium have a gradient? Y (@7 M
Fit Selection
: 3 1 4 — |
4 o — — m
l 2 =8 - [ 3 . L ]
1 2 5 6 1 2 5 6

Fit 1 (Whole, Uniform)

V| Fit 5 (Smooth, Uniform)

(E-
! I3 ______I 4 SO
I [ — . - 4
— : -] o
1 [ 2 ] [ 3 L ]
1 2 5 6 1 2 5 6
Fit 2 (Whole, Gradient) Fit 4 (Sharp, Gradient) V| Fit 6 (Smooth, Gradient)
V| Write Inlet and Outlet to a .gdt file. Thickness SWP Threshold / (%) | 50 |$|
CRCIRRCN o B o . Hep || ok || cancel

10
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Material Statistics — Thickness Estimation

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

In the Layer analysis section, the SVP of the entire structure is reported. In this
example, the Z-direction was selected as through direction. Therefore, a Z direction
analysis section is contained in the report. Initially, the specific solid volume and
the specific pore volume are reported.

Following this, a table displays computed values from the thickness estimation
algorithm for the selected fits. The first three rows showcase the thickness of the
identified inlet, medium, and outlet, with their cumulative sum equating to the domain
size in the Z-direction. The fourth row provides the SVP of the identified medium. The
nodes correspond to the piecewise linear approximations that are illustrated in the
thickness estimation input dialog, which indicate the coordinate in the through
direction and the corresponding SVP. The final row shows the error of the SVP
approximation in the L2 norm. Below the table, the chosen thickness SVP threshold is
reported.

[ Recubt Viewer = O X

DiMow 21 2023 (2024 Build 69858} .../ MatDict2024/Example1-ThicknessEstimation.gdr

Domain Size: 512 x 512 x 2000  Voxel Length: 750 nm | Load Structure ®
Input Map Log Map Post Map Results Data Visualization Metadata
Fit Selection Report | Plots = Map

Fit 1 (Whole, Uniform) Layer analy5|5

Fit 2 (Whole, Gradiant) Solid volume percentage: 10.4399
Fit 3 (Sharp, Unifarm) Z direction analysis

15.6599 mm3/m2

Fit 4 (Sharp, Gradient) Specific solid volume

V| Fit 5 (Smooth, Uniform) Specific pore volume | 1.3434 L/mz

v | Fit 6 (Smooth, Gradient)

Thickness SVP Threshold / (%) |50 |2 SVP Approximation Fit 5 Fit 6
Inlet thickness 280.719 pm 288.408 pm

Apply... g i :
£ | Medium thickness 985.197 pm 999.011 pm
V| Back-up result file H

Outlet thickness 234.084 pm 212.581 pm

Medium SVP

15.4468

15.3395

Nodes

(0 ,0)
(248 489 pm , 0)
(312,95 ym , 15.8588)
(1.19793 mm, 15.8588)
(1.33391 mm, 0)
(1.5 mm . 0)

(o ,0)
(252 826 pm , 0)
(323.99 pm , 20.3559)
{1.24223 mm, 10.9978)
{1.3326 mm , 0}
(1.5 mm .0}

L2 Error (normalized)

0.0416729

0.0361442

Plot Options -

Manage Data x Load Input Parameters

Thickness SVP threshold: 50

Export

Close

In the context menu shown on the left, the Fit Selection can be modified and
executed as a post-processing step. Additionally, computations can be repeated with
a different Thickness SVP Threshold value. Click Apply... to update the Report,
the Plots, and the corresponding results Map.

GeoDict 2024 User Guide 11



Analysis of sol

id material in porous media with MatDict

In the Plots
direction, thei
are visualized

tab, the SVP distribution corresponding to the layers of the through
r piecewise linear approximation, and the estimated medium thickness
under the Approximation subtab for each selected fit. If exactly two

fits are selected, two stacked plots will be displayed for comparison purposes.
Otherwise, if three or more fits are chosen, you can select the plot you wish to view
from the pull-down menu.

Volume percentage / (%)

Input Map Log Map Post Map Results Data Visualization Metadata
Report | Plots | Map
Approximation Material =~ Material ID
Fit: 5: Z-direction -
—— SVP of layers

35

—8— SVP Approximation
—+— Medium thickness

]

P
[+.]
|

=

-
o

T T
0.6 08
Z-layers / (mm)

1.0

Furthermore, under the Material subtab, plots of the SVP of all existing materials are

shown:
Input Map Log Map Post Map Results Data Visualization Metadata
Report Plots Map
Approximation Material Material ID
Z-Direction
100 +
80 4
g
% B0 - —— Pore
% —— Polyethylene Terephtalate (PET)
<4 —— Cellulose
§' 40 + —— Manual 1 (Binder)
E
=
<
20 1 Jﬁ'
YTl M A A
f \/ﬁ w A W \
WL A Vel
o4
T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Z-Layers / (mm)
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Material Statistics — Thickness Estimation

Under the Material ID subtab, plots of the SVP of the different materials IDs are
shown. The plots differ only from those in the Material subtab if several material IDs
are assigned to the same material.

Input Map Log Map Post Map Results Data Visualization Metadata
Report Plots Map
Approximation Material Material ID
Z-Direction
100
80
g
% &0 - —— ID 00: Pore
& —— ID 01: Polyethylene Terephtalate (PET)
5 —— 1D 02: Cellulose
o 404 —— |D 04: Binder (Solid)
£
2
s
7 A A fpl
R A A
\/ Fw A A W AA
Nt LN W ) NV M
o4
T T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 1.2 1.4
Z-Layers / (mm)

DATA VISUALIZATION

Under the Data Visualization tab, a structure showing the identified inlet/outlet
regions can be loaded. The inlet and outlet areas are calculated based on the
measured SVP and the selected methods. If multiple methods with inlet/outlet are
selected, a structure is saved for each of those methods.

Domain Size: 512 x 512 x 2000  Voxel Length: 750 nm | Load Structure [ ]

Input Map Log Map Post Map Results Data Visualization Metadata

Inlet and Qutlet (*.gdt) InletOutlet_Fit3_ZDir.gdt - Load
InletOutlet Fit3 ZDir.gdt

InletOutlet_Fit4_ZDir.gdt
InletOutlet_Fit5_ZDir.gdt
InletOutlet Fit6_ZDir.gdt

The inlet/outlet volume is assigned to Material ID 02 (here green) and the entire solid
structure is assigned to Material ID 01 (here red). Intersections (“overlap”) of the
structure’s fibers and the identified inlet/outlet volume are assigned to Material ID 03
(here yellow).

GeoDict 2024 User Guide 13



Analysis of solid material in porous media with MatDict

Material Information:

ID 00: Pore [Background] [invis.]
sssgD 01 wedis
gD 02: Inlet & Outlet

mmy [D 03: Overlap

14 GeoDict 2024 User Guide



Material Statistics — 2D Density Map

2D DENSITY MAP

The 2D Density Map command calculates the distribution of Grammage, Solid
Volume Fraction (SVF) or the Number of Objects in a plane normal to the chosen
direction. Each pixel in this plane is calculated by averaging the respective property
in the direction of interest at this position.

MatDict
Material Statistics -
20 Density Map -
Options a Edit
Help Record [ 20 Density Map - =
Cloud G E
P Run 0
Job Queue Result File Narme (*.gdr) DensityMap2D.gdr

Statistic Options Material Density

Compute Map for Grammage A
Compute Statistics for Al Solid Materials -
Compute in X-direction
Compute in Y-direction
v | Compute in Z-direction

Raster Length voxel Length -
Histogram Bins 10 =
@B @a @ ®? e Help oK Cancel

The 2D Density Map dialog opens when clicking the Options’ Edit... button. It
contains two tabs: Statistic Options and Material Density.

At the top of the dialog, enter the Result File Name. The result files are saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

STATISTIC OPTIONS

Under the Statistic Options tab, choose the property to be computed from the
Compute Map for pull-down menu.

Only when choosing Grammage, the Material Density tab is selectable and the
density values for the individual Material IDs can be defined. For Solid Volume
Fraction or Number of Objects, the density of the material IDs is not considered in
the calculations and the Material Density tab therefore not needed.

When choosing Number of Objects, analytic information about the objects in the
current structure must be available. Otherwise, a warning message appears, and the
density map cannot be computed.
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Analysis of solid material in porous media with MatDict

] MatDict:DensityMap

e No analytic data in memory to analyze the number of objects.

(Click in the dislog to stop the countdown. )

The choice in the Compute Statistics for pull-down menu controls whether the
property is computed for All Solid Materials or only for Selected Material IDs.

All Solid Materials

All Solid Materials &
Selected Material IDs k

For Selected Material IDs, those can then be chosen from the materials present in
the structure in the Choose Material IDs pull-down menu.

Check Compute in X-direction, Compute in Y-direction, and/or Compute in Z-
direction to calculate the chosen properties in these directions.

From the Raster Length pull-down menu, choose Voxel Length or Given Length.
This defines the side length of square areas in which Grammage, Solid Volume
Fraction, or Number of Objects are computed.

Voxel Length sets the raster length equal to the voxel size and, thus, the 2D density
map is computed in the chosen directions for each voxel. If Given Length is chosen,
the Length in units of voxel must be entered to define the resolution for the
calculations.

The following figures show the effect of the Raster Length on the results:

The left picture shows the result for Voxel Length, the right picture the result for a
Given Length of 10 voxels.
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300
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3 & 5] 5] “ <] &
[=] [=] [=] [=] [=] [=] (=]
Grammage / (g/m?)

2

o

Histogram Bins refers to the number of bins used to divide the range of density
values (Grammage, Solid Volume Fraction, or Object Number) into a series of equally
sized intervals. In the result file, the number of histogram bins is used to create tables
and plots with the frequency (probability) of values that fall into each interval.

For example, the following plots are taken from result files for the same structure. In
the left figure, the histogram is shown with 20 bins, and in the right figure with 10
bins.
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Material Statistics — 2D Density Map

Histogram Bins | 20 Histogram Bins | 10

25

Probability / (%)
Probability / (%)
&

10 15 20 25 30 as 40 100 150 200 250 300 350 400
Grammage / (g/m?) %10° Grammage / {kg/m?)

MATERIAL DENSITY

If Grammage is chosen as the computed material property, the density of every
material in the structure must be specified under the Material Density tab. For
materials from the GeoDict Material Database, the density value is entered
automatically. If not, manual data can be entered as described on page 5.

[3 20 Density Map

GEODICT

Result File Name (*.adr) |Den5'rtyMap2D.gdr |
Statistic Options | Material Density |

Temperature -273.15 <= |20 | <= 1000.00 |°C ~| | Open & Edit Material Database |

|:| Material | Solid Density |

I Mame Density |/ (ka/m®) = | Temp. Range / (°C)

00 | Pore... | (®] = =

o1 MM rolvethylene Terephtaite (PET).. | (| : [Materallaw 1 ~ | 1380

02 I Celuiose... | (M| £ [Matersilawl = | 1500 .

o4 M Binder (Solid)... | (@) [ManualLaw 1~ | (1400 | = &

@B Eil, @ @ ﬁ [ Help [ oK || cancel |

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

In the Results - Report tab, a table shows the computed density distribution. The
report table also states the minimal, maximal, and mean values of the computed
parameter (here: Grammage) and the standard deviation.
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Analysis of solid material in porous media with MatDict

E] Result Viewer

Mo Jan 29 2024 (2024 Build 70838)
Domain Size: 512 % 512 x 2000

EETCEEEeY

Voxel Length: 750 nm | Load Structure |

Post Map | Results | Metadata

.../ MatDict2024/Example1-DensityMap2D.gdr
®

Input Map Log Map

Report | Plots = Map

Z-direction grammage:

Minimum value: 51.3 gfm?2

Maximum value: 482.475 g/m?2

Mean value: 228.478 g/m2

Standard deviation: 55.6473 g/m?2

Min. Grammage / (g/m2) | Max. Grammage / (g/m2) | Probability / (%)
31.3 04.4175 0.505447
94.4175 137.535 4.31061
137.535 180.652 15.3

180.652 223.77 26.7941

223.77 266.887 28.6377
266.887 310.005 17.5865
310.005 353.122 5.29327
353.122 396.24 1.2043

396.24 439.357 0.303268
439.357 482.475 0.0048499

--- Total runtime: 4.337 s, Total memory usage: 1.184 GiB ---

|  Manage Data = ||Load Input Parameters| | Export - Close

In the Results - Plots tab, the table

entries are additionally available as

Histogram plot. The 2D Density Map subtab shows the computed result.

Tnput Map = Log Map = Post Map | Results ‘ Metadata

InputMap | LogMap | PostMap | Results | Metadata |

Report | Plots | Map

Report ‘ Plots J Map

2D Density Map Histogram |

2Z-direction

30

Probability / (%)

100

150 200 250 300

Grammage / (kg/m?)

350 400 450

2D Density Map | Histogram

Z-direction

Y-direction / (um)
Grammage / (g/m?)

150 250
X-direction / (pm)

100
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Material Statistics — 3D Inhomogeneity

3D INHOMOGENEITY

The 3D Inhomogeneity command calculates the distribution of the Solid Volume
Fraction, Solid Density or Porosity in specified sub-volumes. Each sub-volume is
a cube with a side length that can be specified by the user.

MatDict E 3D Inhomogeneity O 4
Material Statistics = G EO D I CT
3D Inhomogenei =
geneity Result File Mame (*.gdr’ |3DInhomogeneity.gdr
Options a Edit .
Statistic Options Material Density
3D Inhomogeneity Mode | Solid Volurme Fraction -
Help ® Record Compute Statistics for Pore and Solid -
Raster Length / (Voxel) |10 =
Cloud
ou P Run (Pore/Fluid Material IDs: none)
Job Queue

@E [#l- @ B e Help oK Cancel

The 3D Inhomogeneity dialog opens when clicking the Options’ Edit... button and
includes the Statistic Options and Material Density tabs.

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

STATISTIC OPTIONS

Under the Statistic Options tab, choose the property to be computed from the 3D
Inhomogeneity Mode pull-down menu.

[ 30 Inhomogeneity O x

GEODICT

Result File Name (*.gdr] |3DInhomogeneity.gdr
Statistic Options Material Density

3D Inhomogeneity Mode | Solid Density -

o Solid Volume Fraction
Compute Statistics for
Parosity

Raster Length / (Vaoxel) 1o
(Pore/Fluid Material IDs: none)

-

e e REB Help oK Cancel

Only when choosing Solid Density, the Material Density tab is selectable
afterwards and the density values for the individual Material IDs can be defined.

For Solid Volume Fraction or Porosity, the density of the material IDs is not
considered in the calculations and the Material Density tab therefore not needed.
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Analysis of solid material in porous media with MatDict

The choice in the Compute Statistics for pull-down menu controls whether the
property is computed for all materials (Pore and Solid) or only for specified materials
(Chosen Material) or for Chosen Material IDs.

m 3D Inhomogeneity

GEODICT

Result File Name (*.gdr) |3DInhomogeneity.gdr

Statistic Options Material Density

30 Inhomogeneity Mode | Solid Volume Fraction
Compute Statistics for Pore and Solid

Raster Length / (Voxel)

Chosen Mater@al g |
(Pore/Fluid Material IDs: Ot t;hnsen Material IDs

-

-

oK

@ B

Help

Cancel

After the selection of Chosen Material IDs, the IDs can be chosen from the materials
present in the structure, which appear under the Choose Material IDs pull-down

menu.

Compute Statistics for

Choose Material

Chosen Material Compute Statistics for

Choose Material IDs

Pore

Chosen Material IDs
1,2 =

00 Pore

J Polyethylene Terephtalte (PET)
v

Cellulose
Solid

The Raster Length determines the side length of the cubic sub-volume in voxels. If
Raster Length is not a common divisor of the side lengths NX, NY, NZ of the current
structure, some boundary layers of the current structure will not be contained in any
sub-volume. In this case, a warning will be plotted in the result viewer.

MATERIAL DENSITY

If Solid Density is chosen as the material property to be computed, the density of
every material in the structure must be specified under the Material Density tab.

E] 3D Inhomegeneity

Statistic Options

GeoDIcT

Result Fle Mame (*.gdr)

3DInhomogeneity.adr

Material Density

Density | / (ka/m?) ~ | Temp. Range / (°C)

Temperature -273.15 <= |20 <= 1000.00
+ Material Solid Density
ID MName
0o Pare... =] -
01 [ Polyethylene Terephtakte (PET).. | |E Material Law 1 = | 1380
o2 I celulose... =] Material Law 1 ~ | 1500
04 M Binder (Solid)... =] Manual Law 1~ | (1400

O X

°C - Open & Edit Material Database

CANCIC o B oo

Help 0K Cancel
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Material Statistics — 3D Inhomogeneity

For materials from the GeoDict Material Database, the density value is entered
automatically. Otherwise, see page 5 how to edit the density.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is shown in the Result Viewer
after the computation is finished.

Input Map Log Map Post Map Results Data Visualization Metadata
Report Plots Map

Density:

The Minimal Value: 0 kg/m3

The Maximal Value: 1365.99 kg/m3
The Mean Value: 153.547 kg/m3

The Standard Deviation: 233.029 kg/m3

Warning: dividing the geometry by the given raster length some voxels at the domain boundary

remain (0, 0, 16).
These voxels are neglected in the analysis.

--- Total runtime: 4.311 s, Total memory usage: 1.622 GiB -

In the Results - Report subtab, the minimal and maximal value of the chosen
property found in any sub-volume are reported. Additionally, the mean value and the
corresponding standard deviation are shown.

In the Results - Plots subtab, a histogram of the Count Probability of the selected
property is plotted.

Count probability /(%)

] T T T T T T
] 200 400 800 &00 1000 1200

Density / (kg/m?)
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Analysis of solid material in porous media with MatDict

DATA VISUALIZATION

Under the Data Visualization tab, it is possible to visualize the computed densities,
porosities, or solid volume fractions of the sub-volumes. Clicking on Load Solution
File loads the result field.

Post Map Results Data Visualization ¢« »

3D Inhomogeneity ‘ Load Solution F“E ‘

Density / (kg/m3)
656.84
600.00

500.00
400.00

300.00 ]
200.00 —

100.00

0.0

Plot Range:
max : 656.84
min : 0.0
Data Range:
max : 889.69
min : 0.0
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Material Characterization — Solid Size Distribution

MATERIAL CHARACTERIZATION

SoLID Size DiISTRIBUTION (GRANULOMETRY)

After selecting Solid Size Distribution (Granulometry), the needed parameters
can be entered by clicking the Options’ Edit... button.

MatDict

Material Characterization =

Solid Size Distribution (Granulometry) -

Options ¢ Edit
Help @ Record
Cloud
P Run
Job Queue

The Solid Size Distribution dialog includes the Solid Size Options and the Material
Density tabs. The last tab, Equations & References, provides further information
about the underlying algorithm.

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

SoLID Size OPTIONS

The Solid Size Options are similar to those of PoroDict’s Pore Size Distribution
(Granulometry). For details refer to the PoroDict handbook. Be aware, that Write Pore
Geometries as *.gdt Files and the settings for fluid in pores is not available here as
the material for the solids is already defined.

E Solid Size Distribution (Granulometry)

GeoDiIcT

Result File Name (*.gdr) SolidSizeDistribution.gdr
Solid Size Options Material Density Equations & References
Bin Size / (Voxel) |1 =1pm

Parallelization <local max. - 123 Edit...

Domain Boundary Conditions

® Symmetric Periodic Encase Expert

V| Write Solid Size Distribution as *.gsd File
(Solid/Porous Material IDs: 01)

@a @, @ E. E‘E Help 0K Cancel
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Analysis of solid material in porous media with MatDict

MATERIAL DENSITY

Under the Material Density tab, the temperature can be edited if the density of a
material is temperature dependent. Additionally, the density of every solid material
in the structure must be specified in this tab. For materials from the GeoDict Material
Database, the density value is entered automatically. Otherwise see page 5 how to
edit the density.

Solid Size Options Material Density Equations & References

Temperature -273.15 <= |20 == 1000.00 |°C =~ Open & Edit Material Database
+ Material Solid Density
ID Mame Density |/ (ka/m3) = | Temp. Range / (°C)
00/ O Ar. B E - -

o1 MM Graphite_ | (BL| [ (Buk  ~ | 2260 .

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

B3 Result Viewer = O X
DiJan 30 2024 (2024 Build 70838} .../ MatDict2024/Example2-SolidSizeDistribution.gdr
Domain Size: 400 x 400 x 400 Voxel Length: 1 pm |Load Structure L ]

Input Map | Log Map  Post Map | Results | Sold Size Visualzation  Metadata
Volume Histogram Plat Report | Plots | Map

Relative Histogram | Volume Fraction - MatDict: Granu'(’meu'y

Characteristic diameters:
Apply..

D 10: 8.55246 ym
V| Back-up result file D 50: 18.0304 pm

D 90: 19.7178 pm

Geometric solid size distribution:

Min. diameter / | Max. diameter / | Vol. fraction [/ Cumulative / (%) | solid vol. / (m7) | dv/ dv/
J | (pm) (pm) (%) d(log:s(diameter)) | d{In{diameter)) /
E / (em?/g) (cm/a)
i} 1 0 0 0 0 0
1 2 0.0525169 0.0525169 1.1764e-14 0.000872287 0.000378829
2 3 0.0574275 0.109944 1.2864e-14 0.00163062 0.000708169
3 4 0.349038 0.458983 7.8186e-14 0.0139684 0.00606639
4 5 0.512022 0.971005 1.14695e-13 0.0264174 0.0114729
3 [ 1.17973 2.15073 2.64264e-13 0.07440955 0.032353
6 7 1.34306 3.49379 3.00851e-13 0.100308 0.0435632
Plot Options 7 8 3.0246 6.5184 6.77523e-13 0.260778 0.113254
Manage Data b Load Input Parameters Export - Close

Under the Results - Report subtab, the Characteristic Diameters are shown. For
example, here, the D10 value of 8.55 pm means that 10% of all solids have a smaller
diameter than 8.55 um. The D50 value of 18.03 um means that 50% of all solids have
a diameter smaller than 18.03 pm, and the D90 value of 19.71 uym means that 90%
of all solids have a diameter smaller than 19.71 pym.
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Material Characterization — Solid Size Distribution

The discretization error is less than 1 voxel, which means for the presented example,
that the D10 is 8.55 um £ 1.0 pm.

Below the characteristic diameters, a table contains Maximum and Minimum
Diameters, Volume Fraction, Cumulative Volume Fraction, the Solid Volume, and the
Differential Solid Volume Distribution for every bin. Also, at the bottom of the Report
tab, the total solid volume percentage of the structure is shown.

Under the Results - Plots subtab, different relative and cumulative histograms can
be plotted. The histogram of interest, i.e. Volume, Volume Fraction, or
dV/d(log(Diameter)) can be chosen in the Volume Histogram Plot section.

Volume Histogram Plot

Relative Histogram | Violurme hd

Volume Fraction

Apply ... dV/d(log(Diameter))
|

The differential pore volume distribution dV/d(log(diameter)) is then computed as

chm (di+1) - chm(di)
(log (di41) —log (d;)) -m

(1)

with d; the pore diameter of the j-th bin, V., the cumulative volume fractions, and m
the mass of the structure. The latter is computed using the densities of the solid
constituent materials of the sample. This normalization ensures that the value of
dV/d(log(Diameter)) is independent of the domain size.

After choosing and clicking Apply..., the plots on the right hand-side change
accordingly.

Volume Histogram Plot

Relative Histogram | Volume Fraction b

Volume
A Volume Fraction
dV/d(log(Diameter))

Volume histogram

::{1{]-12

— BT

S

= 5.0

£

E .25 N

]

> 0.0 1
! I I I I
0 o 10 15 20

Solid diameter / (um)
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Analysis of solid material in porous media with MatDict

In the Cumulative Histogram plot, the red curve shows the volume fraction of solids
smaller than a given diameter and the blue curve shows the solids larger than or
equal to a given diameter. Both curves sum up to 100% for any given diameter.

Cumulative volume
fraction / (%)

Curnulative histogram
100 7 - —— solids smaller than diameter
80 - —— solids larger than diameter
ﬁ] —
4{] —
2{] —
{] —
T T T T T
b 5 10 15 20
Solid diameter / (um)

Finally, the Results - Map subtab gives access to the values of the computed

parameters.
Input Map Log Map Post Map Results Solid Size Visualization Metadata
Report Plots Map

Key Unit  Value
MinDiameter m 0, 1e-06, 2e-06, 3e-06, 4e-06, 5e-06, 6e-06, 7e-06, 8e-06, 9e-06, 1e-05, 1.1e-05, 1.2e-05, 1.3e-...
MaxDiameter m 1e-06, 2e-06, 3e-06, 4e-06, 5e-06, 6e-06, 7e-06, 8e-06, 9e-06, 1e-05, 1.1e-05, 1.2e-05, 1.3e-05,...
MeanDiameter m 5e-07, 1.5e-06, 2.5e-06, 3.5e-06, 4.5e-06, 5.5e-06, 6.5e-06, 7.5e-06, 8.5e-06, 9.5e-06, 1.05e-05,...
VolumeFraction 1 0, 0.0005251690527, 0.0005742753055, 0.003490383165, 0.005120219696, 0.01179728617, 0.0...
VolumeAbsolute m~3 0, 1.1764e-14, 1.2864e-14, 7.8186e-14, 1.14695e-13, 2.64264e-13, 3.00851e-13, 6.77523e-13, 1...
VolumeFractionCumulative 1 0, 0.0005251690527, 0.001099444358, 0.004589827524, 0.00971004722, 0.02150733339, 0.034...
Saturation 1 1, 1, 0.9994748309, 0.9989005556, 0.9954101725, 0.9902899528, 0.9784926666, 0.9650620618,...
Weight kg 4.4800812e-08
dVdLogDiameter cm#3/g 0, 0.000378829394, 0.0007081685872, 0.006066389775, 0.01147292778, 0.03235296578, 0.043...
dVdLog10Diameter cm”3/g 0, 0.0008722869154, 0.001630618432, 0.01396837866, 0.02641739247, 0.07449545671, 0.1003...
Fractions % 10, 50, 90
CharacteristicDiameters  m 8.55246326e-06, 1.803038773e-05, 1.971784923e-05
Porosity 1 0.6499936562
GSDFile SolidSizeDistribution.gsd

SOLID SizE VISUALIZATION

The distribution of solids is observed in the Volume Fraction/Solid Diameter plot but
can also be visualized through the Solid Size Visualization tab. When Write Solid
Size Distribution as *.gsd File was checked before running the command, it is
possible to visualize the size distribution by clicking Load GeoDict Size Distribution

(*.gsd).

Input Map

Load Solid-Sze Distribution Fila | Load GeoDict Size Distribution (*.gsd) |

Log Map Post Map Results | Solid Size Visualization Metadata

To see the solid size distribution inside of the structure, it is recommended to
deactivate the visualization of the structure itself. This can be done by unchecking
Structure in the tab headers or alternatively in the View settings. Additionally, the
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Material Characterization — Solid Size Distribution

visualization of the result field in the pore space (where the value is always zero) can
be deactivated by unchecking all pore materials with the option Visible on Material
IDs under the Volume Field tab.

l

Camera (Y , Z) || structure Volume Field [] Arrows
Color By [Diameter - ] I:I Transparency
Color Map [ Default .] [ Edit...
Interpolation [None bt ]

[] Threshold |0.00000e+00 (===} |2.25000e-05

Visible on Material IDs

GeoDict 2024 User Guide
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Analysis of solid material in porous media with MatDict

PERCOLATION PATH

The Percolation Path command is accessible from MatDict and PoroDict. It can find
the shortest percolation paths of maximal diameter in the pore space or through a
given material. Two voxels of a percolation path are connected if they share a common
face. Thus, the neighborhood mode is always ‘Face’.

MatDict PoroDict

Material Characterization = Percolation Path =
Percolation Path - Options L& Edit.
Options a Edit..

Help @ Record Help @ Record

Cloud Cloud

P Run P> Run
Job Queue Job Queue

The Percolation Path dialog opens, and the necessary parameters can be entered by
clicking the Options’ Edit... button.

At the top of the dialog, enter the Result File Name. The result files are saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

[ percolation Path O *

GEODICT

um -
Result File Name (*.gdr) PercolationPath.adr

Computation Direction Z-direction -
Material to Analyze

Pore Space =

Mumber of Paths 4

ik

Dormain Boundary Conditions

® Symmeftric Periodic Encase Expert

Search Periodic Path
Diameter Mode Maximal Diameter =
Maxirmal Diameter / (pm) 0

High Resalution
v Save Center-Line

Optimize Path
(Pore/Fluid Material IDs: 00)

@E E‘l. \‘?‘ ﬂ E‘E Help oK Cancel

The Computation Direction defines the direction in which the percolating path
should cross the structure.
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Material Characterization — Percolation Path

Material to Analyze defines through which materials the path may run. Four options
are available:

Chosen Material IDs -

Pore Space
Chosen Material
Chosen Material IDs

Pore Space finds a percolation path through the pores, All Solid Materials through
the solids. Chosen Material allows to choose a single material. The last option,
Chosen Material IDs, gives the full flexibility to select a list of material IDs where
the path may run through.

The number of percolation paths to be detected is set with the Number of Paths
parameter. Then, the algorithm computes the n best percolation paths.

The diameter of pores and solids near the domain boundary is strongly influenced by
the selected Domain Boundary Conditions. Here, the same boundary conditions as
in the granulometry command are available. An example explaining the available
options is given in the PoroDict handbook in the section of the Pore Size Distribution
(Granulometry) command.

Search Periodic Path is only available for periodic boundary conditions. If checked,
the Percolation Path is allowed to cross lateral periodic boundaries. Using this option
increases computation time. A periodic percolation path is not necessarily periodic in
the computation direction.

From the Diameter Mode pull-down menu, choose to detect percolation paths with
the Maximal Diameter possible or Specify Maximal Diameter and enter a
Maximal Diameter value below.

To run the calculations in High Resolution might be useful when the path space is
expected to be narrow. The standard algorithm computes distances directly on the
voxel grid, i.e. when determining a pore size, only the distances from the center of a
pore voxel to the center of a solid voxel are taken into account. High Resolution also
takes the voxel surfaces and edges into account, so the computed distances
correspond to the distance to the next surface or edge. The disadvantage of the High
Resolution mode is that the calculation runtime and memory usage may increase by
a factor of eight.

If the largest computed path is smaller than five voxel lengths, and the simulation
was run in the standard mode, a warning message is shown. In this case, it is
recommended to re-run the simulation in High Resolution mode.

m Percolation Path X

The smallest computed pore diameter is smaller

! than 5 times the voxel length.
As the percolation path algorithm may lead to
errors up to one voxel length the result might not
be very accurate.

OK [10]

When Save Center-Line is checked, the results folder additionally contains *.gdt
files with the centerline of the computed percolation paths.

© CenterlineParticlel.gdt
© CenterlineParticle2.gdt
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Analysis of solid material in porous media with MatDict

With Optimize Path, the length of the percolation path is optimized after the
calculation. This shortens the calculated path by removing voxel staircase artifacts:
The algorithm for the percolation path works on the voxel structure and can therefore
only find paths which run directly through connected voxels. Therefore, the default
method might not always find the best path in structures with large open pores. In
these cases, it is recommended to select Optimize Path (see the examples below).

Structure without a path

Optimize Path

V| Optimize Path

Click OK to close the Percolation Path dialog and start the command by clicking Run.
The Result Viewer automatically opens at the end of the calculations.

RESULTS

The Results - Report subtab includes the Maximum Particle Diameter (in um and
voxels) of spherical particles which may pass through the medium, as well as the
Path Length (in pm and voxels) of the detected percolation path(s).

Dormain Size: 200 x 200 x 200 Voxel Length: 400 nm | Load Structure @
Input Map Log Map Results Data Visualization Metadata
Report Map

Particle paths

Path no | Maximum particle Maximum particle Path length / Path length / (Voxel)
diameter [ (pm) diameter [ (Voxel) (pm)

1 3.2 8 117.0687 202,867

2 2.88444 7.2111 95.7205 239,301

3 2.88444 7.2111 96.6421 241.605

4 2.88444 7.2111 a97.4232 243,558

Under the Data Visualization tab four options are available.
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Material Characterization — Percolation Path

Dormain Size: 200 x 200 x 200 Voxel Length: 400 nm | Load Structure

Input Map Log Map Results Data Visualization Metadata

Voxel Geometry with Percolation Path(s) | Load *.gdt
Analytic Percolation Path(s) Geometry Load *.gad
Center Line Geometry Load *.gdt
Percolation Path(s) Trajectories

Load Particles

To show the Voxel Geometry with Percolation Path(s) click Load *.gdt.

The Analytic Percolation Path(s) Geometry can be loaded by clicking the Load

*.gad button and shows only the percolation paths without the structure.

Material Information: Material Information:
wy ID 00: Air [invis.] wy ID 00: Pore [invis.]
v%g (0)% gullg - m wID 04: Solid

- : Soli . : -

wID 03: Solid O e e At

wywID 04: Air [P, g

The option Center Line Geometry is only available if Save Center-Line was
activated when running the simulation. It loads a structure file that contains the

center line of the path with the maximal diameter.

Material Information:
my ID 0O: Pore [invis.]
wyID 01: Centerline

The Percolation Path(s) Trajectories can also be visualized with animated spheres
moving through the structure. For this, click Load Particles. Deactivate the structure
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visualization by unchecking the Structure tab in the Visualization panel, above the
Visualization area.

Camera I:?Structure Volume Field Streamlines v'| Particles

In the Visualization panel, click Play under the Particles tab. For convenience, check
Loop and, for the Trajectories, select to show all.

Camera Structure Volume Field Streamlines V| Particles Triangles Schlieren ArTows Tensors
Time / (s} |0.000 Material Ds |0, 1,2, 3 - ClipX |0 1]
Speed Ratio |2.38( =————— Partides All - cipy |0 0
Batch 1 (1) Play Short Time | Periodicity Iijectg[ieg All - I cipz |0 o
e

In this example, you can observe four spheres (here green) corresponding to the four
percolation paths moving through the volume.

Material Information:
wy ID 00: Air [invis.]
wyID O1: Solid
wyID 02: Solid
wyID 03: Solid
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CONNECTED COMPONENTS

With the Connected Components command, it is possible to find and count the
number of connected components in the 3D structure. A connected component
consists of all voxels that are in contact with each other, and which belong to the
same phase, the same material, or the same material ID.

MatDict

Material Characterization hod
Connected Components -
Options ¢ Edit

Help @ Record

Cloud

P Run
Job Queue

The Connected Components dialog opens when clicking the Options’ Edit... button
and includes the General Options and the Post-Processing tabs.

] connected Components m| X Connected Components O 4
GEODICT GEODICT
Resuft File Mame (*.qdr) |ConnectedComponents.gdr Result File Mame (*.adr) |ConnectedComponents.gdr
General Options Post-Processing General Options Post-Processing
Periodicity Histogram
71X 7 7z X-Axis Volume -
Y-Axis Relative Count Probability -
Component Mode Pore / Solid - Mode Automatic Histogram .
Count Components for | Solid - Histogram Bins 10 o

Neighborhood Mode

& Voxel sharing a face
Voxel sharing a face, edge

Voxel sharing a face, edge, vertex

V| Write Voxel Geometry with Component Indices (*.g32)
V| Write Voxel Geometry with Component Indices (*.leS)

(Pore/Fluid Material IDs: 00) (Pore/Fluid Material IDs: 00)

@E Etl @ E E‘E Help oK Cancel @E EIL @ E :"E Help oK Cancel

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

GENERAL OPTIONS

In the Periodicity panel, periodic boundaries can be set in the three spatial
directions. If the box is checked, every voxel located on the boundary of the domain
is connected to a voxel on the opposite side of the domain. Thus, components can be
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connected across the domain boundary. If the box is not checked, no connections
exist across the domain boundary.

If the Component Mode is set to Material ID, all voxels belonging to one component
must have the same material ID. If it is set to Material, all voxels belonging to one
component must belong to the same material. If it is set to Pore / Solid, the
distinction happens only between solid or pore voxels. Thus, in the Pore / Solid
mode, voxels with different material IDs may form one component. For the user’s
convenience, all material IDs which denote pore space are shown at the bottom of
the dialog.

Component Mode Pore / Solid J

Material
Material ID

While the Component Mode defines which parts may belong to one component, with
Count Components for set what is counted and reported. Select if pore and/or solid
components are counted. Dependent on the selected Component Mode, it is also
possible to count components only for a specific material or for specific material IDs.

Component Mode Material ID
Count Components for Chosen Material IDs

Choose MateriallDs 1,2 -
00 Air

v/ Il Aluminum %

V| 02 Aluminum

The meaning of ‘connected’ is defined in the Neighborhood Mode panel. Voxels can
be connected through faces, edges, and corners (vertices).

¢ ¢

The two red voxels share a face, the green voxels share an edge, and the blue voxels
share a vertex. In Voxels sharing a face mode, the two red voxels form one
component, the green voxels form two components, and the blue voxels form two
components. In Voxels sharing a face, edge mode, the red voxels form one
component, and the green voxels form one component, while the blue voxels still
form two components. In Voxels sharing a face, edge, vertex mode, the red voxels
form one component, the green voxels form one component, and the blue voxels form
one component.

When checking Write Voxel Geometry with Component Indices (*.932), the
connected components are saved as objects in a .g32 file. This file can be opened in
GeoDict, GeoPy or GeolLab.
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When checking Write Voxel Geometry with Component Indices (*.leS), the
object indices are stored in an *.leS ASCII file. This file is human readable, but will
be considerably larger and slower to read than the *.g32 file. Therefore, it is
recommended to use the *.g32 format.

POST-PROCESSING

Under the Post-Processing tab, the settings used to create the histogram of the
analyzed components are defined. It is possible to modify those settings after the
computation has been run in the result viewer. The explanation of the input
parameters is therefore given in the Results section below.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

The left panel of the Results tab, can be collapsed (and expanded) by pulling left (or
right) the dotted line between the post-processing options and the Results - Report
subtab.

Under the Results - Report subtab, the information about the Number of 3D
components, Number of components per 2D-slice, The component volume
and the Object volume histogram is given.

Domain Size: 300 x 300 x 300 Voxel Length: 1 pm | Load Structure [ ]

Input Map Log Map Post Map Results Data Visualzation Metadata
Report Plots Map
Number of 3D components:

Mumber of counted components: 1027
Mumber of solid components: 1
Mumber of pore components: 1026

| Number of components per 2D-slice:

Mean number in X-direction: 130.603
Mean number in Y-direction: 131.14
Mean number in Z-direction: 129.903

The component volume:

The minimal volume: 1e-18 m’
The maximal volume: 7.28456e-12 m?
The mean volume: 2.62902e-14 m?

-

The object volume histogram is also shown under the Results - Plots subtab. In the
plot, the values for each bin are visualized as bars.

As a post-processing step, the settings of the object volume histogram are adjusted
and changed on the left-hand side panel, which can be expanded and collapsed as
explained above. Edit the options and click Apply to fit values in the Results tabs.

The options are the same as the ones available under the Post-Processing tab in
the Connected Components dialog.

The X-Axis pull-down menu allows choosing whether the components should be
classified based on volume (Volume) or based on volume equivalent sphere diameter
(Equivalent Diameter).
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For the Y-Axis pull-down menu, the Relative Count Probability provides the
number of components in each bin normalized to the total number of components.

Input Map Log Map Post Map Results Data Visualization Metadata

Volume Histogram Report | Plots = Map
Ao —— Object volume histogram: =
Min. Volume / (m®) | Max. Volume / (m¥) | Relative Count
Y-Axis Relative Count Probability = Probability
Mode Give Min. and Max. Value - o 3e-15 0.0613437
Min. Volume / (m=} |0 3e-15 6e-15 0
Max. Volurme [ (m=) |3e-14 /| 6e-15 ge-15 0
Histogram Bins 10 = g 0e-15 1.2e-14 0
—— 1.2e-14 1.5e-14 0
v Back-up result file 1.5e-14 1.8e-14 0.0593963
1.8e-14 2.1e-14 0.53554
2.1e-14 2.4e-14 0.316456
2.4e-14 2.7e-14 0.0243427

Plot Options -

o T PR | e dA ANnAnATAT

The Cumulative Count Probability is the sum of the Relative Count Probability over
all bins starting from the smallest bin. Relative Volume Probability gives the
volume of the components within one bin normalized to the total volume of all
components. The Cumulative Volume Probability sums up the Relative Volume
Probability of each bin of the histogram starting from the smallest one.

The histogram Mode offers the choice between generating an Automatic Histogram
without further specifications or to Give Min. and Max Value for the parameter
defined in the X-Axis pull-down menu (Volume or Equivalent Diameter). Either Min.
Volume and Max. Volume or Min. Diameter and Max. Diameter can be directly
entered here.

The number of Histogram Bins determines the number of rows in the Object
Volume Histogram table.

The table and plot are updated when the Apply... button is clicked after changing the
Volume Histogram input parameters.

Report Plots Map

Histoaram Components 20-Slice

Histogram

0.5

0.4

0.3

Relative Count
Probability 7 (1)

0.2 1

0.1

00 11 =

T T T T
0.0 0.5 1.0 1.8 20 258 3.0

-14

Volume { (m?) 10
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Under the Plots tab, also the computed Number of Components per 2D Slice is
visualized by three graphs, which are selectable in the drop-down menu.

Histogram Components 2D-Slice

Components per slice in X direction hd

150

140

130

Mumber of
components / (1)

120

110

T T T T
a0 100 150 200

X-layers / (um)

250

300

The Results-Map subtab additionally contains an overview of the computed
parameters, such as component volume, number of 2D components in each direction
and mean values of each. Moreover, the details for every found component are given:

" VoxelCount states the number of voxels inside of a component.
® SeedVoxel is an arbitrary voxel inside of this component.

® IsPore states if this component is pore or solid.

|

Counted states if this component is counted.

Input Map

Report Plots
Key

Log Map

Post Map Results
Map

Unit Value

Data Visualization

Metadata

MeanNumberOf2DComponentsYDirection 1
MeanNumberOf2DComponentsZDirection 1

131.14
129.9033333

ComponentVolume
- Componentl
VoxelCount
SeedVoxel
IsPore
: Counted
" - Component2
VoxelCount
SeedVoxel
IsPore
Counted
Component3
Component4
Component5
Component6

m~3 2.1299e-14, 7.284562e-12, 2.0732...

21299
0,0,0
true
true

7284562
12,0,0
false
true
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DATA VISUALIZATION

The detected connected components can be visualized in the GeoDict visualization
area in two different ways.

Input Map Log Map Post Map Results ‘ Data Visualization Metadata

Index Image of Components (*.g32) ‘ Load *.g32 ‘
Index Image of Components (*.leS) ‘ Load *.leS ‘
Components as Structure(*.gdt) ‘ Load *.gdt ‘

The first two options load the index image in *.g32 or *.leS format. These are 3D
images, where for every voxel the index number of the corresponding component is
stored. For example, if the structure consists of 1027 components, the file will contain
numbers from 1 to 1027. Click Load *.g32 or Load *.leS to load the index image.

After clicking OK in the appearing dialog, the Visibility Options dialog pops up.
3 visibility Options x
The structure is set to be visible and might intersect the object indices.

Should the structure be set to invisible?

(Click in dialog stops countdown.)

For the visualization of the index image, it is recommended to set the structure
visualization to invisible by clicking Yes, so that the indices can also be seen in the
solid parts of the structure.

In the index image visualization, every index is highlighted with a different color. The
example below shows the index image of a closed-cell foam in 2D, where every cell
of the foam belongs to another connected component of the pore space.

Camera (Y, Z) Structure | ¥ Volume Field | ATows

Coorgy  |IndexImage  ~ || Transparency Threshold [1.00000e+00 | (=== [1.027002+03 |
Color Map Defauft 4 | Edit.. |

Interpolation | Indexed Colors -] Visble on Materal IDs |0, 1, 2 - |
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The third option is to load the components as a structure file in GeoDict’s *.gdt file
format. Every component is assigned a material ID based on the index number as

shown in the following picture.

Camera (Y , Z) v Structure | Volume Field Arrows
V| Clipx |0 2| O————————o") (300 || Invert
V| ClipY |g :| (——————..— 0 |3gg ;|
V| CpZ |0 2| =————————{) (300 |2|

&

Be aware, that this format supports only 256 different material IDs. This might lead
to neighboring components getting assigned to the same ID. In the example, every
255" foam cell gets assigned to the same ID as the cell walls, and therefore
disappears in the visualization.
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ESTIMATE SURFACE AREA

With Estimate Surface Area, the surface area of the structure is estimated with a
method based on statistical measures. The Estimate Surface Area options open
when clicking the Options’ Edit... button.

MatDict Estimate Surface Area O *
Material Characterization ot G EO D I CT
Estimate Surface Area - Result File Name (*.gdr) |EstimateSurfaceArea.gdr
Options £t Edit.. Parallelization <local max. - 12> Edit...
Surface Mode All Solid Materials -
o Pore Space
Periodic All Solid Materals <
(Pore/Fluid Material IDs: r Chosen Material
Help @ Reocord Chosen Material ID
Between Materials
Between Material IDs
Cloud
P Run
Job Queue oy [, & B R Help oK Cancel

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

Calculations can be parallelized if the user’s license and hardware allow it. The
Parallelization Options dialog opens when clicking the Edit... button, to choose
between Local, Sequential, Local, Parallel or Local, Maximum.

Parallelization <local max. - 12x> /__j}

E] Parallelization Options Parallelization Options
Local, Sequential Local Computation Local, Sequential Local Computation
Local, Parallel Mumber of Used Threads: 12 e Local, Paralel Threads 4 =
® Local, Maximum Max. A.vailable Lz Local, Maximum Max. Available 12
Max. Licensed 32 Max. Licensed 32
| 0K | Cancel oK Cancel

When Local, Parallel is selected, the number of Threads can be entered. Then the
maximum number of available processors and the maximum number of licensed
parallel processes is shown in the dialog.

Under Surface Mode choose the materials or material IDs for which the surface area
should be calculated. The surface is defined as the boundary between the chosen
materials (material IDs) and all other materials (material IDs) or between two given
materials (material IDs).

Pore Space computes the surface of the pore space, which is the union of Pore and
all Fluid materials. It returns the same result as All Solid Materials, which computes
the surface of all solid and porous materials combined to one material. Especially, All
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Solid Materials does not include the inner surfaces between different solid materials
or material IDs.

If Chosen Material or Chosen Material ID is selected, choose the desired material
(material ID) from the pull-down menu that appears below.

Surface Mode Chosen Material . Surface Mode Chosen Material ID -

Material 1 Air (Fluid) Material ID 1 00 Air (Fluid) -
Air Fid : 00 Air (Fluid £
Graphite (Solid) Grahite Solid

02 Graphite (Solid)

03 Undefined

E Undefined
Undefined

06 Undefined

07 Undefined

08 Undefined
[ Undefined

For the surface modes Between Materials and Between Material IDs select the
two materials (material IDs) to be considered for the surface area.

S [ Between Materials Surface Mode Between Material IDs -
Material 1 Air (Fluid) = Material ID 1 00 Air (Fluid)
Material 2 Graphite (Solid) - Material ID 2 B Graphite (Solid)

Selecting Periodic, the algorithm estimates the surface area assuming that the
structure is periodic, so that the material that ends on one side of the volume
reappears on the opposite side.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

These values include the Number of voxel surfaces, the Surface area, and the
Specific surface area, defined as the Surface Area normalized by the total volume
of the structure.

Algorithm 1 computes the surface area by adding up the voxel surfaces.

Algorithm 2 estimates the real surface area, originating from statistical image
analysis, where the determination of the four Minkowski measures (Volume, Surface
Area, Integral of mean curvature, Integral of total curvature, see also [2]) from
voxelized images is an essential task.

Algorithm 2 uses a staggered grid, which means it uses the voxel centers of the
original grid as corners. In this grid, half a voxel cell is left over on each side. When
using Periodic boundary conditions, those half-cells are completed across the domain
boundary again to full grid cells, and this way the whole volume is taken into account.
Without periodic boundary conditions, these half-cells are discarded. This means, that
without periodic boundary conditions half a voxel is cut away on every side, so a
slightly smaller volume is considered when computing the specific surface area.
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E] Result Viewer

sEERaas

DiJan 30 2024 (2024 Build 70838) ...,/MatDict2024/SurfaceArea.gdr
Domain Size: 400 x 400 x 400  Voxel Length: 1 pm |Load Structure| L ]

Input Map Log Map | Results | Metadata

Report | Map

Algorithm 1: Counting voxel surfaces

Number of voxel surfaces: 9037120
Surface area: 9.03712e-06 m?
Specific surface area: 141205 m?/m’

Algorithm 2: Estimation of real surface area [1]

Surface area: 5.97291e-06 m?
Specific surface area: 93326.7 m*/m’

| Manage Data  ~||Load Input Parameters| | Export - Close

42
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ESTIMATE THREE-PHASE CONTACT LINE

With Estimate Three-Phase Contact Line, the length of the contact line between
the phases in a three-phase system and the number of voxel edges of the contact
line in the cartesian directions can be computed. The Estimate Three-Phase
Contact Line options are opened by clicking the Options’ Edit... button.

MatDict [5] Estimate Three-Phase Contact Line O X
Material Characterization =
Estimate Three-Phase Contact Line ~ G EO D I C T
Options £t Edit.. Result File Name (*.adr) |Example3-ThreePhaseLine.adr
Material ID 1 00 Air -
Material ID 2 Bl solid o
Help @ Record
- Material ID 2 03 solid -
Cloud
P Run
Job Queue oy [0, & B B4 Heb 0K Cancel

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File —» Choose Project Folder in the menu bar).

Through the Material ID 1, Material ID 2, and Material ID 3 pull-down menus,
the three-phase material IDs for which the Three-Phase Contact Line length should
be computed are selected.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.

In this algorithm, all voxel edges are found that are adjacent to all three materials.

The report contains the computed values for Number of voxel edges in x-, y-, and
z-direction, as well as the Total length of three-phase contact edges, which is
computed by multiplying the sum of the above numbers with the voxel length.

Domain Size: 200 x 200 x 200 Voxel Length: 400 nm |Load Structure ]
Input Map Log Map Results Metadata
Report Map

Mumber of voxel edges in x-direction: 4712
Mumber of voxel edges in y-direction: 4792
Mumber of voxel edges in z-direction: 4816

Total length of three phase contact edges 0.005728 m
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MINKOWSKI PARAMETERS

To compute the Minkowski Parameters (Volume, Surface Area, Integral of mean

curvature, Integral of total curvature), the needed parameters can be entered by
clicking the Options’ Edit... button.

MatDict

Material Characterization -
Minkowski Parameters A
Options n Edit_.

Help @ Record

Cloud

P Run
Job Queue

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

[ Minkowski Parameters O x

GEODICT

Result File Name (*.gdr) MinkowskiParameters.gdr
Parallelization <local max. - 12x> Edit...
Compute for Material ID | 00 Air -

Periodic Structure

@E @a @ B e Help (o]¢ Cancel

Calculations can be parallelized if the user’s license and hardware allow it. The
Parallelization Options dialog opens when clicking the Edit... button, to choose
between Local, Sequential, Local, Parallel or Local, Maximum.

Parallelization <local max. - 12x> /__j}

E] Parallelization Options E] Parallelization Options

GEoDICT GEODICT

Local, Sequential Local Computation Local, Sequential Local Computation
Local, Parallel Murmber of Used Threads: 12 ® Local, Parallel Threads 4 =
Max. Available 12 ’
™ LUGI, Maximum . ngL Maximum Max. Available 12
Max. Licensed 32 Max. Licensed 3z
oK Cancel oK Cancel
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When Local, Parallel is selected, the number of Threads can be entered. Then the
maximum number of available processors and the maximum number of licensed
parallel processes is shown in the dialog.

Compute for Material ID defines the Material ID for which the Minkowski
Parameters are computed.

Selecting Periodic, the structure is assumed to be periodic, so that the material that
ends on one side of the volume reappears on the opposite side. Otherwise, symmetric
boundary conditions are used.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished. Under the Results-Report subtab the four
Minkowski Parameters characterize the mathematical topology of the structure:

B The parameter Volume is the volume occupied of the chosen Material ID. Its
percentage is also given by Volume Fraction.

B The Surface area is the boundary between the chosen Material ID and all other
Material IDs. It is computed as in Algorithm 2 of the Estimate Surface Area
command (see also [2]).

B The Integral of mean curvature describes the mean curvature of the selected
Material ID, given by the following formula:

1
+
xT1(8)  12(s)
B And the Integral of total curvature describes the total curvature of the selected
Material ID:

ds (2)

1 1
X

1
ki k ds=f —— ds
12 5xT1(S)T2(S)

where X is the chosen material ID, s is a surface element of the chosen Material ID
and the parameters r;(s) and r,(s) are defined as the radii of the two principal
curvatures k; and k, from the respective surface element.

&0 = |

6X

(3)

ka

surface element s

The surface area and the curvature values are given additionally as specific values,
which are normalized by the total volume of the structure.
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The Euler characteristic (E) is a topological number, that describes to what extent
the structure is connected. It equals ﬁ times the integral of total curvature. This

results in E = N—L+ C, where N is the number of objects, L is the number of loops
and C is the number of cavities.

3 Result Viewer = O X
DiJan 30 2024 (2024 Build 70838) .../MatDict2024/Example2-MinkowskiParameters-Mat00.gdr ~ Dilan 30 2024 (2024 Build 70838) .../MatDict2024/Exarmple2-MinkowskiParameters-Mat01.gdr
Domain Size: 400 x 400 x 400  Voxel Length: 1 pm | Load Structure @  Domain Size: 400 x 400 x 400 Voxel Length: 1 pm | Load Structure ®

Input Map = LogMap | Results | Metadata Input Map  Log Map | Results | Metadata
Report | Map Report | Map
Minkowski parameters: Minkowski parameters:
Volume 4.15996e+07 pm® Volume 2.24004e+07 pm®
Volume fraction 0.65 Volume fraction 0.35
Surface area 5.97291 mm* Surface area 5.97291 mm?*
Specific surface area 9.333e+04 m™* Specific surface area 9.333e+04 m!
Integral of mean curvature -0.2864 m Integral of mean curvature 0.2864 m
Specific integral of mean curvature -4.474e+09 m Specific integral of mean curvature 4.474e+09 m™
Integral of total curvature (neighborhood mode: face) -4.172e+04 | Integral of total curvature (neighborhood mode: face) -2.635e+04
Specific integral of total curvature (neighborhood mode: face) | -6.519e+14 m~ Spedific integral of total curvature (neighberhood mode: face) | -4.117e+14 m™
Euler characteristic (neighborhood mode: Face) -3320.17 Euler characteristic (neighborhood mode: Face) -2096.79
Euler characteristic (neighborhood mode: face, edge or vertex) | -2096.79 Euler characteristic (neighborhood mode: face, edge or vertex) | -3320.17
The specific surface area and the specific curvature integrals in the table above are The specific surface area and the specific curvature integrals in the table above are
noermalized by the total volume of the structure. nermalized by the total volume of the structure.
References: References:
J. Ohser, F. Micklich; 2000; Statistical Analysis of Microstructures in Materials Science; J. Ohser, F. Micklich; 2000; Statistical Analysis of Microstructures in Materials Science;
Wiley and Sons. Wiley and Sons.
--- Total runtime: 3.426 s, Total memory usage: 2.467 GiB --- --- Total runtime: 3.037 s, Total memory usage: 2.479 GiB ---
Manage Data - | Load Input Parameters Export > Close Manage Data = | Load Input Parameters Export > Close

The screenshot shows the computed Minkowski parameters for the pore space (here
material ID 00, on the left), and the solid material (ID 01, right) of the structure
shown above.
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CHORD LENGTH DISTRIBUTION

The Chord Length Distribution command is accessible from MatDict and PoroDict.
The Chord Length is defined as the number of connected voxels along the
computational direction. Pseudo-code of the algorithm used for the computation can
be found in [2]. After selecting Chord Length Distribution from the pull-down
menu, the settings for the calculations can be modified through the Edit... button.

MatDict PoroDict

Material Characterization hd Chord Length Distribution -
Chord Length Distribution - Options £t Edit..
Opftions ¢ Edit._.

Help @ Record Help @ Record

Cloud Cloud

P Run P Run
Job Queue Job Queue

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File - Choose Project Folder in the menu bar).

[ chord Length Distribution O X

GEODICT

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

Parallelization =local max. - 12x> Edit...
Chord MateriallD 0o Air -
Chord Directions Periodicity | Per-voxel chord length computation
v
Direction X Periodic X o L
v Direction ¥ Minimum over chosen directions
V| Direction Z Periodic ¥
v All face diagonals ® Maximum over chosen directions
Periodic Z

v All volume diagonals

Eha E‘l. @ ﬂ. l“a Help oK Cancel

Calculations can be parallelized if the user’s license and hardware allow it. The
Parallelization Options dialog opens when clicking the Edit... button, to choose
between Local, Sequential, Local, Parallel or Local, Maximum.

When Local, Parallel is selected, the number of Threads can be entered. Then the
maximum number of available processors and the maximum number of licensed
parallel processes is shown in the dialog.
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Parallelization <local max. - 12%> /%

[ parallielization Options B paralielization Options
Local, Sequential Local Computation Local, Sequential Local Computation
Local, Parallel Mumber of Used Threads: 12 8/ Local, Parallel Threads 4 =
e Local, Maximurn Max. Avaiable 12 Local, Maximum Max. Available 12
Max. Licensed 32 Max. Licensed 32
| OK | Cancel oK Cancel

In the Chord Length Distribution dialog, choose the material ID of the material
(Chord MaterialID) for which the chord length distribution is to be calculated. This
can be done for pore or solid materials alike.

In the Chord Directions section, select the direction(s) in which the chord lengths
are determined. This can be done along the axes (Direction X, Direction Y or
Direction Z), along the two-dimensional diagonals (All face diagonals), or along
the three-dimensional diagonals (All volume diagonals).

Periodicity can be applied in the X-, Y-, and/or Z-direction for the calculation.
Periodicity means, that chords continue on the opposite side of the domain. This can
lead to infinitely long chord lengths, if a complete ray along the chosen direction is
inside of the selected Chord Material ID. Such chords are neglected when computing
the distribution results, and a warning is plotted on top of the resulting report if this
occurs:

Report Plots Map

Warning: 491 chords of infinite length did not count for mean
chord length and L10/L50/L90 in Z-direction

Check Per-voxel chord length computation for the output to include a scalar field
in which, for each voxel, the length of the minimum or maximum chord through that
voxel over all chosen directions is stored. For this, choose between Minimum over
chosen directions or Maximum over chosen directions.
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RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The Result Viewer opens at the end of the calculation.

Due to the voxelization, the chord length can only be measured in multiples of the
voxel length. A chord length of d meters includes all chord lengths with a distance of
half the voxel length around d. For example, a chord length of 2um with voxel length
1um actually means all chords between 1.5um and 2.5um.

Under the Report tab, the Mean chord lengths, the Fraction lengths L10, L50,
L90 and P10, P50, P90 in the selected chord direction(s), and the complete Chord
length distribution in the selected direction(s) is shown. The fraction lengths table
reports the chord lengths smaller than 10%, 50%, 90% of all chord lengths (L10,
L50, L90). The P-values (P10, P50, P90) are the same, but rounded up to the next
largest multiple of the voxel length.

Report Plots Map

Mean Chord Lengths
Direction Mean Chord Length / (m)

Z-direction | 2.57696e-05

Fraction Lengths

Z-direction:
Percentile | Chord Length / (m)
L10 2.6727e-06
F10 3e-06
L50 1.73873e-05
F30 1.8e-05
L90 5.8631e-05
Fa0 5.9e-05

Note: Ln is the n-th percentile of chord lengths, that is n percent of chords are shorter than the given length Ln. Pn is the same
value rounded up to the next multiple of voxel lengths (edge, face diagonal or volume diagonal, depending on direction).

Chord Length Distribution
Length / (Voxel) | Length / (m) | Number of chords (Z-direction) | Mormalized Distribution d{ Mumber per 1m ray } / dLength

1 1le-06 62182 9.7159%4e+08
2 2e-06 60262 9.41594e+08
3 3e-06 57953 9.05516e+08

For example, a L10 of 2.6 um means that 10% of all chords are smaller than this
length. A L50 of 17.4 um means that 50% of all chords are smaller than this length.
A L90 of 58.6 um means that 90% of all chords are smaller than this length.

For P10 the L10 value of 2.6 is rounded up to 3e-6 and means that this length (3 pm)
is larger than or equal to the length of 10% of all chords. A P50 of 1.8e-5 means that
this length (18 pm) is larger than or equal to the length of 50% of all chords. A P90
of 5.9e-5 means that this length (59 um) is larger than or equal to the length of 90%
of all chords.

The plot of the computed chord length distribution appears under the Results-Plots
subtab.
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Input Map Log Map Post Map Results Data Visualization Metadata

Y-Axis | Cumulative Number = ML Plots | Map

Main Directions Chord Length Distribution

VX vy v Z X104
Face Diagonals 254 —— X
Y
+HH+Y K+Y N
+X+Z X+Z é 204
—
+Y+Z -Y+Z ey
Volume Diagonals
1.5 1
+X+Y+Z +X-Y+Z
+X+Y-Z K+Y+Z

1.0 1
Apply ...

Cumulative Number of Chords

0.0 1

T T
0.0 0.5 1.0 1.5 20 25 3.0 3.5
Chord Length / (m) x10™
Plot Options

In the context menu shown on the left, the chord length distribution plot can be
customized. For the Y-Axis, the Cumulative Number, the Normalized Number,
or the Number of Chords can be selected.

Y-Axis |Cumulative Number J
Normalized Number R‘
Number of Chords

The normalized number of chords is the difference quotient of the cumulative chord
length distribution, where the step size is the current voxel length.

Alternatively, the normalized number of chords can also be obtained from the number
of chords histogram. For example, the normalized number of chords in X-direction
can be computed as follows: First, the number of chords is divided by NY*NZ, which
equals the total number of rays, to obtain the number of chords per ray. Then, this
number is normalized by NX*voxel length to obtain the number of chords per meter.
As the accuracy of the measurement of the chord length is restricted by the voxel
length, the histogram bin size is also given in voxels. To reflect this, the number of
chords per meter must again be divided by the voxel length (which equals the bin
size) in the last step. This allows to compare results for structures with different voxel
lengths.

In addition, if more than one direction was chosen for the computations, it can be
chosen for which directions the distribution should be shown (Main Directions, Face
Diagonals, Volume Diagonals).

Click Apply... to update the shown plot.

DATA VISUALIZATION

By clicking the Load button under the Data Visualization tab, the corresponding
per voxel chord length can be loaded and visualized over the structure, if Per-voxel
chord length computation was previously checked (see page 48).
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Input Map  Log Map = Post Map = Results | Data Visualization | Metadata

Load Chord Lengths per Voxel | Load /

m Loading volume file PerVoxelChordLengths.gcf

GeoDicT

Material Information:

ID 00: Air [invis.]
;lD 01: Graphite

Select Volume Field | View File Header

Select components to load / compute:
V| Chord Length Field:ChordLength

Allow clipping by distance

Check all [ Uncheck al

/ oK J| Cancel |

ChordLength / (m)
219.91e-6
200.00e-6 :.
150.00e-6 —

100.00e-6

50.00e-6

0.0

Plot Range:

max : 219.91e-6
min : 0.0

Data Range:
max : 403.57e-6
min : 0.0
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GEODESIC TORTUOSITY

The Geodesic Tortuosity command is accessible from MatDict and PoroDict. It
computes the tortuosity of paths crossing the material, either through pore space or

through solid materials.

MatDict PoroDict
Material Characterization = Geodesic Tortuosity
Geodesic Tortuosity - Options £ Edit...
Options ¢ Edit
Help ® record Help @ Record
Cloud Cloud
P Run P Run
Job Queue Job Queue

At the top of the Geodesic Tortuosity dialog, enter the Result File Name. The
result file is saved in the chosen project folder (File - Choose Project Folder in the
menu bar).

E Geodesic Tortuosity

GEODICT

Result File Mame (*.gdr) |Example2-GeodesicTortuosity-Mat01.gdr
Computation Direction | Z-direction -

Material to Analyze

Chosen Material IDs = | |1 i
Periodicity

X Y z

(Pore/Fluid Material IDs: 00)
Optimize Paths

@EI E’l @ n e Help oK Cancel

Set the direction of the paths by selecting the Computation Direction.

The algorithm searches for paths in the selected Material to Analyze, either Pore
Space, All Solid Materials, Chosen Material, or a list of Chosen Material IDs.

Paths might leave the domain and enter again on the opposite side if Periodicity is
selected for this direction. The chosen computational direction cannot be chosen to
be periodic. The option Optimize Paths is explained on page 30.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The Result Viewer opens at the end of the
calculation.
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For every voxel on the outflow plane, the algorithm finds the shortest path through
the selected Material to Analyze. The corresponding geodesic tortuosity is then
computed as

shortest path to inflow plane

T= 4)

distance to inflow plane

In the Report tab, the minimal, maximal, and mean geodesic tortuosity are shown.
The corresponding minimal and maximal path lengths and the mean length of all
paths are also given.

Input Map Log Map Results Data Visualization Metadata
Repaort Map

Statistics over values in outflow plane

Min tortuosity: 1.1534
Max tortuosity: 1.43864
Mean tortuosity: 1.2526

Min path length: 0.000461359 m
Max path length: 0.000575458 m
Mean path length: 0.000501041 m

DATA VISUALIZATION

When clicking the Load button under the Data Visualization tab, the scalar
geodesic tortuosity field is loaded. It contains for each voxel inside the selected
material the shortest path distance between this voxel and the inflow plane.
Therefore, on the inflow plane all voxels contain the value 0. Shown below are voxels
on the outflow plane, where the voxel values show the computed path lengths as
given above. Their local distribution around the mean value of 501 pym can be
observed.

i Tadd I »
® ol . ® -

MinPathLengths / (m)
. 550.00e-6
b ! 540.00e-6 L
. 520.00e-6
. ‘ 500.00e-6
' . . 480.00e-6 1
- 460.00e-6 .
£ 450.00e-6
‘ Plot Range:
® - Jmax_ : 550.00e-6
-' #min  : 450.00e-6
L “l -
’ * A ! 1, \Data Range:
®max :579.26e-6

5
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2-POINT CORRELATION

The 2-Point Correlation command computes the probability for two points having a
certain distance to be correlated, which means that they belong to the same type.

The 2-Point Correlation dialog opens when clicking the Options’ Edit... button.

MatDict
] 2-Paint Correlation O x
Material Characterization =
2-Point Correlation - G EO
Options ; Result Fle Marme (*.gdr) TwoPointCorrelation.adr
£ Edit...
Compute Correlation for Pore and Solid -
Murmber of Samples 50000 =
He|p . Record Rﬂndﬂm Seed 42 :
Maximal Length Scale [ (Moxel) (20
Cloud >
Run . . .
Job Queue Direction Isotropic -
Periodic
@E E’L "@' "B e Help oK Cancel

At the top of the 2-Point Correlation dialog, enter the Result File Name. The result
file is saved in the chosen project folder (File -» Choose Project Folder in the menu
bar).

Next, decide to Compute Correlation for either Pore and Solid, Chosen Material
or Chosen Material ID.

Pore and Solid =
|
Chosen Material k‘
Chosen Material IDs
Using the mode Pore and Solid, two points are positively correlated if they both

belong to Pore or both belong to Solid. They are negatively correlated if one point
belongs to pore and the other to solid.

For Chosen Material two points are positively correlated if they belong to the same
material. They are negatively correlated if the two points belong to different materials.

For Chosen Material ID two points are positively correlated if they have the same
Material ID. They are negatively correlated if they have different Material IDs.

To find the probability distribution for different distances, several samples of point
pairs for each distance are generated. The Number of Samples can be entered in
the dialog and the Random Seed can be specified. For different random seeds
different randomly chosen points are compared if they belong to the same type. If
yes, the autocorrelation value is 1, otherwise -1. For distance 0, the correlation is
always 1, since a voxel has always the same Material ID as itself. Then for each
distance an average probability is computed, which is more accurate the more
samples are taken.

The Maximal Length Scale/(Voxel) defines the largest distance for which the
probability is computed.
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The distance can be measured either in X Direction, Y Direction or Z Direction or
in all three directions by choosing Isotropic.

X Direction =

¥ Direction

Z Direction

Isotropic

If Periodic is chosen, the structure is assumed to be periodic in the chosen
computational directions. Thus, the autocorrelation repeats periodically for distances
larger than the domain size. If Periodic is not checked, only distances smaller or equal
than the domain size in the computational direction are allowed. If Isotropic is chosen
as direction, the distance is not allowed to be larger than the smallest domain length.

RESULTS

Click OK to input the entered parameters, and then click Run in the MatDict section
to start the structure analysis. The Result Viewer opens at the end of the calculation.

In the Results - Report tab a table shows for each distance the computed
autocorrelation of two points having this distance. At the bottom, the Correlation

Length in voxel is given.

In the Report - Plots subtab the values from the table are graphically shown.

ﬂ Result Viewer

Fr Nov 11 2022 (2023 Build 60148)

Input Map Log Map Post Map
Report Plots Map

--------

.../MatDict2023/ TwoPointCorrelation.gdr
Dormain Size: 100 x 1 x 100 Voxel Length: 1 pm | Load Structure

Results Metadata

Point-to-Point Distance [ (pm)

Autocorrelation

]

1

1

0.80132

2

0.59324

0.38664

0.16288

-0.05504

-0.23228

-0.41984

-0.6114

9

-0.807

10

-1

Correlation Length: 1.96114 Voxel

--- Total runtime: 210 ms, Total memory usage: 382.000 MiB ---

Manage Data -~ Load Input Map Export b

O

Close

X
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In the example below, a structure with bars of width 10um each and space of 10um
between them is shown. The voxel length is 1um and the structure has a size of
100x1x100 voxel. The 2-point correlation is computed in X Direction and with a

maximal distance of 100 Voxel. Compare the results with and without Periodic
checked.

Input Map Log Map Post Map Results | Input Map Log Map Post Map Results Mel * -
Report | Plots | Map Periodic Report | Plots | Map v Periodic
Autocorrelation Autocorrelation
1.00 1.00
0.75 0.75 -
= 050 - o 050
5 025 5 0254
= =
g 0.00 A g 0.00 A
8 —0.25 8 —0.25
8 8
F 050 F -0.50 1
-0.75 -0.75
-1.00 -1.00 -
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Point-to-point distance / (pum) Point-to-point distance / (pm)

Material Information:
wy ID 0O Air [invis.]
D O1: Glass

Al

>\l_~
I
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GAD OBJECTS ANALYSIS

ANALYZE OBIJECTS

With the Analyze Objects command, it is possible to analyze the geometrical objects
forming the 3D micro-structure, e.qg. fibers, spheres or ellipsoids, and how they are
in contact with each other. Therefore, this command requires that the structure is not
only described by a voxel grid, but also that the underlying analytic Object Data is
available.

MatDict
GAD Objects Analysis v
Analyze Objects - [ Analyze Objects | X
Options a Edit G 0 D
Result File Mame (*.gdr) |AnalyzeObjects.gdr
Object Data Analyze Options
Help @ Record
Object Data Use Current GAD Structure -
Cloud
P Run
Job Queue
Ehﬂ E‘l- @ ne Help oK Cancel

The Analyze Objects dialog opens when clicking the Options’ Edit... button and
includes the Object Data and the Analyze Options tabs.

At the top of the dialog, enter a name for the Result File Name.

OBIJECT DATA

The necessary geometrical information, required by the analysis can be taken from
two different sources:

1. The information is already available for the current 3D structure.

If this is the case, a green dot is displayed in the GAD Objects row in the
Project Status section, at the left of the GUI.

b ..5/MatDict2024/GADObjectsAnalysis
+ @ Structure (200%300x300, 750 nm)

+ @ GAD Objects (3072)

b Statistics

¢ Constituent Materials (2)

» [ Open Result Files (2)

Volume Files ()

To use the current object information, set Object Data to Use Current GAD
Structure.

Object Data Use Current GAD Structure -
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2. The second option is to use an Index Image (*.g32 File).

This file type might be the result of object analysis commands in GeoDict, e.g.

MatDict’s Connected Components analysis.

To use this option, a *.g32 file must be loaded as Volume Field. Then set Object

Data to Use Current Index Image.

Additionally, the periodicity may be chosen

ANALYZE OPTIONS

[ Analyze Objects O

GEODICT

Result File Mame (*.adr) |AnalyzeObjects.gdr
Object Data Analyze Options

Object Data Use Current Index Image
Index Image (*.g32) ObjectIindex.g32
Periodicity

X-Direction

Y-Direction

Z-Direction

CANCI o

&3

Help 0K Cancel

In the Material Mode pull-down menu, choose Analyze All Material IDs to analyze
all materials present in the structure, or select Analyze Selected Material ID to
analyze only one material. This material ID must be chosen from the corresponding

pull-down menu.

[ Analyze Objects O X

GEODICT

Result File Name (*.gdr) | AnalyzeObjects.gdr
Object Data | Analyze Options
Material Mode Analyze All Material IDs -

v Analyze Object Contact
v Analyze Object Volume

X-Axis Volume pod
Y-Axis Relative Count Probability -
Mode Automatic Histogram -

Histogram Bins | 10 =

V| Write Object Orientation (*.gof)
v Write Voxel Geometry with Object Indices (*.032)
v Write Voxel Geometry with Object Indices (*.le5)

@a @, @ E E‘E Help oK Cancel
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The number of GAD objects and their overlap percentage are computed. Additionally,
a *.gdt file with the objects and their overlaps is written and saved as
ObjectsAndOverlap.gdt in the result folder.

When Analyze Object Contact is checked, the number of contacts, the contact area,
and the mean coordination number are computed.

When Analyze Object Volume is checked, the volume of each object is computed,
and a histogram of all object sizes is created. The parameters in the panel below the
checkbox describe the settings for the object volume histogram plot. They can be
changed in the post-processing step and are explained in the Results section below.

If Use Current GAD Structure is selected in the Object Data tab, the following
options are available under the Analyze Options tab:

When checking Write Object Orientation (*.gof), the data on the orientation of
the objects is saved as ObjectOrientation.gof in the project folder.

When checking Write Voxel Geometry with Object Indices (*.g32) or Write
Voxel Geometry with Object Indices (*.leS), the objects are saved into a 3D
image file in which the object ID corresponding to each voxel is stored. Choosing
these options generates one file in GeoDict’s format in binary format (*.g32) and one
file in ASCII (*.leS).

RESULTS

Click OK to input the entered parameters (here, Use Current GAD Structure was
used), and then click Run in the MatDict section to start the structure analysis. The
result file (*.gdr) is opened in the Result Viewer after the computation is finished.

3 Result Viewer — O X
DiJan 30 2024 (2024 Build 70838) .../ MatDict2024/Example6-Analyze Objects.gdr
Domain Size: 300 x 300 ¥ 300 Voxel Length: 750 nm | Load Structure [ ]

Input Map Log Map Post Map Results Data Visualization Metadata

Volume Histogram Report | Plots | Map
¥-Aixis Volume = MatDict
Y-Hois Relative Count Probability - Total number of GAD objects: 3072

Analyzed number of GAD objects: 3072
Mode Automatic Histogram M Number of overlap objects: 3364
Number of objects in domain (GAD + Overlap): 6426

Histogram Bins | 10 Overlap solid volume percentage: 0.307556 [ (%)

1

Apply... Contact:
. Total number of contacts: 12999
| Back-up result file i Mean coordination number: 4,04575
f Information: the result map contains detailed object-contact information

Object volume:

The minimal volume: 4.21875e+08 nm?
The maximal volume: 3154.36 pm?
The mean volume: 880.723 pm?

Object volume histogram:

Plot Options . Min. Volume / (nm?) | Max. Volume / (nm7) | Relative Count Probability

Manage Data x Load Input Parameters Export x Close
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In the Results - Report subtab, the following values are reported:

B Total number of GAD objects is the number of all objects present in the 3D
structure.

B Analyzed number of GAD objects is the number of objects considered in the
analysis. This number is different from the above number if Analyze Selected
Material ID was chosen. In this case only the number of GAD objects of the
selected material ID is reported here.

B The Number of overlap objects shows how many overlap objects are present in
the structure.

B The Number of objects in domain (GAD + Overlap) is the sum of the total
number of GAD objects and the number of overlap objects inside the current
domain. It is possible that some objects lie completely outside of the domain, and
in this case, they are not counted here.

B Overlap solid volume percentage is the volume fraction of the overlap objects.

The resulting numbers depend on the way overlapping objects are treated. How
overlap is handled is typically defined at the creation of the structure but can also be
modified later using the Edit Domain command from the Objects’ context menu.

See the GadGeo handbook for a more detailed description of this command.

+ mm ..5/MatDict2024/GADObjectsAnalysis
» @ Structure (300x300x300, 750 nm)

. Pl W o I . Y o Lo
I Discard All GAD Objects

Edit GAD Objects..
Create / Add GAD Objects...

Edit Domain.... h:
Delete Selected GAD Objects...
Scale GAD Objects...

Shift GAD Objects...

Rotate GAD Objects...

Resolve Owverlap / Mark Contacts
Change Material ID Model...
Create GAD Index Image

Create GOF Qrientation Image

Algorithrms v

If Analyze Object Contact was checked (see page 59), the total number of contacts
and the mean coordination number are reported in the Contact section of the report.

Here, the Mean Coordination Number is defined as
2 * Total Number of Contacts / Number of Objects in Domain (GAD + Overlap)
More detailed results for all contacts are available under the Results - Map subtab:
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GAD Objects Analysis — Analyze Objects

Input Map Log Map Post Map Results Data Visualization Metadata
Report Plots Map
Key Unit Value
MeanCoordinationNumber 4.045751634
- Contact
TotalNumberOfContacts 12999
TotalContactFaces 354238
MaximumContactFaces 1 356
MinimumContactFaces 1 1
MeanContactFaces 1 27.25117317
ContactAreas m~2 5.625e-13, 1.125e-12, 1.6875e-12, 2.25e-12, 2.8125e-12, 3.375e-12, 3.9375e...
NumberOfContacts 1 281, 323, 828, 272, 341, 578, 254, 317, 438, 225, 272, 306, 226, 249, 296, 2...
CumulativeNumberOfContacts 1 281, 604, 1432, 1704, 2045, 2623, 2877, 3194, 3632, 3857, 4129, 4435, 4661...
- Contacts
Objectl 1,1,1,1,1,1,1,1,1,2,2,2,2,2,3,3,3,3,3,3,3,3,3,3,3,3,4,4,4,4, ..
Object2 125, 1760, 1996, 2266, 2315, 3028, 4294965792, 4294965882, 4294967292, ...
ContactFaces 27,35,17,17, 26, 1, 46, 24, 20, 2, 6, 21, 23, 10, 21, 29, 28, 34, 53, 31, 48, 2...
- BackgroundContacts
Objectl 9000000090000000000000000000000,..
Object2 1,2,3,4,5,6,7,8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, ...
ContactFaces 1675, 1832, 1524, 1303, 1787, 156, 1334, 263, 1727, 1712, 1874, 1840, 1625...
NumberOfQOverlaps 1 3364
» Overlaps
ObjectIndex 1,2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, ...
» Volume

Under the Contacts key, for each contact the index numbers of both objects and
the number of contact faces are given. In the above example, the first contact is
between object number 1 and object number 125 and has a size of 27 voxel faces.
The second contact is between object humber 1 and object humber 1760 and has a

size of 35 voxel faces.

Under the Results - Plots subtab, the Contact Area Histogram visualizes the size
distribution of the contact areas:

Input Map Log Map

Report Plots Map

Volume Histogram

Contact area histogram

Paost Map

Contact area histogram

Results Data Visualization Metadata

Mumber of contacts / (1)

100

0.25

0.50

0.75 1.00 1.25 1.50 1.75
Contact area f (m?) %10

2.00
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If Analyze Object Volume was checked (see page 59), the minimal, maximal, and
mean volume are stated in the Object Volume section. Furthermore, an Object
volume histogram table is plotted based on the Volume Histogram settings
defined in the post-processing panel on the left-hand side of the Report tab.

Input Map Log Map Post Map Results Data Visualization Metadata
Volume Histogram Report | Plots = Map
. Asis — Object volume histogram:
Min. Volume / (nm®) | Max. Volume / (nm?) | Relative Count Probability
Y-Axis Relative Count Probability -
4.21875e+08 3.158160e+11 0.561936
Mode Autormatic Histogram hd
3.15816e+11 6.31209e+11 0.0231871
Histogram Bins | 10 =
6.3120%e+11 0.46603e+11 0.0166511
Apply... 4| 9.46603e+11 1.262e+12 0.0186741
¥/ Back-up result file {|1.262e+12 1.57739e+12 0.0208528
1.5773%e+12 1.89278e+12 0.223778
1.89278e+12 2.20818e+12 0.00451292
2.20818e+12 2.52357e+12 0.00529101
2.52357e+12 2.83897e+12 0.00949269
2.83897e+12 3.15436e+12 0.115624
Plot Options L Information: the result-map contains detailed object-volume information

The X-Axis pull-down menu allows choosing whether the components should be
classified based on volume (Volume) or based on volume equivalent sphere diameter
(Equivalent Diameter).

For the Y-Axis pull-down menu, the Relative Count Probability provides the
number of components in each bin normalized to the total number of components.
The Cumulative Count Probability is the sum of the Relative Count Probability over
all bins starting from the smallest bin. Relative Volume Probability gives the
volume of the components within one bin normalized to the total volume of all
components. The Cumulative Volume Probability sums up the Relative Volume
Probability of each bin of the histogram starting from the smallest one.

The histogram Mode offers the choice between generating an Automatic Histogram
without further specifications or to Give Min. and Max Value for the parameter
defined in the X-Axis pull-down menu (Volume or Equivalent Diameter). Either Min.
Volume and Max. Volume or Min. Diameter and Max. Diameter can be directly
entered here.

Mode Give Min. and Max. Value
Min. Volume / (m3) 4.21875e-19
Max. Volume / (m3) 3.15436e-15

The number of Histogram Bins determines the number of rows in the Object
Volume Histogram table.

The object volume histogram is graphically shown under the Result - Plots subtab.
In the plot, the values for each bin are visualized as bars.

The table and plot update when the Apply... button is clicked after changing the
Volume Histogram input parameters.
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InputMap | LogMap | PostMap = Results | Data Visualization =~ Metadata
Volume Histogram Report | Plots | Map
X-Axis | volume - | Volume Histogram | Contact area histogram
Y-Axis | Relative Count Probabiity - | Volurme Histogram
Mode | Autormatic Histogram - |
Histogram Bins | 10 A 0.5
£ 04
| Apply... I{| §¢2
v Back-up result file (j.i E‘ 0.3
=]
T 5
g2 o2
0.1
0.0
0.5 1.0 1.5 2.0 25 3.0
Volume / {m?) w10 "
[ Plot Options -

More parameters can be defined by clicking Plot Options at the bottom of the panel
and choose Edit Axis Settings or Edit Graph Styles for the desired plot.
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DATA VISUALIZATION

Depending on the input data file type and the options chosen in the input dialog, the
Data Visualization tab allows different visualization options.

If Use Current GAD Structure was used as Object Data input, the Data
Visualization tab offers visualization of object overlap and object orientation.

Objects and Overlap (*.qdt) Load *.gdt
Objects and Contacts (*.gdt) Load *.gdt
GeoDict Orientation File (*.gof) Load *.gof
Index Image of Objects (*.g32) Load *.g32
Index Image of Objects (*.le5) Load *.leS

By clicking the Objects and Overlap (*.gdt)’s Load *.gdt button, the overlap
between objects is displayed. All objects are assigned to Material ID 01 and the
overlap is assigned to Material ID 02.

Camera (¥, 7) v Structure V| Volume Field Arrows
Legend Placement | Qverlay = [=] Reset View Direction | X =
Qrientation Bottom to Top = Depth 0 =
Grid off v | Zoom |G, | 186% | &, Slice e

Material Information:
O ID 00: Pore [invis.]
W ID 01: Objects {Solid)
O ID 02: Overlap (Solid)
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It is possible to visualize the contact voxels by clicking on the Objects and Contacts

(*.gdt)’s Load *.gdt button. All contact voxels will be marked with material ID 02:

Camera (Y, Z) | |¥|Structure | |¥| Volume Field Arrows
Legend Placement | Overlay - (=] Reset View Direction | X
Orientation Bottom to Top - Depth 0 5| —
Grid off - | Zoom | S, | 186% & slice 1|

Material Information:

O ID 00: Pore [invis.]

B ID 01: Objects (Solid)
O ID 02: Contacts (Solid)

For the visualization of the labeled contacts only, select Settings — Color &
Visibility Settings in the menu bar. Uncheck the visibility of all the material IDs in
the structure model and check only the visibility of the Material ID 02.

View Controls
Camera (Y, Z) | ¥/ Structure | |v| Volume Field Arrows
Legend Placement | Overlay hd (=] Reset View Direction | X
Orientation Bottomto Top  ~ Depth |0 =
Grid oli - | Zoom |G| 187% | & slice 1=
Material Information:
O ID 00: Pore [invis.] " -
W ID 01: Objects (Solid) [invis.] - %
O ID 02: Contacts (Solid) v & '
o N
- m ]
-
-
L . '
L - ’
1
[
r
-
1
. »
-
P
- L] ’
* .
- L
L '
i - bt Ql
¥y LI
n Fa -
- f
e -
b -
¥
g Al Ld

@& % Color & Visbilty Settings B
V| Apply Immediately Apply
- Load Preset
Background Color | [] White
Change al M Black B visible
o]
— 1D 00: Pore [J white visible
‘ u y 1D 01: Solid M Red visible
- -
1 d D 02: Sold W Green | |/ visible
F
e
L -
- ] 1 '_l
]
- i
i
Il | 1}
Q¢
L
Bl @B R

Uo8jas 198000 YD & | UDIIBas |3X0A A AY|GSIA 8 100D 2 | UORZIPNS|A A
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If Write Object Orientation (*.gof) was checked (see page 59), the orientation of
the objects can be displayed by clicking the Load *.gof button for GeoDict
Orientation file (*.gof).

To properly see the orientation data of each object, uncheck View — Structure in
the Visualization Settings, uncheck the Pore material in the Material selector under
the Visible on Material IDs menu under the Volume Field tab as shown below.

Camera Structure V! Volume Field Streamlines Particles Triangles Schlieren Arrows Tensors

Color by Phi - Transparency Threshold by | Phi - Smooth v/ Clipx |0 = [CF 11300 |+ Invert
Color Map Default . Edit.. »>= * | -3.14030e+00 _F V| Clipy |0 | [LF 11300 |+
Interpolation | Mone hd Visible on Material IDs 1 hd v/ ClipZ |0 | [F 111300 |+

Lod

Material Information:
my 1D 000 Air [inwis. ]
w01 Glass [invis.]

Phi / (rad)
3.14
2.50
2.00
1.650
1.00

E£00.00- 1073
0.00

-500.00-10-3
-1.00
-1.50
-2.00
-2.50

-3.14

Plot Range:

max 3.14
min -3.14
Data Range:
max 314
min -3.14

HII*II\IH

If Write Voxel Geometry with Object Indices (*.g32) or Write Voxel Geometry
with Object Indices and (*.leS) was checked (see page 59), the index image of
the identified objects is loaded by clicking on the Load *.g32 or Load *.leS button.

In this image, every object is visualized with a different color. Again, to visualize the
results, it is important to uncheck View — Structure in the main menu.

Material Information:
my 1D 00: Air [invis.]
w0 01: Glass [invis.]
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GAD OBJECTS ORIENTATION

The GAD Objects Orientation command computes the orientation of GAD objects.
The GAD Objects Orientation dialog opens when clicking the Options’ Edit...

button.
MatDict
GAD Objects Analysi -
jects Analysi [ GAD Objects Orientation o X
GAD Objects Orientation -

Options £ Edit_. G EO D I CT

Result File Mame (*.gdr) GadQrientation.gdr

Orientation for Type InfiniteCircularFiber -
Help @ Record
Cloud by ¢, & B B3 Help 0K Cancel
P Run
Job Queue

At the top of the dialog, enter the Result File Name. The result file is saved in the
chosen project folder (File —» Choose Project Folder in the menu bar).

From the Orientation for Type pull-down menu, select the object type that should
be analyzed. All object types present in the current structure are identified
automatically and are listed in the pull-down menu.

If no analytic data is available for the current structure, the object orientation analysis
is not carried out after clicking Run in the MatDict section, and a warning message
appears.

EJ MatDict: Gad Orientation

e You need GAD data in memory to calculate the orientation.

(Click in the dislog to stop the countdown,}

Not all object types are suitable for an orientation analysis. If this is the case an error
message appears.

RESULTS

Click OK to input the entered settings, and then click Run in the MatDict section to
start the structure analysis. The result file (*.gdr) is opened in the Result Viewer
after the computation is finished.
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Input Map Log Map Results Metadata
Report | Map

Direction Tensor:
0.3772 | -0.1080 | -0.0962

- 0.5186 | 0.1702

- - 0.1043

Anisotropy 1: 4.933
Anisotropy 2: 1.993
Euler Angles (Phi, Theta, Psi): 30.457, 19.803, -1.718

--- Total runtime: 676 ms, Total memory usage: 2.571 GiB -

The definition of these parameters is the same as in the FiberGeo module. See the
FiberGeo handbook for a more detailed description of these parameters.

In FiberGeo, the parameters are used to describe the orientation of the randomly
created fibers. That means, MatDict GAD Objects Orientation can be used to
generate a 3D structure with FiberGeo that has a similar orientation.
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Algorithms - Euclidean Distance Transform

ALGORITHMS

EUCLIDEAN DISTANCE TRANSFORM

For a given material in a structure, a distance transform computes the distance to the
boundary of the material for every point (voxel) in the structure
(https://en.wikipedia.org/wiki/Distance transform). After selecting Euclidean
Distance Transform (EDT) from the pull-down menu, the settings for the
calculations can be modified through the Edit... button.

MatDict [ eudlidean Distance Transform O X
Algorithrms - G EO
Euclidean Distance Transform - Result File Name (*.gdr) |EuciDistTrans.gdr
Options a == Domain Boundary Conditions
®) Symmetric Periodic Encase Expert
Distance Mode Pore -

Help Record Component Distance | guenin g |

Signed Distance

Cloud
b Run High Resolution
Job Queue (Pore/Fluid Material IDs: 00)
CAEANCAN < W < Help oK Cancel

In the Euclidean Distance Transform dialog, choose the Result File Name.

Decide which Domain Boundary Conditions should be used during the calculations.
More detailed information about this feature is given in the PoroDict handbook in the
section of the Pore Size Distribution (Granulometry) command.

The Distance Mode defines the material IDs that are considered. From any point
(voxel) inside these material IDs the distance to the nearest boundary to all other
material IDs is calculated. The default is to analyze the pore space. However, if
switching the Distance Mode to GivenlID, all material IDs present in the structure can
be selected.

Distance Mode GivenlID -

Background MaterizllDs | 0 -
v 00 Pore L\}

Bl Glass (Solid) |

If Component Distance is selected, for each point of the domain the distance to the
next boundary is computed. In this case all boundaries between the materials are
considered, including the pore space. When Component Distance is checked, the
selection of Distance Mode is disabled, as the EDT is used for all structure components
at once.

If Signed Distance is checked, a modified version of the EDT is used. In the pore
space or background materials, the signed EDT will be the same as in the original
version, but the signed EDT will also compute a negative distance inside of the solid
or foreground material.
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Analysis of solid material in porous media with MatDict

To run the calculations with High Resolution might be useful when the pore space
is expected to be especially narrow. The calculation run time and memory usage are
increased. See page 29 for more explanations.

RESULTS

Click OK to input the entered parameters and then click Run in the MatDict section
to start the structure analysis. The Result Viewer opens at the end of the
computation and the result file is automatically saved in the project folder. In the
Results — Report tab three values can be found.

The Maximal distance value is the maximal value found in the computed Euclidean
distance map. It corresponds to the maximal distance a point within the selected
Material IDs can have to the next boundary.

The Minimal distance value is the minimal value found in the computed Euclidean
distance map. Be aware, that this is in general not the minimal distance a point within
the selected Material IDs can have to the next boundary, because also the values
inside of the solid materials are taken into account. In the standard case, the Minimal
distance value will be 0. For signed distance maps, the result corresponds to the
maximal (negative) distance a point within the solid material can have to the
boundary.

The Mean distance value is the average of all values in the computed Euclidean
distance map. All materials (foreground and background) are taken into account when
the average distance is determined.

Input Map Log Map Results Data Visualization Metadata
Report Map

Maximal distance value: 27.3496 voxels
Minimal distance value: 0 voxels
Mean distance value: 2.74112 voxels

(Information: load the distance map field via the 'Data Visualization' tab.)

--- Total runtime: 3.352 s, Total memory usage: 3.004 GiB ---

DATA VISUALIZATION

The Euclidean Distance Transform result can be visualized in 2D-Cross section
view or 3D-Rendering when selecting the Data Visualization tab of the result file.

Input Map Log Map Results Data Visualization Metadata

Distance Map Load *.dst

By clicking Load *.dst, the computed Distance Map is loaded into GeoDict.

The Volume Field tab (in 2D Cross section view and in 3D Rendering) becomes
selectable in the Visualization Panel above the Visualization Area to fine-tune the
visualization settings.
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To see only the volume field, turn off the visualization of the structure (uncheck
Structure in the tab header).

EuclideanDistanceTransform / (voxel) Plot max : 11.27
5 g _ Plot min : 0.0
0.0 5.00 11.27

Euc!ldeanl?(sbance‘l‘i’an#orm / (voxel) max: 11.27
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SKELETONIZER

The Skeletonizer reduces a structure to its center lines. This command might be
useful as an intermediate step in some workflows creating or analyzing certain
structure types.

MatDict
f
Algorithrms -
Skeletonizer =
- /?f
'
Help & Record :.-’
P
Cloud ,-'{
P Run
Job Queue

The command requires no parameters. It can directly be started by clicking Run in
the MatDict section.

RESULTS

In contrast to all other commands in MatDict, the Skeletonizer command does not
create a result file. Rather, it directly modifies the current structure and creates a new
voxel structure which consists only of the center lines.

72 GeoDict 2024 User Guide



References

REFERENCES

[1]_F. Frank, E. Glatt, S. Linden, A. Wiegmann; 2024; Thickness and surface
estimation of thin porous media based on 3D image data; Measurement Science and
Technology.

[2] J. Ohser, F. Mlcklich; 2000; Statistical Analysis of Microstructures in Materials
Science; Wiley and Sons.

[3] A. Wiegmann, J. Becker; 2007; Virtual characterization of the pore structure of
nonwoven; Proceedings of the International Nonwoven Technical Conference, Atlanta.

[4] J. Becker, A. Wiegmann, V. Schulz; 2007; Design of fibrous filter media based on
the simulation of pore size measures; Proceedings of the FILTECH conference,
Wiesbaden.

[5]T. Saito, J. Toriwaki; 1994; New Algorithms for Euclidian Distance Transformation
of an n-dimensional digitized picture with Applications; Pattern Recognition 27(11),
p. 1551-1565.

[6] D. Silin, T. Patzek; 2006; Pore space morphology analysis using maximal inscribed
spheres; Physica A 371, p. 336-360.

GeoDict 2024 User Guide 73


http://dx.doi.org/10.1088/1361-6501/ad2421
http://dx.doi.org/10.1088/1361-6501/ad2421
http://dx.doi.org/10.1088/1361-6501/ad2421
https://doi.org/10.1016/0031-3203(94)90133-3
https://doi.org/10.1016/0031-3203(94)90133-3
https://doi.org/10.1016/0031-3203(94)90133-3
https://doi.org/10.1016/j.physa.2006.04.048
https://doi.org/10.1016/j.physa.2006.04.048

https://doi.org/10.30423/userguide.geodict

Technical Anne Blumer

documentation: Sebastian Rief

Barbara Planas

MATH Math2Market GmbH

Richard-Wagner-Str. 1, 67655 Kaiserslautern, Germany

2 MARKET www.geodict.com

© Fraunhofer Institut Techno- und Wirtschaftsmathematik ITWM, 2003-2011.
© Math2Market GmbH, 2011-2024. All rights reserved.



	analysis of solid material in porous media with MatDict 1
	Material Statistics 4
	Structure information 4
	Thickness Estimation (1D Statistics) 7
	2D Density Map 15
	3D Inhomogeneity 19

	Material Characterization 23
	Solid Size Distribution (Granulometry) 23
	Percolation Path 28
	Connected Components 33
	Estimate Surface Area 40
	Estimate Three-Phase Contact Line 43
	Minkowski Parameters 44
	Chord Length Distribution 47
	Geodesic Tortuosity 52
	2-Point Correlation 54

	GAD Objects Analysis 57
	Analyze Objects 57
	GAD Objects Orientation 67

	Algorithms 69
	Euclidean Distance Transform 69
	Skeletonizer 72

	References 73

	analysis of solid material in porous media with MatDict
	Material Statistics
	Material Characterization
	GAD Objects Analysis
	Algorithms
	Material Statistics
	Structure information
	Results

	Thickness Estimation (1D Statistics)
	Results
	Data Visualization

	2D Density Map
	Statistic Options
	Material Density
	Results

	3D Inhomogeneity
	Statistic Options
	Material Density
	Results
	Data Visualization


	Material Characterization
	Solid Size Distribution (Granulometry)
	Solid Size Options
	Material Density
	Results
	Solid Size Visualization

	Percolation Path
	Results

	Connected Components
	General Options
	Post-Processing
	Results
	Data Visualization

	Estimate Surface Area
	Results

	Estimate Three-Phase Contact Line
	Results

	Minkowski Parameters
	Results

	Chord Length Distribution
	Results
	Data Visualization

	Geodesic Tortuosity
	Results
	Data Visualization

	2-Point Correlation
	Results


	GAD Objects Analysis
	Analyze Objects
	Object Data
	Analyze Options
	Results
	Data Visualization

	GAD Objects Orientation
	Results


	Algorithms
	Euclidean Distance Transform
	Results
	Data Visualization

	Skeletonizer
	Results


	References


