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1 FlowDict

FlowDict computes digital flow experiments and post-processes the results to calculate
effective material properties such as permeability.

In general, three different use cases are possible:
¥ Determine effective bulk material properties
In this use case, you start with a 3D structure model of a porous material, e.g., a rock, a

composite, or a foam. The model shows a representative inner part of the material, but
the real material is much larger in all three space directions.

You can use FlowDict to determine the effective permeability of the material.

For this purpose, use the Stokes command|1if the major through-pores are resolved
in the voxel grid, or the Darcy Flow command/+»!if all through-pores are unresolved.
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“Determine pressure drop and flow rate

In this use case, you start with a 3D structure model of a porous layer, e.g., a nonwoven
filter, a porous transport layer, or a metal wire mesh. The model shows the entire layer
thickness, plus some inflow and outflow area above and below the layer.

You can use FlowDict to
e predict the volumetric flow rate and mean flow velocity for a given pressure drop, or
e predict the pressure drop for a given mean flow velocity or volumetric flow rate.

For this purpose, use the Navier-Stokes command|ss1to prescribe the boundary
conditions, compute the stationary flow field, and determine the result. For very high
flow velocities, the solution may become turbulent and a stationary solution no longer
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exists. In this situation, you can use the Forchheimer Approximation comman [ to
extrapolate a result.

You can also use the Air Permeability Test appm to simulate standardized air

permeability tests with predefined test setups.

“Simulate fluid flow in CAD data

In this use case, you start with a 3D structure model of, e.g., a complete filter including
the filter housing or a packed bed reactor including casing and pipes. The 3D structure
is typically designed with CAD software tools, and the inner pore structure of the
porous medium is often unresolved.

You can use FlowDict to
e predict the volumetric flow rate for a given pressure drop, or
e predict the pressure drop for a given volumetric flow rate.

For this purpose, use the Simulate Flow Experiment command|+l to prescribe the
boundary conditions, compute the stationary flow field and determine the result.




Inflow Outflow

In the FlowDict section, the available commands are listed in the pull-down menu.

FlowDict
Stokes(—Brinkman) v
) Navier—Stokes(—Brinkman)
Options 2 Edit... Forchheimer Approximation
Simulate Flow Experiment
' Darcy Flow
Estimate Memory Single-Phase Flow GeoApps
@:‘ Help ® Record
Cloud
» Run
Job Queue

When clicking Estimate Memory, FlowDict estimates the needed memoryl 1 for the
computations based on the size of the structure and the parameters entered in the solver
options. The estimated computational memory requirements are shown in a Memory & Disk-
Space pop-up message.

Learn to use FlowDict

e Theoretical Background| 7
Learn which boundary value problems FlowDict can solve, how the results are post-

processed to derive averaged properties, and which solvers are available for these tasks.

e Stokes(-Brinkman)[ s

Simulate fluids with high viscosity and slow, laminar flows.

o Navier—Stokes(—Brinkman)@
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Learn to use FlowDict

Simulate high velocity flow with non-linear effects.

e Forchheimer Approximation| e
Estimate pressure drop or mean velocities for high Reynolds numbers.

e Simulate Flow Experimentm
Simulate flow for inlets and outlets that are not axis-aligned.

e Darcy Flow[ )
Simulate flow for large voxel lengths and porous materials with small permeabilities.

e Single-Phase Flow GeoAppsls)
Choose from the available FlowDict GeoApps.

o References|isl
See the references for more relevant literature.

e Join the conversation

Visit the Community on GeoDict Forum to be inspired and get answers to top
questions.

Find illustrative application examples on the website.

Our tutorials and seminar videos give you a first hands-on experience. They are
collected in the Learning Center.

Send your Support Request to our technical Support.



https://forum.math2market.de/index.php
https://www.math2market.com/geodict-software/geodict-base-modules/simulation/flowdict.html
https://www.math2market.com/service-support/learning-center.html?format=tutorials_seminar-recordings&module=flowdict
https://www.math2market.com/service-support/technical-support.html

1.1 Theoretical Background

FlowDict solves a boundary value problem consisting of

e domain boundary conditions that set up the experimental conditions,

e an equation of motion that describes stationary fluid flow in the pores, and
e boundary conditions at the pore walls.

The solution of this boundary value problem is then analyzed and post-processed. FlowDict
derives material properties and averaged flow characteristics from the computed 3D result
fields.

To solve the partial differential equations, three different flow solvers are available: EJ,
SimpleFFT, and LIR. Each of the solvers uses a different numerical approach and thus has
different advantages.

Theoretical Background

e Equations of Motion[ 7
Learn how to select the equation of motion that needs to be solved.

e Flow Solvers| ]
Solve the Partial Differential Equations using one of three available solvers.

e Post-Processing and Permeability 1
Understand how FlowDict derives material properties and averaged flow characteristics from

the computed 3D result fields

1.1.1 Equations of Motion

FlowDict computes the fluid flow through the 3D structure model.

All experiments in FlowDict assume a steady flow regime, i.e., do not allow for time-
dependent behavior such as turbulence. In practice, this means that the velocity and pressure
drop cannot be arbitrarily high. FlowDict therefore searches for a stationary solution and the
partial differential equations that need to be solved do not contain derivatives regarding
time.

Other assumptions are that the fluid is a Newtonian fluid and it is incompressible.
“Navier-Stokes Equations
If the geometry of the pores is resolved by the computational grid, all voxels are either

pore space or solid material. The fluid flow in the pores is then described by the
stationary Navier-Stokes equations:

) (1)
—phAu+pU-VYu+Vp=f Momentum
balance

FlowDict 7
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(2) Mass
conservation

V-u=0

Here, £ is the fluid density, # is the dynamic viscosity, U is the velocity vector, P is the

pressure and f is a force density.

The Navier-Stokes momentum balance equation includes inertia. For such flows, the
resulting relation between pressure drop and mean velocity is nonlinear.

VStokes Equations

When the flow is slow and laminar, the Navier-Stokesl 71 equations can be simplified
by neglecting the term that describes inertial effects. The resulting equations are the
Stokes equations, which read as follows:

= ®

V-u=0 4

Here, & is the dynamic viscosity, i is the velocity vector, P is the pressure and f is a
force density.

For such flows, the resulting relation between pressure drop and mean velocity is linear
and Darcy's law can be applied. The sketch below illustrates this behavior: when the
pressure drop is small, Stokes and Navier-Stokes equation give identical results, and
the flow velocity depends linearly on the applied pressure drop. When the pressure
drop gets larger, the results of Stokes and Navier-Stokes differ - in this case, only the
Navier-Stokes equation describes the physically correct solution and the velocity
depends non-linear on the applied pressure drop.

8 FlowDict
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“Navier-Stokes-Brinkman Equations

If the geometry of the pores is not fully resolved by the computational grid, a voxel
may describe pore space, solid material, or porous material. An additional term, called
Brinkman term, allows to describe a Darcy-type flow in an unresolved porous medium.
The Navier-Stokes-Brinkman equations are given as follows:

—uhii+p(i-Vi+oti+Vp=f (5)

V-u=0 (6)

Here, i is the velocity vector, P is the pressure, f is a force density, and # is the dynamic
viscosity. The local viscous flow resistivity o of a voxel is related to the local
permeability by

1 )
K

where k is the isotropic permeability of the voxel. In the pore space, the flow resistivity
is zero and the Brinkman term disappears.

“Stokes-Brinkman Equations

Under the assumption of a slow and laminar flow, the Navier-Stokes-Brinkman/ s
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equations can be simplified by neglecting the term that describes inertial effects. The
resulting equations read as follows:

—uAi+oli+Vp=f ®

V-u=0 )

Here, 1 is the velocity vector, P is the pressure, f is a force density, and # is the dynamic
viscosity. The local viscous flow resistivity o of a voxel is related to the local
permeability by

u (10)
K

where k is the isotropic permeability of the voxel. In the pore space, the flow resistivity
is zero and the Brinkman term disappears.

“Darcy Flow

When we analyze the asymptotic behavior of the terms of the Stokes-Brinkmanl o]
equation, we find that

Adl u (11) Viscous
PR ﬁ term
m., u (12)
-—Uu~— Brinkman
K K
term

where h is the voxel length.

Therefore, when the permeability k is small, and the voxel length h is relatively large,
the Brinkman term dominates, and the viscous term can be neglected. This leads to

5 K > (13) Darcy
u=—l—l(Vp—f) flow

Numerically, finding a solution for the Darcy flow equation is much faster that finding a
solution for the Stokes-Brinkman or Navier-Stokes-Brinkman equation. However, this
simplified equation only holds true when the assumptions used in its derivation it are
valid:



1. Creeping flow, i.e., very small Reynolds number.

2. Porous voxels with small permeabilities dominate, all through pores have diameters
smaller than the voxel length.

The following sketch illustrates which equation must be solved. The decision is based on the
points:

e Creeping flow or fast flow (gray boxes): In the creeping flow case, the Reynolds number is
small, inertia can be neglected, and a linear relationship between pressure and velocity
exists. In the fast flow case, the Reynolds number is large, inertial effects cannot be
neglected, and a non-linear relationship between pressure and velocity exists.

e Resolution (blue boxes): If all pores are resolved, each voxel either represents fluid or solid
material. If some pores are unresolved, a voxel may also represent porous material. In the
extreme case, all through-pores are unresolved.

Empty/solid/porous voxels

Darcy Flow (no through-path exists)
Linear flow
Stokes Stokes-Brinkman
5:'::':/ solid B Empty/solid/porous voxels
Navier-Stokes- (through-path exists)
Brinkman

Non-linear flow

All five derived momentum balance equations are shown in the table below:

Stokes
moment
um
balance

— uAGi +Vp=f

Stokes-
Brinkma
n
moment
um
balance

-

— plu + px i +Vp=Ff
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Navier-
. Stokes
— ulAu + (pii - V)u +Vp=f moment
um
balance

Navier-
Stokes

— uAu + (pu - V)u + u~ i + Vp = f
moment
um
balance

+ px~ i +Vp=f

1.1.2 Flow Solvers

To solve the partial differential equationsm describing the fluid flow, three solution methods,
called solvers, are available in FlowDict:

VLIR

The LIR (Left Identity Right) solver uses a non-uniform adaptive grid which results in
very low memory requirements. While the LIR solver’s speed is comparable to the
SimpleFFT solver for low porous materials, it is very fast (and should be chosen) for
highly porous materials. See Linden et al. (2015)[s] for more information.

It can be used to solve the Stokes| s') Darcy Flow[ ), Stokes-Brinkmanl o' Navier-
Stokes|_7'7, and Navier-Stokes-Brinkman/ ¢ equations.

VSimpleFFT

The SimpleFFT (Simple Fast Fourier Transform) solver takes longer to converge for
highly porous materials and requires more memory, but it can deal with non-linear
(non-laminar) fluid flow as well as with linear flow. Therefore, faster flows, which are
not necessarily laminar and are modeled by the Navier-Stokes| 71 equation can be
computed with the SimpleFFT solver.

It can be used to solve the Stokes|_e'7, Stokes—Brinkman|_9'1, Navier—Stokesm and
Navier-Stokes-Brinkmanl ¢l equations

The SimpleFFT solver is very fast for low porosity materials and is a much better choice
than the EJ solver for this type of materials.



VE)

The EJ (Explicit Jump) solver is very fast for highly porous materials and has low

memory requirements but can only be applied to flows when the pressure drop/flow

velocity dependence is linear (laminar), i.e., for the Stokes| &1 equation and Darcy

Flow[ 01 only.

For Stokes simulations, the EJ solver should not be used for low porous materials (50%

or less porosity) such as reservoir rocks or ceramics. For these kinds of materials, the
SimpleFFT or LIR solver perform much better.

Know how! It is important to distinguish between porous materials and porous voxels.

A flow simulation is run on a 3D material model, e.g., glass fibers, where the pores are
filled with air. Thus, a highly porous material is a material with more fluid voxels than

solid voxels, e.g., 80% air and 20% glass fibers.

Alternatively, a voxel, i.e. a grid cell, can be defined as porous voxel, if the poresin a

material are too small to be resolved by the computational grid.

The sketch below shows which solver can be applied in which use case. The equations are
denoted in red. The gray boxes show where the solution exhibits a linear relation between

pressure drop and flow rate, and the blue boxes show where the 3D structure can have porous

voxels:

EJ solver

.

LIR solver

Linear flow
Darcy Flow
Stokes Stokes-Brinkman

Empty/solid
voxels

e

Solver Benchmarks

NAVIAF-Sokes- Empty/solid/porous

Navier-Stokes e voxels

Non-linear flow Simple-FFT solver
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Three parallelization benchmark results for FlowDict are shown here. All benchmark
computations were run on a server with 2 x Intel E5-2697A v4 processors with 16 cores each,
running with a maximum of 3.60 GHz, and 1,024 GB RAM.

“Sandstone Benchmark
The first example is the computation of the flow through a synthetic X-ray tomography

data of a sandstone structure (Mattila et al. 2016|?51). The structure has a porosity of
13.5% and a size of 2,048 x 2,048 x 2,032 voxels.

Together with an inlet and outlet of 8 voxels each, the flow computation is performed
on a structure size of 2,0483. This structure size is optimal to speed up runtime, since
2,048 is a power of two. The smaller the factors in the prime factorization of the
number of voxels in each coordinate direction, the better for the runtime of

SimpleFFT[ =1

The flow through the structure is computed by solving the Stokesl s 1equation with the
LIRI 21 solver (speed optimization and memory optimizationm and with the
SimpleFFT[ 1 solver. The following figure shows the runtime for a different number of
processes to compute the permeability of 3.3e”"* m? with an error bound of 0.01 with
both solvers. Runtime and speedup of the parallelization are better for the LIR[ 1
solver. For both solvers, the ideal speedup, i.e., getting half of the runtime for twice of
the number of processes is also shown. The computation with the LIR[+21solver is close
to the ideal speedup, which is usually not possible to reach for real life examples.

32

Runtime / h

—@—SimpleFFT, GeoDict 2025, r80496

= == «|deal

—&— LIR, GeoDict 2025, r80496

- = «|deal

4 8 16 32 64

Number of processes

“Filter Benchmark

The second benchmark is the computation of the flow through a filter structure with
linear increasingly fiber density.



The structure size is 2,048 x 2,048 x 2,032 voxels, with an inlet and an outlet of 8 voxels
(i.e. in total 8.6 billion voxels). So, like for the sandstone structure, the size is optimal to
get a short runtime even for a large structure. The porosity of 94.2% is much larger than
for the sandstone structure example.

The flow through the structure is computed by solving the Stokes[ s 1equation, with the
LIR[ 21 (speed optimizationm’l) and the SimpIeFFTm solver.

The following figure shows the runtime for a different number of processes to compute
the permeability of 5.63e-"" m? for SimpleFFT and 5.69e""" m? for LIR[+2. Both results are
equal within the chosen error bound of 1%. The benefit of using the LIR[+ solver
compared to SimpleFFT[ 2 1is large for the structure with high porosity. The
computation with the LIR[ 21 solver is close to the ideal speedup, which is usually not
possible to reach for real life examples.

Runtime / h
/

—@— SimpleFFT, GeoDict 2025, r80496
—&—LIR, GeoDict 2025, r80496
1 . Ideal

Idea

4 8 16 32 64

Number of processes

“Multilayer Weave Benchmark

The third benchmark is the computation of fast airflow through a multilayer weave. The
structure has a size of 400 x 800 x 1024 including 150 voxels inlet and 800 voxels outlet
(i.e. in total ~300 million voxels).

The flow through the structure is computed by solving the Navier-Stokes[ 77 equation,
with the LIR[+] (speed optimizationl«) and the SimpleFFT[ = solver with and without
using Tdmal 1 The Velocity Inlet, Pressure outlet[21boundary condition is used and
the average flow velocity is 3 m/s.

The SimpleFFT[+ solver with using Tdmal«1 reduces the runtime in this benchmark by
up to 50%.
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== SimpleFFT-NotUseTDMA GeoDict 2026
==g==||R GeoDict 2026
=== SimpleFFT-UseTDMA GeoDict 2026

32

Ideal

16

Runtime /h

4 8 16 32

Number of processes

Memory requirements for the examples and both solvers are listed in the following table:

149 GB (Speed

Optimizationl«")
Sandstone 655 GB

103 GB (Memory
Optimizationl«")

Filter 184 GB 654 GB

35.1 GB (not using Tdmalss)

Multilayer Weave 6.2 GB
35.0 GB (using Tdmal )

Memory Requirements

The RAM required for a flow computation depends on the set of flow equations, structure size,
porosity, boundary conditions, parallelization, and the selected solver itself. Here, basic hints
are given to estimate the memory requirements for the EJl1solver, the SimpleFFT[+1 solver,
and the LIR[ 1 solver.

We assume a structure with
1. NX, the voxels in X-direction,
NY, the voxels in Y-direction,

NZ, the voxels in Z-direction,

> W

NI, additional inlet voxel layers,



5. NO, additional outlet voxel layers, and
6. P, the number of parallel processes

In addition, we assume that a flow in Z-direction is computed. Then, the total number of voxels
is given by

NumberOfVoxels = NX - NY - (NZ + NI + NO) (14)

The EJls)and SimpleFFT[ 1 solver are MPI-parallel and need to have some overlap slices for
each process in memory. The number of voxels including overlap slices is then given by

NumberOfVoxelsWithOverlap = NX- NY - (NZ + NI+ NO + 2 - P) (15)

The memory requirements can now be roughly estimated using the following formulas for
each of the solvers:

“Memory estimation for EJ

The memory required by the EJ[1s1solver depends on the total number of voxels, the
boundary conditions, the number of pore-solid interfaces and the number of parallel
processes. The number of pore-solid interfaces depends on the solid volume fraction
(SVF). A rule of thumb is:

RequiredMemory = 60 - NumberOfVoxelsWithOverlap (16)

A more accurate rule of thumb that considers the SVF is:

RequiredMemory = (— 132 - SVF? + 166 - SVF + 30) - NumberOfVoxelsWithOverlap ~ (17)

For symmetric boundary conditions in flow direction the memory requirements are
doubled. The unit of the estimated memory is in bytes.

“Memory estimation for SimpleFFT

The memory required by the SimpleFFT[+«1solver depends on the total number of
voxels, the boundary conditions, and the number of parallel processes. A rule of thumb
is:

RequiredMemory = 80 - NumberOfVoxelsWithOverlap (18)

For symmetric boundary conditions in flow direction the memory requirements are
doubled. The unit of the estimated memory is in bytes.

“Memory estimation for LIR

FlowDict 17
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The estimation of the LIR[+21 memory requirements is more complicated due to the
adaptive grid structure. The memory that is required for a flow computation depends
on the set of equations (Stokes|_s'1 or Stokes—Brinkman|_9'7), the total number of voxels,
and the solid volume fraction (SVF). The memory requirements are directly correlated
to the number of adaptive grid cells. The number of adaptive grid cells depends on the
number of pore-solid interfaces. A rule of thumb is:

RequiredMemory = 5- 107 + NumberOfCells - (63 + 44 - OptimizeForSpeed + 8 - WithBrinkman) (1 9)

where

NumberOfCells = NumberOfVoxels /(60 - SVF? — 56 - SVF + 15)  (20)

OptimizeForSpeed = 1 21

if Optimize is set for Speed, else the value is 0, and

WithBrinkman = 1 (22)

if Stokes-Brinkmanl o1 or Navier-Stokes-Brinkmanl[ s is computed, otherwise the value
is 0.

1.1.3 Post-Processing and Permeability

FlowDict solves the partial differential equationl 71 for the defined boundary values with the
selected flow solver| ] The direct result of the computation is a 3D data field consisting of a
vector-valued velocity and a scalar-valued pressure for each fluid or porous voxel that
describes the resulting steady-state flow.

This field can be visualized to illustrate the flow. Additionally, a number of quantities
describing the flow characteristics or the material properties are derived from the result:

“Average (superficial) flow velocity and pressure drop
For each layer in the selected computational directionlzr} the average pressure and the

average flow velocity in the computational direction are computed. One of these
quantities is typically fixed by the selected boundary conditions:

e If the pressure drop is set as boundary condition, the average flow velocity is
reported as result.

e If the mean flow velocity or the flow rate is set as boundary condition, the pressure
drop (the pressure difference between top and bottom layer) is reported as result.

18 FlowDict




There are two possibilities to compute an average flow velocity. The superficial flow
velocity reported here averages over all grid cells, including the solid cells which are
included in the averaging using a velocity of 0.0. The interstitial flow velocity averages
only over the grid cells that contain a fluid. This velocity is found in a plot in the result
file.

“VReynolds number

The Reynolds number is a dimensionless value used to predict flow patterns. It
represents the ratio of inertial forces to viscous forces within a fluid. The Reynolds
number is an indicator if the flow is

e slow and linear (Stokes), or
e fast and non-linear (Navier Stokes), or
e turbulent (no stationary solution exists).

The Reynolds number (Re) is defined as

pul (23)
Re = — Reynolds
K Number

where P is the density of the fluid (SI units: kg/m?3), u is the velocity of the fluid (m/s), #
is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/m-s), and L is a characteristic
length (m). Depending on the different types of porous media and different
applications, there are different choices for characteristic length. Four options are
provided:

1. Numerical Length: The square root of the permeability is taken as characteristic
length, L = Vi (Zheng and Grigg, 2006[ ). This option is used for Stokesl s1by
default.

2. Maximum Pore Diameter: The characteristic length is the diameter of the largest
through pore. From structure analysis the maximum pore diameter is found. This
option is used for Navier-Stokes[ 77 by default.

3. Maximum Fiber/Particle Diameter: The characteristic length is the largest fiber
diameter for fibrous media and the largest particle size for grain structures. The
largest fiber/particle diameter is found by an analysis of the 3D structure.

4. Manually specified: When none of the previous three options fits, you can set a
characteristic length manually.

Permeability
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If the flow is slow and laminar, a linear relationship between the average flow velocity and the
pressure drop is observed. This is known as Darcy's law

_ KAp (24) Darcy's
u=-——
0L law (1D)

where @ is the average (superficial) flow velocity, k is the permeability, # is the dynamic fluid
viscosity, AP is the pressure drop, and L is the thickness of the media.

The resulting permeability is independent of the applied pressure drop, as well as from the
used fluid viscosity. Thus, the permeability is considered a material property. For isotropic
materials, the permeability is a scalar value. For anisotropic materials, the permeability
depends on the flow direction and can be described as a 3x3 tensor as described below.

A Important! The permeability can only be determined from the solution of the
Stokes[ 81 equation. For fast flows, Darcy's law no longer holds true and the relation
between pressure drop and flow velocity is no longer described by the material's
permeability alone.

VFlow permeability tensor

The structure’s permeability tensor is found from the three-dimensional version of
Darcy's law:

o 1 Rox By .
W =——[Kyx Kyy Ky fvp!
“lKe Koy Ky

sz (25) Darcy's
law (3D)

Here @' is the averaged velocity vector (averaged flux with i=1 corresponding to a
pressure drop in the X-direction, i=2 corresponding to a pressure drop in the Y-
direction and i=3 corresponding to a pressure drop in the Z-direction). # denotes the
fluid viscosity, and

, 1 0 01 (26)
Vp‘=—lz with Apl=l 0 .Ap2=lAP2 .Ap?’:l %,
L 0 0 Ap,

is the pressure gradient (or pressure difference) in the it" direction. Apalc, Apf/l and Apg
represent the pressure drop in the corresponding direction in Pa.

' =NX-1,[*=NY-l,[*=NZ-1, (27



are the physical lengths of the computational domain in the directions of interest. lv is
the physical length of a voxel, and NX, NY and NZ are the numbers of voxels in the
three coordinate directions (X, Y, and Z).

The diagonal entries of the permeability tensor describe the measurable one-
dimensional permeabilities in the x, y, and z direction.

The off-diagonal entries of the permeability tensor describe if a pressure drop in one
direction will cause some flux in another, perpendicular direction. This might happen,
e.g., for diagonal pores. If symmetric boundary conditions are used in perpendicular (or
transverse) directions[= no net flow is possible over the sides of the domain, and the
off-diagonal entries will be zero.

A Important! Note that the length definition in (27) [x1includes the complete
thickness of the 3D grid. This is an appropriate definition if the 3D model
shows a representative inner part of the material, and does not include any
inflow or outflow regions.

If the 3D model includes empty regions as inflow or outflow region, this
definition is no longer correct and the length used for the permeability
computation has to be adjusted. You can do that during the post-processing,
and define the material thickness in flow direction, which is then used to
compute the permeability.

For some boundary conditions (e.g., constant velocity at the inflow), the solver
needs an empty inflow area to be able to compute a solution. These
contradicting demands can be handled in two different ways:

e Explicit inflow/outflow region: The inlet or outlet is part of the 3D structure
model. You can, e.g., use ProcessGeo - Embed to add this areas explicitly to
the structure. You then have to enter the material thickness (without inflow
and outflow) manually in the post-processing to compute the correct
permeability.

¢ Implicit inflow/outflow region: The inlet or outlet is not part of the 3D
structure model. The flow solver internally adds empty regions to the domain
and solves the boundary value problem. The solver then removes these
regions from the result files and does not use them for the post-processing.
With this, the permeability computation uses the correct thickness by default.
The disadvantage is that you cannot visualize the flow in the implicit regions
as they are not part of the results.

The following two properties are derived from the flow permeability. Thus, they can also only
be computed from the solution of the Stokesl s or Stokes-Brinkmanl s equation, and not for
fast flows.

“VFlow Resistivity
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In experiments, the mean velocity in the direction of the pressure drop is measured. The
measured pressure drop is then divided by the measured mean velocity to obtain the
measured flow resistivity.

The flow resistivity o in one space direction is therefore given by

U (28)
o=-
K

where k is the permeability and # is the dynamic fluid viscosity. In 3D, a flow resistivity
tensor would be defined as K . Thus, flow resistivity is NOT a material property,
because it always depends on the fluid viscosity.

In FlowDict, the flow resistivity is not determined as a 3D tensor, but reported for each

U
computational direction. In X-direction, /Kxx is computed, and similarin Y- and Z-
direction.

“Gurley Value

The Gurley second or Gurley unit describes the number of seconds required for
100 cubic centimeters (1 deciliter) of air to pass through 1.0 square inch of a given
material at a pressure differential of 4.88 inches of water (0.176 psi) (ISO 5636-5:2003).

With these values gathered in the table:

Ap = 0.176 psi = 1213.48 Pa
A =1in? = 0.00064516 m?
\Y =100 cm3 =10%*m?3

the Gurley value can be obtained from Darcy’s law/2 with:

o MWL _ 1834-107°-107"L o oo L (29)
~ kApA Kk -1213.48-0.00064516 K

The Gurley value depends on the permeability and the physical length of the
computational domain in the directions of interest.




1.2 Stokes(-Brinkman)

This command solves a boundary value problem to determine the stationary flow through the
media. If all material IDs present in the 3D structure model describe either fluid or solid
materials, the Stokes[ &1equation is solved. If some material IDs represent unresolved porous
materials, the Stokes-Brinkmanl 1 equation is solved.

These equations are valid for small Reynolds numbers, as is the case for slow laminar flows, or
for fluids with high viscosity, such as oil. For faster flows (higher Reynolds numbers), you must
use the Navier-Stokes(-Brinkman) command/ss 1

In the Stokes(-Brinkman) command, the flow boundary conditions are aligned with the space
direction - one side of the domain is the inflow area and the opposite side of the domain is
the outflow area. As boundary conditions, you can prescribe flow rate, inflow velocity, or
pressure.

The permeability of the media is determined as a post-processing step. You can select to
compute the permeability in one space direction only, or compute the full 3D tensor by solving
the boundary value problems for each space direction.

The Stokes-Brinkman command

e Optionslz1
How to set the input parameters of the command.

e Results[ =]
View the simulation results.

1.2.1 Options

Select Stokes(-Brinkman) from the pull-down menu and click the Option’s Edit... button to
open a dialog to enter or edit the simulation options. Choose a Result File Name for the result
file (*.gdr) fitting to your current project.

Result File Name (*.gdr} |StokesResult.gdr

Constituent Materials Boundary Conditions Solver Grid Equations & References

The parameters are organized under the tabs: Constituent Materials, Boundary Conditions,
Solver, and Grid. The Equations & References tab gives a summary of the used equations and
symbols which are explained in more detail here[ o7

Tabs of the Stokes-Brinkman dialog

e Constituent Materials| 2
Define the materials in the structure.

e Boundary Conditions| 271
Set up the boundary value problem that describes your experiment.

e Solverfs]
Select a flow solver.
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Tabs of the Stokes-Brinkman dialog

o Grid[)
Adjust the computational grid.

Constituent Materials

For the flow solver's computation, the materials in the structure and the fluids flowing through
it need to be defined under the Constituent Materials tab, so that their physical properties
parameters are taken into account.

To set the fluid flowing through all pore and porous materials, click Set all Fluids to and select
it from the pull-down menu.

Constituent Materials Boundary Conditions Solver Grid Equations & References

Set all Fluids to...

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

+ Material Fluid Density / Viscosity Permeability

~ | Dyn. Viscosity / (kg/(m s)) Temp. Range / (°C)
1.834e-05 -10, 427

ID Name Use |Air - g Density |/ (ka/m3
00 O Air. B v g [Material Law 1_~ | 1.204

01 [l Glass..| &

B3 set All Fluids to

GeoDiCT

Set All Fluids To Manual * | [Air
Carbon Dioxide (CO2
Chosen Material Law Material Law 1 - Crau dt;nOillm e (C02)
Density / (kg/m?) 098.234 E::Ett:g:gz (Solvionic)
Dynamic Viscosity / (kg/(ms)) |0.001 Helium
Hydrogen
Kinematic Viscosity / (m?/s) |1.00177e-06 Mercury
| Natural Gas |-

OK || Cancel

If one of the predefined fluids is used, the values for Density, Dynamic Viscosity, and
Kinematic Viscosity are taken from the GeoDict Material Database. They are dependent on
the given Temperature value and the Chosen Material Law. If Manual is selected, these
values can be entered manually.

Any values entered manually, e.g., for a special type of oil, can also be added to the material
database through the Open & Edit Material Database button. Additionally, different
properties for the same material can be saved as different Material Laws and can then be
selected from the pull-down menu in the Set all Fluids to dialog. Material Law 1 is the default
shipped with GeoDict. Click here for more information on editing, expanding, and using the
GeoDict Material Database.

The Temperature is selectable in Kelvin (K), Celsius (°C), and Fahrenheit (F), and has a default
value of 293.15 K (20.0°C, 68 F).



Under the Material subtab, select the fluid used in the simulation from the Use pull-down
menu. If other fluids are contained in the structure, they will be treated as immobile (solid)
during the simulation. If the structure contains no fluid material, No fluid in geometry is
displayed in the top of the Material tab. Select a material for the pore phase by clicking on the
corresponding material button.

Material Material
ID Name Use | Air v ID Name No fluid in geometry.
00 © Air. & v 00 Solid... | |5,

01 -Glass... = 01 -Glass... &=

The density and the dynamic viscosity of this fluid, at the selected temperature, is shown under
the Fluid Density/Viscosity subtab.

The Material subtab shows also the material IDs assigned to the materials (00, 01, 02, etc.). For
each material ID, you can open the Material Selector dialog and select a material by clicking
on the corresponding material buttons.

Constituent Materials | Boundary Conditions | ¢

Temperature -459.67 < |68

+ Material
ID Name Use |Air hd Material Selector
00| © Air. B v
01 Il Ga%.. | (B GeoDicT
Material Type Solid Search
. Glass Group by | Type ~
Information
Name -
Glass (C-Glass Fiber)
Glass (E-Glass Fiber)
Glass (R-Glass Fiber)
Glass (S2-Glass Fiber
Glass
Graphite Fiber (XN-05-305)
Graphite
Tite
Iridium -
Open & Edit Material Database « »

OK Cancel

Click the Material Report button =2 to see the relevant parameters for the material with a
selected ID.
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[ Report for Material with ID 00

Material Key Unit Value
Type Fluid
ID Name Usqd |Air v Name Air
Information
00O Ar. *@ - FluidProperties
-] Currentlaw 1
01 S Glss.. . NumberOfLaws 1
- |MaterialLawl
Name Material Law 1
Density kg/m~3/1.204
Viscosity | ka/(ms) |1.834e-05

Close

|-

Fluid flow can happen in pores and porous materials, but not in solid materials. The check sign
next to the Material Report icon marks all materials in which flow happens.

When the structure model not only contains solid and empty (pore) voxels, but also porous
voxels, you must select either the SimpleFFT[+1 or the LIR[ =21 solver in the Solver[stab. If you
select the EJ[s]solver, an error message will show after clicking Run.

E FlowDict:SolveStokes X

° Error while executing command "FlowDict: SolveStokes":

Porous medium is found in the structure, but EJ does not support Brinkman equation.
Please try SimpleFFT or LIR, or change the porous medium to solid!

(Click in the dialog to stop the countdown.)

ook |
A A

For porous voxels, set the Material Type (in the Material Selector dialog) to Porous and
choose the fluid that occupies the pores.




Matenal Selector

GEODICT
Material Type Porous Search Search
Porous Solid  Manual Group by | Type ~ | Group by [Type -
Fluid Air
i Name Mame -
Information | v Fluid * Fluid
b Solid Manual
= Porous Solid Air
Carbon Dioxide (C02)
Pore Crude il
Undefined Electrobte (Solvionic)
Electrobte
Helium -
Open & Edit Material Database P W . ,
| oK | Cancel

h, e

The permeability of porous voxels is set under the Permeability subtab. You can define if the
material is isotropic (same permeability in all flow directions) or anisotropic (permeability
depends on flow direction). When the material is isotropic, the permeability entered in the X-
direction is used in all directions. For an anisotropic material, the permeabilities in the three
Cartesian directions are needed.

Constituent Materials | Boundary Conditions | Solver = Grid = Equations & References

Set all Fluids to..

Temperature 459.67 < |68 <1832.00 |°F - Open & Edit Material Database
+ Material Fluid Density / Viscosity
ID Name Use |Air *| H Perm. X / (m?) Perm. Y/ (m?) Perm. Z / (m?) Temp. Range / (°F)
00l Q  Ai. | v B
o1 [ Ar in Porous... | (B v Isotropic  ~ | [1.2e-11 1.2e-11 1.2e-11

The local orientation of porous materials with anisotropic properties is not considered. You
must select the SimpleFFT solver if anisotropic permeabilities are entered.

Boundary Conditions

To simulate the flow through the domain, GeoDict solves a boundary-value problem. In the
fluid-filled part of the domain, the flow is governed by a differential equation. The boundary
values describe what happens at the boundaries, and are a necessary and important part of the
problem description. Boundaries are the six faces of the cuboid (X-, X+, Y-, Y+, Z-, Z+), and the
pore-solid walls within the structure.

For the six cuboid faces, FlowDict distinguishes between the domain faces in the
computational direction (also called flow direction or longitudinal direction) and the domain
faces in the two other space directions (called transversal or tangential directions). The
computational direction is the direction in which pressure drop and flow rates are measured.

V¥ Computational Directions

FlowDict
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As Computational Directions, select the directions for which you want to calculate the
flow. To obtain the full 3x3 permeability matrix and a pressure drop value for each
direction in the results file, select all three directions.

For every selected direction, a boundary value problem is solved in which the Domain
Boundary Conditions in Longitudinal Direction and the corresponding Experiment
Input/Output are applied in the computational direction, and the Domain Boundary
Conditions in Transverse Directions are applied on the other two space directions.

Any directions not selected will not be calculated and will be marked as 'unknown' in
the permeability matrix in the Report tab of the result file.

Computational Directions

X Y v Z

“Domain Boundary Conditions in Longitudinal Direction
These boundary values are applied in the Computational Direction. Select either
Periodic, Symmetric (Dirichlet), or Velocity Inlet, Pressure Outlet conditions.

Domain Boundary Conditions in Longitudinal Direction

® Perindic
Symmetric (Dirichlet)
Velocity Inlet, Pressure Qutlet

Add Implicit Region [ (Voxel):  Inflow | 10 Outflow | 10

Use Periodic boundary conditions for periodically generated structure models and for
non-periodic structures with high porosity. The structure is internally repeated
periodically at the domain boundaries in the computational directions.

Use Symmetric boundary conditions for non-periodic structures if the percentage of
solid voxels is high at the inlet. The solver treats the structure as mirrored at the domain
boundaries in the computational directions.

28 FlowDict




Computational
Direction

Periodic b.c. Symmetric (Dirichlet) b.c.

The option to Add an Implicit Region is not available for Symmetric boundary
conditions. The size of the implicit region in the computational directions is given in
voxel, where the default added implicit inflow and outflow are 10 voxels, respectively.

Know how! The term implicit means that the region is only added by the
=  solver internally. Thus, these regions do not contribute to the computed
permeability and flow resistivity.

0 Note! A warning may appear when trying to run flow computations without
adding an inflow region when the pore space at the domain boundaries in the
computational directions is less than 50%.

3 Flowict

In computational direction (Z) less than 50% (2.5%) of the pore-space connects for 'Periodic’
boundary conditions, 'Symmetric' or 'Periodic’ boundary conditions with a implicit in- or out-flow
might be more accurate!

Do you want to proceed with 'Periodic' boundary conditions?

(Click in the dialog to stop the countdown.)

The inlet and outlet are essential to avoid the possibility of closing the flow channels
when the structure is periodically repeated. In the example shown below choosing
periodic boundary conditions in the direction of the flow without adding an implicit
region results in the flow channels being artificially closed.
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Computational
Direction

e S '

Periodic b.c. Periodic b.c
Added implicit inflow and outflow
region of 10 voxels

To open the channels and enable flow, you can either add an inflow and/or outflow
region, or select symmetric boundary conditions. However, when possible, we
recommend using periodic boundary conditions, as these require less computational
memory and take less time to run.

The Velocity Inlet, Pressure Outlet (VinPout) boundary conditions apply a constant
flow velocity at the inlet and a constant pressure at the outlet. These boundary
conditions can only be applied if the structure contains empty inlet and outlet regions.
A constant flow velocity cannot be applied directly on a solid surface, as this would
lead to an unphysical solution. Therefore, you either have to assure that the current
structure already contains such regions or you have to add those regions for the flow
computation by additionally selecting Add Implicit Region.




* * * * * * * * * * * Constant Velocity

' Computational
Direction

N\

Note, that selecting Velocity Inlet, Pressure Outlet automatically disables the EJ
solver in the Solver tab.

VExperiment Input / Output

In the Experiment Input / Output panel select which property is prescribed in the
computational direction. This will also define the property that will be computed. You
can prescribe the Pressure Drop and obtain the Mean Velocity as result. Alternatively,
you can prescribe the Mean Velocity or the Flow Rate and obtain the Pressure Drop
as result.

This selection corresponds to the typical experimental setup, where you either apply a
constant pressure drop over the media and measure the through flow rate or you apply
a fixed pump flow rate and measure the resulting pressure drop over the media.

Experiment Input / Qutput
® Pressure Drop 0.02 Pa -
Mean Velocity 0.1 mys
Flow Rate 60 I/mmim on Flow Area | 100 cm?

The Pressure Drop is the difference between the inflow and outflow pressures.

The Mean Velocity is the average speed of the flow in the positive direction, i.e., from
Z- to Z+ if the Z-direction is the computational direction.

The Flow Rate on Flow Area is a volumetric flow rate. It is the fluid volume which
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passes per unit time through a given area.

For each property, the desired unit can be selected from the pull-down menu.

Which options are available here depends on the Domain Boundary
=  Conditions in Longitudinal Direction you selected.

For Velocity Inlet, Pressure Outlet boundary conditions, you must prescribe
the Mean Velocity or Flow Rate.

For Periodic or Symmetric boundary conditions, any selection is possible due
to the linearity of the Stokes[ ¢ (-Brinkmanl s ) equation. Internally, the solver
always prescribes a pressure drop and computes the mean velocity. However,
GeoDict can rescale the computed result to match any mean velocity or flow
rate and thus also compute the pressure drop for a prescribed mean velocity
or flow rate.

“Domain Boundary Conditions in Transverse Directions

The Domain Boundary Conditions in Transverse Directions can be Periodic,
Symmetric, No-Slip, or Expert.

Domain Boundary Conditions in Transverse Directions

® Perindic Symmetric MNo-Slip Expert

With Periodic boundary conditions, the structure is repeated in the transverse

directions.
' Computational

Direction

N

N\

With Symmetric boundary conditions, the structure is mirrored at the domain
boundary. The LIR and EJ solver solve the symmetric boundary condition by using
Neumann (or zero flux) condition at the domain boundary.




. Computalional
. Direction
\‘i

With No-Slip (or Encase) boundary conditions, the domain boundary is treated as
closed by solid material. When No-Slip is used, the solver internally adds a one-voxel
layer in the required direction and solves with periodic boundary conditions. This is
effectively equivalent to solving the structure with casing at both sides in the transverse
direction. So, the structure size in the corresponding transverse direction becomes
enlarged by one voxel internally.

' Computational
Direction

With Expert, it is possible to define different boundary conditions for each side in each
computation. The boundary conditions in the two directions transverse to the flow can
also be different by checking Expert boundary conditions. For example, when the fluid
is chosen to flow in the Z-direction, the boundary conditions could be chosen to be
No-slip in X-direction and Symmetric in the Y-direction.
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Computational Directions

X Y viZ

Domain Bounjdary Conditions in Transvdrse Directions

Periqdic Symmetric No-Slip J Expert
ExpertSetélgs ¢
v
Y Periodic X Periodic X | No-Slip -
Periodic
Z Periodic Z Periodic Y |Symmetric ~ EuluEale
No-Slip

“Pore-Solid Boundary Conditions

The Slip Length allows to include sliding effects in the flow simulation. Sometimes the
permeability of gases can be somewhat different from the permeability of liquids in
the same media. One difference is attributable to "slippage" of gas at the interface
with the solid when the gas mean free path is comparable to the pore size.

The default setting No-Slip corresponds to a flow velocity of zero along the structure.
Pore-Solid Boundary Conditions
Slip Slip Length / (m] 0
® No-Slip V| Use Second Order No-Slip

Use Sharp Comer

Flud —s
é

—
o

Solid

Two settings are available for the No-Slip boundary condition. Use Second Order No-
Slip is activated by default. This sets the tangential velocity to zero at the center of the
voxel surfaces and uses a second order approximation of the velocity field. The first
order setting, which is used when the box is left unchecked uses a linear approximation
(Harlow-Welch, 1965[+4).

Use Sharp Corner can be used for digital rocks where permeability is usually
overestimated or cases where voxels represent exact geometry. Activating it sets the
tangential velocity to zero at the voxel corners. When the box is unchecked the default


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

Round Corner is applied, which should be used for structures with round obstacles like
fibers or grains.

e No-Slip Condition

——————
’— I

- . - . ) o

Visualization of velocity profiles at Visualization of velocity profiles at
round corners sharp corners

Slip with a non-zero Slip Length simulates the sliding of the fluid along the solid,
increasing the fluid mean flux and thus, the permeability of the structure. This option
might be used when it is realistic for a given physical material. Currently, the same slip
length value must be set for all materials in the structure.

In earlier releases, this feature worked correctly for axis aligned walls only, but since
GeoDict 2020 the expression of the slip velocity, which assumes the slip velocity
proportional to the shear stress at the surface, is reformulated for different velocity
components when the angle of fiber surface is known, and reimplemented in the flow
solver. Thus, direct simulation of the slip flow is possible.

Pore—Solid Boundary Conditions
e Slip Slip Length / (m) 0.001
No-Slip ¥ Use Second Order No-Slip

Use Sharp Comner

. >
Flud ———
e
—
—
Solid
R.-8=0onT .(30) No.flow
into solid
2.2 - = = 7 (31) Sllp flow
t-u An V(u t) onTl along solid

Here, i is the fluid flow velocity as it was introduced in Darcy's lawl+s1and the
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Stokes| & equation, 1 is the normal direction to the solid surface, T is the fiber surface,
A is the Slip Length and t is any tangential direction with t - i = 0. For the same
pressure drop, the computed velocities for slip boundary conditions are higher than for
no-slip boundary conditions. Conversely, for a given velocity or equivalently, a given
mass flux, the pressure drop is lower when computed with slip boundary conditions.

For a straight channel structure, the two slip flow equations above become:

ou (32) Slip flow
u=A— in straight
ay channels

In this following example figure, the gray solid serves as a wall for a straight channel.
To obtain the flow velocity along the solid (Ylip) a coordinate system is defined by the

solid orientation.

—);f /
J"‘ /
y ;’t ’
f/ //
/
uslip /4

For a Slip Length of zero (1 = 0), the graph that describes the flow velocity in
dependence of the distance to the solid surface, would start at the surface of the solid.
However, for a positive Slip Length (1 > 0) it is shifted into the solid by 4 . Thus, the
flow velocity "stip is defined.

Solver

Depending on the equation to be solved, two or three different flow solvers[ 21are available
for solving the equation. The Stokes equation can be solved by the LIR, SimpleFFT, or EJ
solver. The Stokes-Brinkman equation can be solved by the LIR or SimpleFFT solver. Select the
solver in the pull-down menu to activate the corresponding tab below.



Constituent Materizls Boundary Conditions Solver Grid ’

LIR » |E]
SimpleFFT
El SimpleFFT LIR

The LIR solver requires the least computational resources (RAM) and is therefore selected by
default. Often, the LIR is also the fastest solver, but that may depend on the parameter
selection and the 3D structure model.

Parameters of the Solver tab

e Simulation Stopping Criterion[ ]
Define when the computation is stopped.

e Restart Save Intervall 41
Configure an auto-save interval.

e Parallelization| 1
Parallelize the FlowDict computations.

e Restart from a *.gdr Filel 1
Continue a previous FlowDict computation.

e Discard PDE Solver Files| «1
Delete intermediate files.

e Advanced Optionsm
Additional solver options.

Simulation Stopping Criterion

The equations are solved by an iterative approach.

Iterative Solver

The basic idea of an iterative method is to

1. Start with some initial guess for the unknown values

2. Improve the current values in each iterative step

3. Repeat the iterative process until one of the stopping criteria is reached.
The iterative process is controlled by setting the values and activation for Error Bound,

Tolerance, Residual, Maximal Iterations, and Maximal Run Time (h). The stopping criteria
apply for each computational direction individually.

If multiple stopping criteria are selected, the first criterion that is reached causes the solver to
stop.

The stopping criterion that has been reached can be viewed in the Result Viewer of the
GeoDict result file (*.gdr) under the Results Report tab.

FlowDict 37
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Simulation Stopping Criterion

v | Error Bound ~ 0.01 Flow permeability v
Maximal Iterations 100000

Maximal Run Time / (h) 240

“Error Bound (LIR and SimpleFFT)

The stopping criterion Error Bound uses the result of previous iterations, and predicts
the final solution based on linear and quadratic extrapolation. The solver stops if the
relative difference between computed and predicted solution is smaller than the
specified error bound. The stopping criterion recognizes oscillations in the
convergence behavior and prevents premature stopping at local minima or maxima. A
damped convergence curve is fit through the oscillating curve and the solver stops then
regarding the damped convergence curve.

A A
Remaining Iterations
+ > Prediction

Solver still running! Solver stops now! \

| Error Bound Zone __’__#

N

Previous Iterations
(Values are outside the error bound})

Permeability

Permeability

\

Previous Iterations
(Values are inside the error bound)

Prediction

Y

-
»
Iterations Iterations

If the Krylov method (under LIR - Advanced Options) is activated, the definition of
Error Bound is somewhat different. Here, no prediction is made, instead the continuity
between neighboring cells and the conservation of mass is checked. The maximal value
is normalized by the mean flow and if this value is smaller than the Error Bound the
simulation stops.

It is possible to choose if the stopping criterion should consider the permeability only
in flow direction or in both flow and tangential directions. For flow simulations where
the permeability in flow direction converges much faster than the permeability in
tangential directions, it is recommended to change from Flow permeability to Flow &
tangential permeability.

Flow permeability ~
Flow permeabili
Flow & tangential permeability

WVTolerance (all solvers)

The Tolerance stopping criterion looks for stagnation of the method when the process
becomes stationary, i.e., the improvement in the permeability value becomes extremely
small from iteration to iteration.
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In each iteration, the solver checks for the current computed value Xc against the values
Xc-i of the last 100 iterations if there are any changes.

X, — X, _; (33)
max —¢=L < tolerance

i€e[1,100] x,._;

The computation is stopped if the maximal relative change is smaller than the value
entered for Tolerance. When there is doubt about the quality of the solution, decrease
the Tolerance value by a factor of ten. The drawback of this criterion is that the solver
sometimes might stop too early in case of slow convergence rate or at local extrema of
oscillatory convergence curves.

It is possible to choose if the stopping criterion should consider the permeability only
in flow direction or in both flow and tangential directions. For flow simulations where
the permeability in flow direction converges much faster than the permeability in
tangential directions, it is recommended to change from Flow permeability to Flow &
tangential permeability.

Flow permeability ~
Flow permeabili
Flow & tangential permeability

“Residual (EJ and SimpleFFT)

When the Residual stopping criterion is used, the iteration is stopped if the solution
satisfies the equation up to the required accuracy.

By setting the stopping criterion to Residual, the computations terminate as soon as
the relative norm drops below the selected residual threshold. The relative norm of the
Schur Complement residual is computed and displayed in the console window during
the calculations. The console is visible by clicking the double arrow button on the lower
right corner in the progress dialog.
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The recommendation to choose Tolerance or Residual for the EJ solver is based on
the structure’s porosity. Both give similar results for highly porous structures. For dense
structures, if using the Schur Complement Residual, the relative norm of the residual
may be small even though the correct permeability has not been reached. So, when in
doubt, use the Tolerance criteria — the default option.

Y Maximum lterations and Maximum Run Time (all solvers)

Use the Maximum Iterations value or the Maximum Run Time (h) stopping criteria
causes the solver to stop if the maximal number of iterations and/or the maximal
runtime (in hours) is exceeded.

When the solver stops because one of these criteria has been reached, no guarantee on
the quality of solution can be given. In this case, a warning is printed into the report.
The following possibilities might help:

» Check the corresponding .log file to see how large the residual values and the
permeability values are. If the permeability values are in reasonable range and they
do not have changed during the last iterations, you may decide to use the current
result.

» Double-check the structure and parameter values. Unphysical parameters or too
rough resolution of the structure (leading, e.g., to artificial unconnected components)
can cause an iterative solver to fail.

Know how! We recommend to use the Error Bound criterion for the LIR and
=  SimpleFFT solver. This stopping criterion approximates the “relative deviation from
the final solution”.
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Restart Save Interval

The calculations run by the solvers can be restarted from saved intermediate result files and
the interval between auto-saves can be configured from the value entered in Restart Save
Interval (h).

Restart Save Interval / (h) 6

Parallelization

The simulation process can be parallelized to speed-up the computation process. It depends
on your license, how many parallel processes you may use. The solver benchmarks 1 illustrate
the speed-up that you can achieve.

The Parallelization Options dialog box opens when clicking the Edit... button, to choose
between Sequential, Parallel (Shared Memory), Automatic Maximum of Threads, and (if
available) Cluster.

For details on how to set up and run parallel computations, consult the High Performance
Computing chapter.

Restart from a *.gdr File

In some situations, it may be useful to re-use previously computed results and save a great
amount of time by restarting the process from an existing GeoDict result file (*.gdr). Typical
examples would be

e non-sufficient accuracy of some computation, when it is suspected that more iterations may
improve the quality of the result,

e trying another boundary condition (e.g., Dirichlet instead of Periodic or other way around),
e continuing an iteration process,

e or using similar parameter values for the computation.

To restart and initialize the solver from a result file (*.gdr), check Restart from .gdr File and

enter the name of a file, or Browse for it in the project folder.

v Restart From .gdr File Browse

When using Restart From .gdr File only the volume field (*.vap file) associated to the loaded
*gdr file will be used to continue the simulation.

Important! The *.vap file is saved in the result folder of a previous run. Make sure that
this file was not deleted from the results folder. If the *.vap file is not available the
restart option cannot be used.

No other parameters from the options dialog will be loaded from the *.gdr file, but it is
possible to load them by clicking Load Parameters in the Result Viewer. This way the
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simulation can be continued while using the same settings as in the initial simulation.

Important! The structure from the run of which you want to use the result file must be
loaded into GeoDict. If this is not the case, an error message is displayed.

Discard PDE Solver Files

Checking Discard PDE Solver Files causes the deletion of all intermediate computation files,
such as log files and flow field files.

v'| Discard PDE Solver Files

Only the content of the final GeoDict result file (*.gdr) is stored.

While having the benefit of saving hard disk storage place, discarding intermediate solver files
has also the effect of disabling the 3D visualization of the results.

Advanced Options

Unfold Advanced Options to gain access to several advanced solver options.

Advanced Options for EJ[ !

~ Advanced Options
v Analyze Geometry
“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are



removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

Advanced Options for SimpleFFT/ !

~ Advanced Options

v Analyze Geometry

Thomas Algorithm Automatic v
Velocity relaxation Stable =———————————— | Fast 1
Pressure relaxation Stable =—————— | Fast 1

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v | Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

“Thomas Algorithm
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The tridiagonal matrix algorithm (Tdma), also known as the Thomas Algorithm, may
help to improve the convergence for high porosity structure, especially for Navier-
Stokes. The algorithm transforms the 3D flow problem to 2D. Thus, it leads to a shorter
runtime and increases the convergence speed.

Three options can be chosen from the pull-down menu: Automatic, NotUse Tdma or

Use Tdma.
Thomas Algorithm Automatic -
NotUseTdma
UseTdma

If Automatic is selected, the SimpleFFT solver decides if Tdma will be used, regarding
the porosity of the structure. Thus, Tdma is used if the porosity is high. For most cases it
is recommended to choose Automatic.

If a message dialog appears, displaying that NaN is detected in iterations, NotUse
Tdma should be tried.

If the structures porosity is very high, it might decrease the runtime a little bit to
explicitly choose Use Tdma. But for most cases Automatic will work well.

For more information about the Thomas algorithm see here.

“Relaxation

Depending on the material parameters and geometrical structure of the structure, the
underlying mathematical problem can vary in complexity, thus influencing the behavior
of the solver. This is directly related to the Reynolds number, an indication of the
complexity of the flow solver computations. The higher the Reynolds number, the more
Stable the flow solver settings should be, resulting in higher number of iterations,
slower time stepping, and longer flow solver run times. However, making the solver run
less iterations and, thus, faster (Fast), implies the risk that the solver does not

converge.

For the SimpleFFT solver, the management of this balance is done through the Velocity
relaxation: Stable <> Fast and Pressure relaxation: Stable < Fast slide bars.

Setting the balance of Stable versus Fast is a trial-and-error process. Although there is
no general rule to optimize it, the log files and the visualization of the structure might
help finding the balance. Non-sense structure visualization results indicate that a more
stable, slower solver is needed.

Velocity relaxation Stable Fast 1 ]

Pressure relaxation Stable Fast 1
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Advanced Options for LIR[ .}

* Advanced Options

| Analyze Geometry
¥ | Write Compressed Volume Fizlds

Optimization Options

| Use Multigrid Method

Use Krylov Subspace Method | Autormatic -
Relaxation 1
Optimize for Speead -
Grid Options
Grid Type LIR-Tree -
v Grid Refinement Method | A Posteriori Error Bound -
Threshold 0.05

Murmber of Grid Refinements |10
Allow Sub-Voxel Resolution

Allowr Grid Re-Coarsening

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

V| Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.
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This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

VWrite Compressed Volume Fields

The LIR solver uses a very memory efficient adaptive grid structure for the simulations.

If the option Write Compressed Volume Fields is checked, then the adaptive grid is
used as compression method for writing out *.vap files. This option allows to save 80-
90% space on hard drive. The runtime for writing *.vap files is also reduced
significantly. But the runtime for loading and uncompressing of compressed *.vap is
increased by the amount of runtime that was saved for writing out compressed *.vap
files.

V| Write Compressed Volume Fields

If the option Write Compressed Volume Fields is not checked, then a usual regular
grid is used for writing out *.vap files.

¥ Optimization Options

The Multigrid Method (see, e.g., Wesseling, 2004) was introduced to speed-up the
computation and reduce the runtime significantly. The main idea of Multigrid is the
usage of multiple coarser adaptive grids to speed up convergence behavior but
requires only little more memory.

v Use Multigrid Method

The method is available to solve the Stokes and Stokes—Brinkman equations as well as
for solving mechanics, diffusion, thermal, and electrical conduction and is enabled by
default.

Another speed-up option to accelerate the convergence behavior of the LIR solver is
called Krylov Subspace Method.

The runtime of the LIR solver depends on many different properties of the structure and
the simulation parameters. The BiCGStab algorithm is used, which can reduce the
runtime for challenging simulation very drastically.

Note! Using the BiCGStab method approximately doubles the amount of
RAM needed for the computation.

Unfortunately, the Krylov method is not always faster than a simulation without the
Krylov method and therefore we introduced an Automatic mode which uses some
heuristics to choose the most efficient method based on structure, material parameters,
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and boundary conditions automatically. Of course, it is possible to explicitly enable
(Enabled) or disable (Disabled) the method.

Use Krylov Subspace Method | Automatic -
Enabled
Disabled

Note! In case that the Krylov subspace method (BICGStab) is used, the
Relaxation may also be adapted automatically.

Depending on the material parameters and geometry of the structure, the underlying
mathematical problem can vary in complexity, thus influencing the behavior of the
solver. The more complex the problem is, the more stable the solver settings should be.

Relaxation 1

With the Relaxation number, the solver is adjusted from Stable (which results in higher
number of iterations, slower time stepping, and longer solver run times), to Fast, which
makes the solver run less iterations but implies the risk that the solver does not
converge. The Relaxation is a parameter of the SOR method and must be between 0
and 2 to ensure convergence. For relaxation values smaller than one (<1.0), the
simulation is more stable. For relaxation values larger than one (>1.0), the simulation
converges faster.

The LIR solver can Optimize for Speed or Memory.

Optimize for Speed -
Memo
o If Speed is chosen, the solver constructs additional optimization structures. The

runtime is decreased by up to 30% but requires up to 50% more memory compared
to the other option.

e If Memory is chosen, the runtime is increased by up to 40% but the solver requires up
to 50% less memory.

W Grid Options
The Grid Type decides what kind of tree structure is used for the simulation.
Grid Type LIR-Tree -
LIR-Tree
Regular Grid

The default option is LIR-Tree and should always be used. The solver uses an adaptive
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grid structure called LIR-tree and needs up to 10 times less runtime and memory
compared to the Regular Grid option.

The solver can analyze the result field during the computation and improves the
adaptive grid in places where more accuracy is needed. The LIR solver splits cells where
a high gradient occurs.

The solver can analyze the computed field and refines the adaptive grid during the
computation at locations where more accuracy is needed. The LIR solver splits cells
where a high gradients occur when the Grid Refinement Method is enabled. In this
case, the additional parameters Number of Grid Refinements, Allow Sub-Voxel
Resolution, and Allow Grid Re-Coarsening become available.

Select one of the three available refinement methods from the drop-down menu.

When A Posteriori Error Bound is selected, the solver targets the specified accuracy
Threshold. While the Error Bound (set as Simulation Stopping Criterion) determines
the relative error in the solution of the linear system, A Posteriori Error Bound refers
to the relative error estimated by comparing high-order and low-order discrete
solutions. The accuracy Threshold refers to the relative error to the analytical solution
and the value must be between 0.0 and 1.0.

| Grid Refinement Method | A Posteriori Error Bound -

Threshold 0.05

Choosing Difference (Automatic) leads to computational cells being split when the
difference in values between neighboring cells exceeds a certain Threshold. The solver
automatically chooses all internal parameters based on the structure and simulation
settings. For this option, cells are split where the current gradient is greater than the
Threshold multiplied by the maximum gradient, where the threshold is determined
automatically.

| Grid Refinement Method | Difference (Automatic) -
Threshold 0.1

Selecting Difference (Manual) also causes the computational cells to be split when
the difference in values between neighboring cells exceeds the specified Threshold.
You can specify all parameters (Threshold and Number of Grid Refinements) for the
grid refinement manually. For this option, cells are split where the current gradient is
greater than the Threshold multiplied by the maximum gradient. The Threshold value
must be between 0.0 and 1.0. The recommended value range is between 0.05 and 0.1.

| Grid Refinement Method | Difference (Manual) -

Threshold 0.1

The Number of Grid Refinements controls the maximum number of grid refinements
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that the solver can perform during the simulation. The value should be set between 0
and 10, where a value of 0 means that no grid refinements will be made. Grid
refinements may increase the number of iterations, runtime, and memory requirements.

Number of Grid Refinements 10

When Allow Sub-Voxel Resolution is enabled, the solver is allowed to split
computational cells to sizes smaller than the voxel length.

v Allow Sub-Voxel Resolution

This feature is beneficial for low-porosity structures for which the pore throats require
finer resolution or for modeling fast Navier-Stokes[ 71 flows with strong vortices.

Enabling this feature may increase the number of iterations, runtime, and memory
requirements.

Check Allow Grid Re-Coarsening to allow the solver to automatically revert the grid
refinement and coarsen the computational cells.

| Allow Grid Re-Coarsening

This means, grid refinement is done temporarily. Afterwards, the cells are merged as
soon as accuracy is not needed anymore. This reduces the memory and runtime
requirements.

Grid
For the EJ[s1and the SimpleFFT[+1 solver, the computational grid can be adjusted under the
Grid tab if necessary.

If Boxels (cuboid) instead of Voxels (cube) are used to resolve the structure, the boxel lengths
can be set in the Grid tab.

Constituent Materials Boundary Conditions Sobver Grid Equations 4 | ¥

Voxels with side length 1 pm

&) Boxels with

Length X / (m) 1e-06
Lenagth ¥ / (rm) 0.5e-6
Length Z / (m) l1e-g |

Sometimes, grid lengths may be different in each direction, e.g., for Focused lon Beam (FIB)
images, the grid size in Z-direction is often different from the size in X- and Y-directions.

For example, a structure is sampled in a computational grid with different lengths in X- and Y-
direction (e.g., LX = 2*LY). When the structure is loaded in GeoDict, each grid cell gets assigned
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1 voxel and the visual representation of the structure looks stretched. To correct this effect,
boxels set as, e.g., LX =1 um and LY = 0.5 um, need to be chosen in the Grid Size panel.

Boxel Grid Optical Appearance
A

| > / -

- .

-

— — 0.5um
7 pm X 7um 1pm
0.5um

1um

1.2.2 Results

After the solver has finished, the result file (*.gdr) is saved in the project folder and the Result
Viewer automatically opens. Find detailed information on Result Viewer options in the Result
Viewer user guide.

Results of the Stokes-Brinkman command

o Reportm
hows the computed results.

S
o Plots[s
View result plots.

e Flow Visualization s
Load results for a graphical visualization.

o Create Videos[s'
Use a predefined macro to create a video.




B Result Viewer

T, Open... File
C:/UserGuide/FlowDict/StokesResult-LIR.gdr F G EO D I CT
C:/ Guide/FlowDict/ N
~Up ~ Down C:/UserGuide/FlowDict/ StokesResult-SFFT.gdr Cornbine Results

Swap Selected £ Raise Main Window

Synchronize Tabs q »
Wed Apr 8 2026 (2026 Build 97120) ..o/ FlowDict/StokesResult-SFFT.gdr
Dormain Size: 200 ¥ 200 x 300 Voxel Length: 1 pm |Load Structure [ ]

Input Map Log Map Post Map Results Flow Visualization Create Videos Metadata
Report Plots Map
Permeability tensor / (m?)

Media Thickness Z / (m]) |0.0003

Permeability Unit mz -

unknown | unknown | -4.88738e-14
Flow Rate Unit Ifs -

unknown | unknown | 9.17385e-14
Characteristic Length Numerical Length -

unknown | unknown | 2.39559e-12
| Apply |

V] Back-up result fil Error bound for tensor

unknown | unknown | 0.28631%

unknown | unknown | 1.54266%

unknown | unknown | 0.998181%

Maxirmum error bound is 1.54266%
(areen)s error £ 2 %; (velow): 2 % < error £ 5 %; (red): error = 5 %.

Z-direction

= Average (superficial} flow velocity at 0.02 Pa: 8.70807e-06 m/s.

3 Volume flow rate: 0.00870807 |/(s m2)

| Reynolds number 8.84821e-07 for characteristic length 1.54777e-06 m.
Flow resistivity: 7.65573e+06 ka/(ms).
Gurley value: 0.293364 s.

Flow solver information, 7Z-direction

Solver SimpleFFT
Processes 12
Iterations 385
Runtime 4.20898 min

Memory usage 1.073 GiB

Stopping criterion | tolerance

Total runtime: 00:04:13, Total memory usage: 2.253 GiB
Plot Qptions ¥ usag

@ Help Manage Data bt Load Input Parameters Export - Close

Report

The Report tab under the Results tab shows the computed results.

It starts with the Permeability|_2o'1 (3x3) tensor. Below the Permeability tensor, the Error

bound| =1 tensor (or Tolerance( 1 tensor) is located. This special tensor indicates the accuracy
of the off-diagonal permeability entries. If the color code in the table is yellow or red, it might
be a good idea to repeat the simulation and consider the Flow & tangential permeability[ssin
the stopping criterion.
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Report Plots Map

Permeability tensor / (m?)
6.01508e-12 | 1.52082e-13 | -3.1201%e-14

1.39242e-13 6.70321e-12 | 6.42842-14

-4.59362e-14 | 9.15257e-14 2.4009e-12

Error bound for tensor

0.00882459% | 0.047398% 0.164151%
0.00149504% 0.00865068% | 0.0830638%
0.172667% 0.224541% 0.25269%
Maximum error bound is 0.25269%
(green): error < 2 %; ( 102 % < error = 5 %:; (red): error = 5 %.

Below, for each selected Computational Directionl ="} detailed results are shown:

e Pressure drop / flow velocity|1_s'1: the determined result (pressure drop or flow velocity) is
always shown in bold face.

e Volume flow rate: either prescribed as boundary condition or computed in the simulation.

e Reynolds numberl st estimated with the given characteristic length. You can change the
characteristic length in the post-processing options on the left.

e Flow resistivityl2rt derived from the determined permeability.
e Gurley value[2 derived from the determined permeability.

e Asymptotic estimate of pressure: the asymptotic result predicted by the Error Bound/ s
stopping criterion

X-direction

Average (superficial) flow velocity at 0.02 Pa: 3.77049e-05 m/s.

Volume flow rate: 0.0377049 |/(s m=)

Reynolds number §.50914e-06 for characteristic length 2.62965e-06 m.

Flow resistivity: 2.65217e+06 kg/(m’s).

Gurley value: 0.0677534 s,
Asymptotic estimate of permeability: 6.915132-12 m?

Information about the convergence of the iterative solver is also displayed for each selected
computation direction: iterations, runtime, memory usage, and applied stopping criterion.

In the last line the total runtime and total memory usage are given. Here, not only the
resources used by the flow solver are taken into account, but also the time needed for the
solver initialization and writing of the result files, and the additional RAM needed by GeoDict.
Thus, even if only one flow direction is computed, the total runtime and total memory values
are usually higher than the solver specific values.

Post-Processing



As described herelx) the computation of the permeability requires that the reference length is
defined correctly. By default, the permeability is computed under the assumption that the
porous media fills the whole 3D domain. If the domain contains outflow or inflow regions, you
can adjust the length here by setting the appropriate Media Thickness in the post-processing
panel on the left of the report. The Media Thickness X corresponds to the symbol L' in
(27) [ ) and similar for the other space directions.

Input Map Log Map Post Map Results Flow Visualization Create Videos Metadata

Media Thickness X / (m) |0.0002 Report | Plots = Map
Permeability tensor / (m?)
6.91508e-12 | 1.52082e-13 | -3.12919e-14

Media Thickness ¥ / (m) |0.0002

Media Thickness Z [ (m) |0.0003

1.39242e-13 6.70321e-12 | 6.4284e-14
Permeability Unit m2 -

-4.59362e-14 | 9.15257e-14 2.4009e-12

Flow Rate Unit Ifs -

You can also change the Flow Rate Unit or the Permeability Unit - this will simply change the
unit in which the results are reported.

You can also change how the Characteristic Length used in the calculation of the Reynolds
number is determined. You can find further information on the Characteristic Length here[

Click Apply to change the Report. Changing the media thickness will change permeability,
Reynolds number, and flow resistivity in the Results-Report and the Results-Map according
to the new length for each direction. Changing the characteristic length with change the
Reynolds number.

Important! Note that after clicking Apply, the result file changes and is not the
original simulation result file anymore! If Back-up result file is checked, the original
*.gdr file is saved in the result folder and can be restored at any time.

Plots
Under the Plots tab various result plots are available:

“Pressure

Under the Pressure tab, a graph of the changes in Pressure across the layers is shown.
There is one plot for each direction previously chosen in the Options dialog (see
herel 7). Here, only the Z-direction had been chosen.
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Pressure

Velocity

Convergence

Layered pressure Z-direction

0.020 -
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— 0.015 -
&
2 0.010 A
=
[7Z]
[72]
o
. 0.005
0.000 -
0 50 100 150 200 250 300
Z-ayers / (um)
VVelocity

Under the Velocity tab, a graph of the changes in Velocity across the layers is shown.
Here, the velocity component in flow direction is shown. There is one plot for each
direction previously chosen in the Options dialog (see herelz)). Here, only the Z-
direction had been chosen. The velocity component in the chosen direction is averaged
over the pore voxels for each layer in this direction.

Pressure = Velocity  Convergence

Layered interstitial velocity Z-direction
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The Plots tab also includes a Convergence tab with a chart of the Permeability (or
Mean Velocity or Flow Rate) at given Iteration values. See the convergence graphs of
the iterative solver for each of the calculated directions previously chosen in the
Options dialog (see here[z7).

Pressure = Velocity &= Convergence

Convergence Z-direction

)t:10-12

2.5

2.0

1.5 1

1.0 1

0.5 4

Pemeability / (m?)

—— Convergence
—— Prediction

0.0 A

Ll T

0 50 100 150 200 250
Iterations / (1)

Flow Visualization

Select the Flow Visualization tab to load the computed flow field (velocity and pressure,

*vap). Dependent on the selected Computational Direction(s), result fields can be available
for flow in X-, Y-, and/or Z-Direction.
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m Loading volume file FlowField_...

0gMap | PostMap | Results | Flow Visualization | Create 4

GeoDicT

Volume Fields (Velodity, Pressure)

X Direction: FlowField_x.vap Select Volume Field View File Header

Y Direction: FlowField_y.vap Select components to load / compute:
v Velocity:VelocityX
v Velocity:VelocityY
v Velocity:VelocityZ
v Velocity:Velocity
v Pressure:Pressure

e 7 Direction: FlowField_z.vap
Load structure with closed pores

Load

Allow Clipping by Distance

LIR-Grid Compression:

®) Decompress to Regular Grid (Recommended)

Keep Adaptive Grid

Check all Uncheck all

0K Cancel

Select the flow direction, then click Load. A dialog pops up, that let's you select which of the
stored field components VelocityX, VelocityY, VelocityZ, Velocity, and/or Pressure you want
to load and visualize.

Check Allow Clipping by Distance if you want to use this feature in the visualization. If
selected, an additional data field is computed and loaded that contains the Euclidean distance
to the solid structure. You can use this data field, e.g., to print arrows only with a certain
distance from the solids. If you do not need this feature, do not select it, as it requires
additional RAM to store the distance field.

Result files computed with the LIR solver are stored using the adaptive grid of the LIR solver
(LIR-Grid Compression). Select if you want to interpolate the data during import to the
regular voxel grid or if you want to keep the adaptive grid:

¢ Decompress to Regular Grid: More RAM is needed to load the data, and you cannot
visualize the adaptive grid. This option enables the visualization with Streamlines, Arrows,
and Schlieren.

o Keep Adaptive Grid: Less RAM is needed to load the data. You can visualize the adaptive
grid. You cannot use Streamlines, Arrows, or Schlieren to visualize the results.

The structure that the solver used internally is loaded if Load structure with closed pores is
checked. This structure shows which pores have been closed due to prior geometry analysis.
Visualization Options

e Volume Field: Pressure drop or velocity are visualized by a 3D color field - you can clip by
threshold values or use transparency to view inside.

e Streamlines: Visualize the flow through the structure with streamlines or animated streamlets.



e Arrows: Visualize the velocity vector classically with arrows.

e Schlieren: This option uses Line Integral Convolution (LIC) fields to visualize vortices.

Create Videos

The Create Videos tab provides a predefined Python macro to create a video of the structure
with animated flow streamlets with high velocity areas shown as volume field. Click Edit
Parameters to change the Video Duration in the Flow Visualization Video Parameters

dialog.

Input Map Log Map Post Map Results Flow Visualization

Flow Visualization Video =

Materas Infarmation
w1000 Air [inve. |
- 07 Gles

el 02: Glass
W 1D 0): Glass [Overian)

Veloaty / (ms)
14 26
120 00w-6 .

Edit Parameters.

Open Macro File

() Create Video

Create Videos | Metadata

Animate the flow though the

structure.

Qutput :

Video animating the flow as

streamlets [ GeoApp - Flow Visualization Video X
with high velocity areas shown as

volume field.

GeoDicT

Video Duration / (s) |10

Bh e & B B 0K Cancel

*) Video not available

Click Create Video to start the video generation. This generates a video (*.mp4), GeoDict result
file (*.gdr), and a results folder inside the corresponding result folder of the FlowDict

simulation.
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1.3 Navier-Stokes(-Brinkman)

This command solves a boundary value problem to determine the stationary flow through the
media. If all material IDs present in the 3D structure model describe either fluid or solid
materials, the Navier-Stokes[ 77 equation is solved. If some material IDs represent unresolved
porous materials, the Navier-Stokes-Brinkmanl[ s 1equation is solved.

In this command, the flow boundary conditions are aligned with a space direction - one side of
the domain is the inflow area and the opposite side of the domain is the outflow area. As
boundary conditions, you can prescribe flow rate, inflow velocity, or pressure.

The Navier-Stokes-Brinkman command

e Options[ s
How to set the input parameters of the command.

o Results/ e
View the simulation results.

1.3.1 Options

Select Navier-Stokes(-Brinkman) from the pull-down menu and click the Option’s Edit...
button to open a dialog to enter or edit the simulation options. Choose a Result File Name
for the result file (*.gdr) fitting to your current project.

Result File Mame (*.gdr) MNavierstokesResult.gdr

Constituent Materials Boundary Conditions Sobver Grid Egquations & References

The parameters are organized under the tabs: Constituent Materials, Boundary Conditions,
Solver, and Grid. The Equations & References tab gives a summary of the used equations and
symbols which are explained in more detail here[ ¢

Tabs of the Navier-Stokes-Brinkman dialog

e Constituent Materials[ss)
Define the materials in the structure.

e Boundary Conditions[e]
Set up the boundary value problem that describes your experiment.

e Solver| )
Select a flow solver.

o Grid[w)
Adjust the computational grid.

Constituent Materials

For the flow solver's computation, the materials in the structure and the fluids flowing through
it need to be defined under the Constituent Materials tab, so that their physical properties
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parameters are taken into account.

To set the fluid flowing through all pore and porous materials, click Set all Fluids to and select
it from the pull-down menu.

Constituent Materials Boundary Conditions Solver Grid Equations & References

Set all Fluids to...

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

+ Material Fluid Density / Viscosity Permeability

~ | Dyn. Viscosity / (kg/(m s)) Temp. Range / (°C)
1.834e-05 -10, 427

ID Name Use |Air - g Density |/ (ka/m3
00 O Air. B v g [Material Law 1_~ | 1.204

01 [l Glass..| &

B3 set All Fluids to

GeoDiCT

Set All Fluids To Manual * | [Air
Carbon Dioxide (CO2
Chosen Material Law Material Law 1 - Crau d‘;"O“'“x’ e (Co2)
Density / (kg/m?) 098.234 E::Ett:g:gz (Solvionic)
Dynamic Viscosity / (kg/(ms)) |0.001 Helium
Hydrogen
Kinematic Viscosity / (m?/s) |1.00177e-06 Mercury
| Natural Gas |-

OK || Cancel

If one of the predefined fluids is used, the values for Density, Dynamic Viscosity, and
Kinematic Viscosity are taken from the GeoDict Material Database. They are dependent on
the given Temperature value and the Chosen Material Law. If Manual is selected, these
values can be entered manually.

Any values entered manually, e.g., for a special type of oil, can also be added to the material
database through the Open & Edit Material Database button. Additionally, different
properties for the same material can be saved as different Material Laws and can then be
selected from the pull-down menu in the Set all Fluids to dialog. Material Law 1 is the default
shipped with GeoDict. Click here for more information on editing, expanding, and using the
GeoDict Material Database.

The Temperature is selectable in Kelvin (K), Celsius (°C), and Fahrenheit (F), and has a default
value of 293.15 K (20.0°C, 68 F).

Under the Material subtab, select the fluid used in the simulation from the Use pull-down
menu. If other fluids are contained in the structure, they will be treated as immobile (solid)
during the simulation. If the structure contains no fluid material, No fluid in geometry is
displayed in the top of the Material tab. Select a material for the pore phase by clicking on the
corresponding material button.
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‘ Material ‘ Material

ID Name Use | Air v ID Name No fluid in geometry.
00| © aAr. | |B WV 00 Solid... |5,
01 M class... & 01 Glass... | &,

The density and the dynamic viscosity of this fluid, at the selected temperature, is shown under
the Fluid Density/Viscosity subtab.

The Material subtab shows also the material IDs assigned to the materials (00, 01, 02, etc.). For
each material ID, you can open the Material Selector dialog and select a material by clicking
on the corresponding material buttons.

| Constituent Materials | Boundary Conditions | ¢

Temperature -459.67 < |68

+ Material
ID Name Use |Air v Material Selector
00l © Air. B v
01 Bl ced | (= GEoDiIcT
Material Type Solid Search
s L Group by | Type -
Information
Name -
Glass (C-Glass Fiber)
Glass (E-Glass Fiber)
Glass (R-Glass Fiber)
Glass (S2-Glass Fiber,
Graphite Fiber (XN-05-30S)
Graphite
Tite
Iridium -
Open & Edit Materizl Database ‘4 »

0K Cancel

Click the Material Report button LY to see the relevant parameters for the material with a

selected ID.
[ Report for Material with ID 00
Material Key Unit Value
Type Fluid
ID Name Usq |Air v Name Air
Information
00O Ak > @ ~ FluidProperties
-] Currentlaw 1
01 I Glass... = NumberOfLaws 1
- |MaterialLawl
Name Material Law 1
Density kg/m~3/1.204
Viscosity | ka/(ms) |1.834e-05
Close
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Fluid flow can happen in pores and porous materials, but not in solid materials. The check sign
next to the Material Report icon marks all materials in which flow happens.

For porous voxels, set the Material Type (in the Material Selector dialog) to Porous and
choose the fluid that occupies the pores.

Matenal Selector

GEODICT
Material Type Porous Search Search
Porous Solid  Manual Group by | Type ~ | Group by [Type -
Fluid Air
i Name Mame -
Information | v Fluid * Fluid
b Solid Manual
= Porous Solid Air
Carbon Dioxide (C02)
Pore Crude il
Undefined Electrobte (Solvionic)
Electrobte
Helium -
Open & Edit Material Database P W . ,
| oK | Cancel

h, e

The permeability of porous voxels is set under the Permeability subtab. You can define if the
material is isotropic (same permeability in all flow directions) or anisotropic (permeability
depends on flow direction). When the material is isotropic, the permeability entered in the X-
direction is used in all directions. For an anisotropic material, the permeabilities in the three
Cartesian directions are needed.

Constituent Materials | Boundary Conditions | Solver = Grid = Equations & References

Set all Fluids to..

Temperature 459.67 < |68 <1832.00 |°F - Open & Edit Material Database
+ Material Fluid Density / Viscosity
ID Name Use |Air > H Perm. X / (m?) Perm. Y/ (m?) Perm. Z / (m?) Temp. Range / (°F)
0 O Ar. " v
o1 [ Ar in Porous... | (B v Isotropic  ~ | [1.2e-11 1.2e-11 1.2e-11

The local orientation of porous materials with anisotropic properties is not considered. You
must select the SimpleFFT solver if anisotropic permeabilities are entered.

Boundary Conditions

To simulate the flow through the domain, GeoDict solves a boundary-value problem. In the
fluid-filled part of the domain, the flow is governed by a differential equation. The boundary
values describe what happens at the boundaries, and are a necessary and important part of the
problem description. Boundaries are the six faces of the cuboid (X-, X+, Y-, Y+, Z-, Z+), and the
pore-solid walls within the structure.

For the six cuboid faces, FlowDict distinguishes between the domain faces in the
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computational direction (also called flow direction or longitudinal direction) and the domain
faces in the two other space directions (called transversal or tangential directions). The
computational direction is the direction in which pressure drop and flow rates are measured.

“Computational Directions
As Computational Directions, select the directions for which you want to calculate the

flow. To obtain the full 3x3 permeability matrix and a pressure drop value for each
direction in the results file, select all three directions.

For every selected direction, a boundary value problem is solved in which the Domain
Boundary Conditions in Longitudinal Direction and the corresponding Experiment
Input/Output are applied in the computational direction, and the Domain Boundary
Conditions in Transverse Directions are applied on the other two space directions.

Any directions not selected will not be calculated and will be marked as 'unknown' in
the permeability matrix in the Report tab of the result file.

Computational Directions

X Y vz

“Domain Boundary Conditions in Longitudinal Direction
These boundary values are applied in the Computational Direction. Select either
Periodic, Symmetric (Dirichlet), or Velocity Inlet, Pressure Outlet conditions.
Domain Boundary Conditions in Longitudinal Direction
® Periodic
Symmetric (Dirichlet)
Velocity Inlet, Pressure Qutlet

Add Implicit Region / (Voxel):  Inflow | 10 Outflow | 10

Use Periodic boundary conditions for periodically generated structure models and for
non-periodic structures with high porosity. The structure is internally repeated
periodically at the domain boundaries in the computational directions.

Use Symmetric boundary conditions for non-periodic structures if the percentage of
solid voxels is high at the inlet. The solver treats the structure as mirrored at the domain
boundaries in the computational directions.




Computational
Direction

Periodic b.c. Symmetric (Dirichlet) b.c.

The option to Add an Implicit Region is not available for Symmetric boundary
conditions. The size of the implicit region in the computational directions is given in
voxel, where the default added implicit inflow and outflow are 10 voxels, respectively.

Know how! The term implicit means that the region is only added by the
=  solver internally. Thus, these regions do not contribute to the computed
permeability and flow resistivity.

0 Note! A warning may appear when trying to run flow computations without
adding an inflow region when the pore space at the domain boundaries in the
computational directions is less than 50%.

3 Flowict

In computational direction (Z) less than 50% (2.5%) of the pore-space connects for 'Periodic’
boundary conditions, 'Symmetric' or 'Periodic’ boundary conditions with a implicit in- or out-flow
might be more accurate!

Do you want to proceed with 'Periodic' boundary conditions?

(Click in the dialog to stop the countdown.)

The inlet and outlet are essential to avoid the possibility of closing the flow channels
when the structure is periodically repeated. In the example shown below choosing
periodic boundary conditions in the direction of the flow without adding an implicit
region results in the flow channels being artificially closed.
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Computational
Direction

a\ T\ fa

Added implicit inflow and outflow
region of 10 voxels

;

To open the channels and enable flow, you can either add an inflow and/or outflow
region, or select symmetric boundary conditions. However, when possible, we
recommend using periodic boundary conditions, as these require less computational
memory and take less time to run.

The Velocity Inlet, Pressure Outlet (VinPout) boundary conditions apply a constant
flow velocity at the inlet and a constant pressure at the outlet. These boundary
conditions can only be applied if the structure contains empty inlet and outlet regions.
A constant flow velocity cannot be applied directly on a solid surface, as this would
lead to an unphysical solution. Therefore, you either have to assure that the current
structure already contains such regions or you have to add those regions for the flow
computation by additionally selecting Add Implicit Region.
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* * * * * * * * * * * Constant Velocity

' Computational
Direction

N\

Note, that selecting Velocity Inlet, Pressure Outlet automatically disables the EJ
solver in the Solver tab.

A Important! In some cases, it is very important to choose a large inflow and
outflow region. We recommend using at least 100 voxels for the inflow and
outflow regions for weaves and for fast flows computed with the Navier-
Stokes[ 71 equations.

This can be done either by checking Add implicit region and entering values
or by adding the region explicitly to the 3D structure using ProcessGeo -
Embed. If the region is added explicitly, it is included in the 3D *.vap file and
considered as part of the structure during post-processing. If it is added
implicitly, the region is not contained in the resulting *.vap file, and not
considered as part of the structure during post-processing.

“Experiment Input / Output

In the Experiment Input / Output panel select which property is prescribed in the
computational direction. This will also define the property that will be computed. You
can prescribe the Pressure Drop and obtain the Mean Velocity as result. Alternatively,
you can prescribe the Mean Velocity or the Flow Rate and obtain the Pressure Drop
as result.

This selection corresponds to the typical experimental setup, where you either apply a
constant pressure drop over the media and measure the through flow rate or you apply
a fixed pump flow rate and measure the resulting pressure drop over the media.
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Experiment Input / Qutput

® Pressure Drop 0.02 Pa -
Mean Velocity 0.1 mys
Flow Rate &0 I/mmim on Flow Area | 100 cm?

The Pressure Drop is the difference between the inflow and outflow pressures.

The Mean Velocity is the average speed of the flow in the positive direction, i.e., from
Z- to Z+ if the Z-direction is the computational direction.

The Flow Rate on Flow Area is a volumetric flow rate. It is the fluid volume which
passes per unit time through a given area.

For each property, the desired unit can be selected from the pull-down menu.

Since the Navier-Stokes[ 7'\(-Brinkmanl ) equation describes non-linear flow, only the
Pressure Drop can be used as input parameter when using Periodic or Symmetric

(Dirichlet) domain boundary conditions in longitudinal directionlel The other two
properties are grayed out.

For Velocity Inlet, Pressure Outlet boundary conditions, you must prescribe the Mean
Velocity or Flow Rate.

“Domain Boundary Conditions in Transverse Directions

The Domain Boundary Conditions in Transverse Directions can be Periodic,
Symmetric, No-Slip, or Expert.

Domain Boundary Conditions in Transverse Directions

® Periodic Symmetric Mo-Slip Expert

With Periodic boundary conditions, the structure is repeated in the transverse

directions.
. Computational

Direction

N

N\

With Symmetric boundary conditions, the structure is mirrored at the domain
boundary. The LIR and EJ solver solve the symmetric boundary condition by using
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FlowDict

Neumann (or zero flux) condition at the domain boundary.

Fa

With No-Slip (or Encase) boundary conditions, the domain boundary is treated as
closed by solid material. When No-Slip is used, the solver internally adds a one-voxel
layer in the required direction and solves with periodic boundary conditions. This is
effectively equivalent to solving the structure with casing at both sides in the transverse
direction. So, the structure size in the corresponding transverse direction becomes
enlarged by one voxel internally.

' Computational
Direction

With Expert, it is possible to define different boundary conditions for each side in each
computation. The boundary conditions in the two directions transverse to the flow can
also be different by checking Expert boundary conditions. For example, when the fluid
is chosen to flow in the Z-direction, the boundary conditions could be chosen to be
No-slip in X-direction and Symmetric in the Y-direction.
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Computational Directions

X Y viZ

Domain Bounjdary Conditions in Transvdrse Directions

Periqdic Symmetric No-Slip J Expert
ExpertSetélgs ¢
v
Y Periodic X Periodic X | No-Slip -
Periodic
Z Periodic Z Periodic Y |Symmetric ~ EuluEale
No-Slip

“Pore-Solid Boundary Conditions

The Slip Length allows to include sliding effects in the flow simulation. Sometimes the
permeability of gases can be somewhat different from the permeability of liquids in
the same media. One difference is attributable to "slippage" of gas at the interface
with the solid when the gas mean free path is comparable to the pore size.

The default setting No-Slip corresponds to a flow velocity of zero along the structure.
Pore-Solid Boundary Conditions
Slip Slip Length / (m] 0
® No-Slip V| Use Second Order No-Slip

Use Sharp Comer

Flud —s
é

—
o

Solid

Two settings are available for the No-Slip boundary condition. Use Second Order No-
Slip is activated by default. This sets the tangential velocity to zero at the center of the
voxel surfaces and uses a second order approximation of the velocity field. The first
order setting, which is used when the box is left unchecked uses a linear approximation
(Harlow-Welch, 1965[+4).

Use Sharp Corner can be used for digital rocks where permeability is usually
overestimated or cases where voxels represent exact geometry. Activating it sets the
tangential velocity to zero at the voxel corners. When the box is unchecked the default
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Round Corner is applied, which should be used for structures with round obstacles like
fibers or grains.

e No-Slip Condition

——————
’— I

- . - . ) o

Visualization of velocity profiles at Visualization of velocity profiles at
round corners sharp corners

Slip with a non-zero Slip Length simulates the sliding of the fluid along the solid,
increasing the fluid mean flux and thus, the permeability of the structure. This option
might be used when it is realistic for a given physical material. Currently, the same slip
length value must be set for all materials in the structure.

In earlier releases, this feature worked correctly for axis aligned walls only, but since
GeoDict 2020 the expression of the slip velocity, which assumes the slip velocity
proportional to the shear stress at the surface, is reformulated for different velocity
components when the angle of fiber surface is known, and reimplemented in the flow
solver. Thus, direct simulation of the slip flow is possible.

Pore—Solid Boundary Conditions
e Slip Slip Length / (m) 0.001
No-Slip ¥ Use Second Order No-Slip

Use Sharp Comner

. >
Flud ———
—
—
—
Solid
R.-8=0onT .(34) No.flow
into solid
2.2 - = = 7 (35) Sllp flow
t-u An V(u t) onTl along solid

Here, i is the fluid flow velocity as it was introduced in Darcy's lawl+s1and the
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Stokes| & equation, 1 is the normal direction to the solid surface, T is the fiber surface,
A is the Slip Length and t is any tangential direction with t - i = 0. For the same
pressure drop, the computed velocities for slip boundary conditions are higher than for
no-slip boundary conditions. Conversely, for a given velocity or equivalently, a given
mass flux, the pressure drop is lower when computed with slip boundary conditions.

For a straight channel structure, the two slip flow equations above become:

ou (36) Slip flow
u=A— in straight
ay channels

In this following example figure, the gray solid serves as a wall for a straight channel.
To obtain the flow velocity along the solid (Ylip) a coordinate system is defined by the

solid orientation.

—);f /
J"‘ /
y ;’t ’
f/ //
/
uslip /4

For a Slip Length of zero (1 = 0), the graph that describes the flow velocity in
dependence of the distance to the solid surface, would start at the surface of the solid.
However, for a positive Slip Length (1 > 0) it is shifted into the solid by 4 . Thus, the

flow velocity "stip is defined.

Solver
Two different flow solvers[«21are available for solving the equation. Select the solver in the
pull-down menu to activate the corresponding tab below.

FlowDict
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Constituent Materials Boundary Conditions Solver Grid ’

LIR « | SimpleFFT

SimpleFFT LIR

The LIR solver requires the least numerical resources (RAM) and is therefore selected by
default. Often, the LIR is also the fastest solver, but that may depend on the parameter
selection and the 3D structure model.

Parameters of the Solver tab

e Simulation Stopping Criterion[+
Define when the computation is stopped.

e Restart Save Intervall 1
Configure an auto-save interval.

e Parallelization[ 71
Parallelize the FlowDict computations.

e Restart from a *.gdr File[ 71
Continue a previous FlowDict computation.

e Discard PDE Solver Files| 71
Delete intermediate files.

e Advanced Options|76'1
Additional solver options.

Simulation Stopping Criterion

The equations are solved by an iterative approach.

Iterative Solver

The basic idea of an iterative method is to

1. Start with some initial guess for the unknown values
2. Improve the current values in each iterative step

3. Repeat the iterative process until one of the stopping criteria is reached.

The iterative process is controlled by setting the values and activation for Error Bound,
Tolerance, Residual, Maximal Iterations, and Maximal Run Time (h). The stopping criteria
apply for each computational direction individually.

If multiple stopping criteria are selected, the first criterion that is reached causes the solver to
stop.

The stopping criterion that has been reached can be viewed in the Result Viewer of the
GeoDict result file (*.gdr) under the Results Report tab.
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Simulation Stopping Criterion

v | Error Bound ~ 0.01 Flow permeability v
Maximal Iterations 100000

Maximal Run Time / (h) 240

“Error Bound (LIR and SimpleFFT)

The stopping criterion Error Bound uses the result of previous iterations, and predicts
the final solution based on linear and quadratic extrapolation. The solver stops if the
relative difference between computed and predicted solution is smaller than the
specified error bound. The stopping criterion recognizes oscillations in the
convergence behavior and prevents premature stopping at local minima or maxima. A
damped convergence curve is fit through the oscillating curve and the solver stops then
regarding the damped convergence curve.

A A
Remaining Iterations
+ > Prediction

Solver still running! Solver stops now! \

| Error Bound Zone __’__#

N

Previous Iterations
(Values are outside the error bound})

Permeability

Permeability

\

Previous Iterations
(Values are inside the error bound)

Prediction

Y

-
»
Iterations Iterations

If the Krylov method (under LIR - Advanced Options) is activated, the definition of
Error Bound is somewhat different. Here, no prediction is made, instead the continuity
between neighboring cells and the conservation of mass is checked. The maximal value
is normalized by the mean flow and if this value is smaller than the Error Bound the
simulation stops.

It is possible to choose if the stopping criterion should consider the permeability only
in flow direction or in both flow and tangential directions. For flow simulations where
the permeability in flow direction converges much faster than the permeability in
tangential directions, it is recommended to change from Flow permeability to Flow &
tangential permeability.

Flow permeability ~
Flow permeabili
Flow & tangential permeability

“Tolerance (LIR and SimpleFFT)

The Tolerance stopping criterion looks for stagnation of the method when the process
becomes stationary, i.e., the improvement in the permeability value becomes extremely
small from iteration to iteration.
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In each iteration, the solver checks for the current computed value Xc against the values
Xc-i of the last 100 iterations if there are any changes.

X — X ._: (37)
max —¢=L < tolerance

i€e[1,100] x,._;

The computation is stopped if the maximal relative change is smaller than the value
entered for Tolerance. When there is doubt about the quality of the solution, decrease
the Tolerance value by a factor of ten. The drawback of this criterion is that the solver
sometimes might stop too early in case of slow convergence rate or at local extrema of
oscillatory convergence curves.

It is possible to choose if the stopping criterion should consider the permeability only
in flow direction or in both flow and tangential directions. For flow simulations where
the permeability in flow direction converges much faster than the permeability in
tangential directions, it is recommended to change from Flow permeability to Flow &
tangential permeability.

Flow permeability ~
Flow permeabili
Flow & tangential permeability

“Residual (SimpleFFT)

When the Residual stopping criterion is used, the iteration is stopped if the solution
satisfies the equation up to the required accuracy.

By setting the stopping criterion to Residual, the computations terminate as soon as
the relative norm drops below the selected residual threshold. The relative norm of the
Schur Complement residual is computed and displayed in the console window during
the calculations. The console is visible by clicking the double arrow button on the lower
right corner in the progress dialog.
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The recommendation to choose Tolerance or Residual for the EJ solver is based on
the structure’s porosity. Both give similar results for highly porous structures. For dense
structures, if using the Schur Complement Residual, the relative norm of the residual
may be small even though the correct permeability has not been reached. So, when in
doubt, use the Tolerance criteria — the default option.

Y Maximum lterations and Maximum Run Time (all solvers)

Use the Maximum Iterations value or the Maximum Run Time (h) stopping criteria
causes the solver to stop if the maximal number of iterations and/or the maximal
runtime (in hours) is exceeded.

When the solver stops because one of these criteria has been reached, no guarantee on
the quality of solution can be given. In this case, a warning is printed into the report.
The following possibilities might help:

» Check the corresponding .log file to see how large the residual values and the
permeability values are. If the permeability values are in reasonable range and they
do not have changed during the last iterations, you may decide to use the current
result.

» Double-check the structure and parameter values. Unphysical parameters or too
rough resolution of the structure (leading, e.g., to artificial unconnected components)
can cause an iterative solver to fail.

Know how! We recommend to use the Error Bound criterion for the LIR and
=  SimpleFFT solver. This stopping criterion approximates the “relative deviation from
the final solution”.
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Restart Save Interval

The calculations run by the solvers can be restarted from saved intermediate result files and
the interval between auto-saves can be configured from the value entered in Restart Save
Interval (h).

Restart Save Interval / (h) 6

Parallelization

The simulation process can be parallelized to speed-up the computation process. It depends
on your license, how many parallel processes you may use. The solver benchmarks 1 illustrate
the speed-up that you can achieve.

The Parallelization Options dialog box opens when clicking the Edit... button, to choose
between Sequential, Parallel (Shared Memory), Automatic Maximum of Threads and (if
available) Cluster.

For details on how to set up and run parallel computations, consult the High Performance
Computing chapter.

Restart from a *.gdr File

In some situations, it may be useful to re-use previously computed results and save a great
amount of time by restarting the process from an existing GeoDict result file (*.gdr). Typical
examples would be

e non-sufficient accuracy of some computation, when it is suspected that more iterations may
improve the quality of the result,

e trying another boundary condition (e.g., Dirichlet instead of Periodic or other way around),
e continuing an iteration process,

e or using similar parameter values for the computation.

To restart and initialize the solver from a result file (*.gdr), check Restart from .gdr File and

enter the name of a file, or Browse for it in the project folder.

v Restart From .gdr File Browse

When using Restart From .gdr File only the volume field (*.vap file) associated to the loaded
*gdr file will be used to continue the simulation.

Important! The *.vap file is saved in the result folder of a previous run. Make sure that
this file was not deleted from the results folder. If the *.vap file is not available the
restart option cannot be used.

No other parameters from the options dialog will be loaded from the *.gdr file, but it is
possible to load them by clicking Load Parameters in the Result Viewer. This way the
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simulation can be continued while using the same settings as in the initial simulation.

Important! The structure from the run of which you want to use the result file must be
loaded into GeoDict. If this is not the case, an error message is displayed.

Discard PDE Solver Files

Checking Discard PDE Solver Files causes the deletion of all intermediate computation files,
such as log files and flow field files.

v'| Discard PDE Solver Files

Only the content of the final GeoDict result file (*.gdr) is stored.

While having the benefit of saving hard disk storage place, discarding intermediate solver files
has also the effect of disabling the 3D visualization of the results.

Advanced Options

Unfold Advanced Options to gain access to several advanced solver options.

Advanced Options for SimpleFFT/ !

* Advanced Options

v Analyze Geometry

Thormas Algarithrn Autormatic ad
Discretization Upwind -
Velocty relaxation Stable == | Fast 0.2
Pressure relaxation Stable === | Fast 0.3

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v| Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
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connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

“Thomas Algorithm

The tridiagonal matrix algorithm (Tdma), also known as the Thomas Algorithm, may
help to improve the convergence for high porosity structure, especially for Navier-
Stokes. The algorithm transforms the 3D flow problem to 2D. Thus, it leads to a shorter
runtime and increases the convergence speed.

Three options can be chosen from the pull-down menu: Automatic, NotUse Tdma or

Use Tdma.
Thomas Algorithm Automatic -
NotUseTdma
UseTdma

If Automatic is selected, the SimpleFFT solver decides if Tdma will be used, regarding
the porosity of the structure. Thus, Tdma is used if the porosity is high. For most cases it
is recommended to choose Automatic.

If a message dialog appears, displaying that NaN is detected in iterations, NotUse
Tdma should be tried.

If the structures porosity is very high, it might decrease the runtime a little bit to
explicitly choose Use Tdma. But for most cases Automatic will work well.

For more information about the Thomas algorithm see here.

“Discretization

Choose the Discretization scheme of the inertia term when solving the Navier-
Stokes| 7\(-Brinkmanl[ o) equation.

Discretization Upwind -
Power Law

The two available options are Upwind and Power Law, but we recommend to stay
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with the default Upwind.

“Relaxation

Depending on the material parameters and geometrical structure of the structure, the
underlying mathematical problem can vary in complexity, thus influencing the behavior
of the solver. This is directly related to the Reynolds number, an indication of the
complexity of the flow solver computations. The higher the Reynolds number, the more
Stable the flow solver settings should be, resulting in higher number of iterations,
slower time stepping, and longer flow solver run times. However, making the solver run
less iterations and, thus, faster (Fast), implies the risk that the solver does not

converge.

For the SimpleFFT solver, the management of this balance is done through the Velocity
relaxation: Stable <> Fast and Pressure relaxation: Stable < Fast slide bars.

Setting the balance of Stable versus Fast is a trial-and-error process. Although there is
no general rule to optimize it, the log files and the visualization of the structure might
help finding the balance. Non-sense structure visualization results indicate that a more
stable, slower solver is needed.

Velocity relaxation Stable Fast 1 ]

Pressure relaxation Stable Fast 1

Advanced Options for LIR[»
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= Advanced Options

V| Analyze Geometry
| Wite Compressed Volume Fields

Optimization Options

| Use Multigrid Method

Use Krylov Subspace Method | Autormatic -
Relaxation 0.8
Optimize for Speed -
Grid Options
Grid Type LIR-Tree -
V| Grid Refinement Method | A Posteriori Error Bound *
Threshold 0.05

v| Revnolds Grid Refinement |10
Mumber of Grid Refinements |10
Allow Sub-Voxel Resolution

Allow Grid Re-Coarsening

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

= Advanced Options

v Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
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no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

VWrite Compressed Volume Fields

The LIR solver uses a very memory efficient adaptive grid structure for the simulations.

If the option Write Compressed Volume Fields is checked, then the adaptive grid is
used as compression method for writing out *.vap files. This option allows to save 80-
90% space on hard drive. The runtime for writing *.vap files is also reduced
significantly. But the runtime for loading and uncompressing of compressed *.vap is
increased by the amount of runtime that was saved for writing out compressed *.vap
files.

V| Write Compressed Volume Fields

If the option Write Compressed Volume Fields is not checked, then a usual regular
grid is used for writing out *.vap files.

¥ Optimization Options

The Multigrid Method (see, e.g., Wesseling, 2004) was introduced to speed-up the
computation and reduce the runtime significantly. The main idea of Multigrid is the
usage of multiple coarser adaptive grids to speed up convergence behavior but
requires only little more memory.

v Use Multigrid Method

The method is available to solve the Stokes and Stokes—Brinkman equations as well as
for solving mechanics, diffusion, thermal, and electrical conduction and is enabled by
default.

Another speed-up option to accelerate the convergence behavior of the LIR solver is
called Krylov Subspace Method.

The runtime of the LIR solver depends on many different properties of the structure and
the simulation parameters. The BiCGStab algorithm is used, which can reduce the
runtime for challenging simulation very drastically.

o Note! Using the BiCGStab method approximately doubles the amount of
RAM needed for the computation.

Unfortunately, the Krylov method is not always faster than a simulation without the
Krylov method and therefore we introduced an Automatic mode which uses some
heuristics to choose the most efficient method based on structure, material parameters,
and boundary conditions automatically. Of course, it is possible to explicitly enable
(Enabled) or disable (Disabled) the method.

80 FlowDict




Use Krylov Subspace Method | Automatic -
Enabled
Disabled

Note! In case that the Krylov subspace method (BICGStab) is used, the
Relaxation may also be adapted automatically.

Depending on the material parameters and geometry of the structure, the underlying
mathematical problem can vary in complexity, thus influencing the behavior of the
solver. The more complex the problem is, the more stable the solver settings should be.

Relaxation 1

With the Relaxation number, the solver is adjusted from Stable (which results in higher
number of iterations, slower time stepping, and longer solver run times), to Fast, which
makes the solver run less iterations but implies the risk that the solver does not
converge. The Relaxation is a parameter of the SOR method and must be between 0
and 2 to ensure convergence. For relaxation values smaller than one (<1.0), the
simulation is more stable. For relaxation values larger than one (>1.0), the simulation
converges faster.

The LIR solver can Optimize for Speed or Memory.

Optimize for Speed -
Memo
o If Speed is chosen, the solver constructs additional optimization structures. The

runtime is decreased by up to 30% but requires up to 50% more memory compared
to the other option.

e If Memory is chosen, the runtime is increased by up to 40% but the solver requires up
to 50% less memory.

W Grid Options
The Grid Type decides what kind of tree structure is used for the simulation.
Grid Type LIR-Tree -
LIR-Tree
Regular Grid
The default option is LIR-Tree and should always be used. The solver uses an adaptive

grid structure called LIR-tree and needs up to 10 times less runtime and memory
compared to the Regular Grid option.
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The solver can analyze the result field during the computation and improves the
adaptive grid in places where more accuracy is needed. The LIR solver splits cells where
a high gradient occurs.

The solver can analyze the computed field and refines the adaptive grid during the
computation at locations where more accuracy is needed. The LIR solver splits cells
where a high gradients occur when the Grid Refinement Method is enabled. In this
case, the additional parameters Number of Grid Refinements, Allow Sub-Voxel
Resolution, and Allow Grid Re-Coarsening become available.

Select one of the three available refinement methods from the drop-down menu.

When A Posteriori Error Bound is selected, the solver targets the specified accuracy
Threshold. While the Error Bound (set as Simulation Stopping Criterion) determines
the relative error in the solution of the linear system, A Posteriori Error Bound refers
to the relative error estimated by comparing high-order and low-order discrete
solutions. The accuracy Threshold refers to the relative error to the analytical solution
and the value must be between 0.0 and 1.0.

| Grid Refinement Method | A Posteriori Error Bound -

Threshold 0.05

Choosing Difference (Automatic) leads to computational cells being split when the
difference in values between neighboring cells exceeds a certain Threshold. The solver
automatically chooses all internal parameters based on the structure and simulation
settings. For this option, cells are split where the current gradient is greater than the
Threshold multiplied by the maximum gradient, where the threshold is determined
automatically.

| Grid Refinement Method | Difference (Automatic) -
Threshold 0.1
Selecting Difference (Manual) also causes the computational cells to be split when
the difference in values between neighboring cells exceeds the specified Threshold.
You can specify all parameters (Threshold and Number of Grid Refinements) for the
grid refinement manually. For this option, cells are split where the current gradient is
greater than the Threshold multiplied by the maximum gradient. The Threshold value
must be between 0.0 and 1.0. The recommended value range is between 0.05 and 0.1.
| Grid Refinement Method | Difference (Manual) -
Threshold 0.1

Activate Reynolds Grid Refinement to use the local Reynolds number (Re) for
adaptive grid refinement.
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v Reynolds Grid Refinement |10

A grid cell is split if the local Reynolds number, i.e., the ratio between inertial and
viscous forces exceeds the given threshold. The Reynolds number is defined as:

puL (38)
Re = — Reynolds
H Number

where P is the density of the fluid (SI units: kg/m?3), u is the velocity of the fluid (m/s), K
is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/m-s), L is a characteristic
length (m). For the local Reynolds number, the size of the grid cell is used for the
characteristic length.

The Number of Grid Refinements controls the maximum number of grid refinements
that the solver can perform during the simulation. The value should be set between 0
and 10, where a value of 0 means that no grid refinements will be made. Grid
refinements may increase the number of iterations, runtime, and memory requirements.

Number of Grid Refinements 10

When Allow Sub-Voxel Resolution is enabled, the solver is allowed to split
computational cells to sizes smaller than the voxel length.

| Allow Sub-Voxel Resolution

This feature is beneficial for low-porosity structures for which the pore throats require
finer resolution or for modeling fast Navier-Stokes[ 771 flows with strong vortices.

Enabling this feature may increase the number of iterations, runtime, and memory
requirements.

Check Allow Grid Re-Coarsening to allow the solver to automatically revert the grid
refinement and coarsen the computational cells.

V| Allow Grid Re-Coarsening

This means, grid refinement is done temporarily. Afterwards, the cells are merged as
soon as accuracy is not needed anymore. This reduces the memory and runtime
requirements.

Grid
For the the SimpleFFT[ 1 solver, the computational grid can be adjusted under the Grid tab if
necessary.

If Boxels (cuboid) instead of Voxels (cube) are used to resolve the structure, the boxel lengths
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can be set in the Grid tab.
Constituent Materials Boundary Conditions Sobver Grid Equations 4| ¥

Voxels with side length 1 pm

® Boxels with

Length X/ (m) le-06
Length ¥ / (m) 0.5e-6
Length Z / (m) l1e- |

Sometimes, grid lengths may be different in each direction, e.g., for Focused lon Beam (FIB)
images, the grid size in Z-direction is often different from the size in X- and Y-directions.

For example, a structure is sampled in a computational grid with different lengths in X- and

Y-

direction (e.g., LX = 2*LY). When the structure is loaded in GeoDict, each grid cell gets assigned

1 voxel and the visual representation of the structure looks stretched. To correct this effect,
boxels set as, e.g., LX =1 ym and LY = 0.5 ym, need to be chosen in the Grid Size panel.

Boxel Grid Optical Appearance

0.5um

7 pm X 7um 1pm

0.5um

1um

1.3.2 Results

After the solver has finished, the result file (.gdr) is saved in the project folder and the Result

Viewer automatically opens. Find detailed information on the Result Viewer options in the
Result Viewer user guide.
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Results of the Navier-Stokes-Brinkman command

o Report@
hows the computed results.

S
o Plots[e
View result plots.

e Flow Visualizationl 1
Load results for a graphical visualization.

o Create Videos[er)
Use a predefined macro to create a video.

Report

The Report tab under the Results tab shows the computed results. For each selected
Computational Directionl ) the computed results are shown:

e Pressure drop / flow velocity: the determined result (pressure drop or flow velocity) is always
shown in bold face.

e Volume flow rate: either prescribed as boundary condition or computed in the simulation.

e Reynolds number: estimated with the given characteristic length. You can change the char.
length in the post-processing options.

e Asymptotic estimate of pressure: the asymptotic result predicted by the Error Bound|[
stopping criterion

Z-direction

Pressure drop is 396.721 Pa at average (superficial) flow velocity: 1 m/s.
Volume flow rate: 1000 1/(s m=)

Reynolds number 2.10179 for characteristic length 3.20156e-05 m.
Asymptotic estimate of pressure: 359.769 Pa.

“Warning Messages

The following warnings may appear in the result report:

1 Warning: The tangential component of the velocity is more than 5% of the normal component at the outlet.
The outflow may not be developed. Please consider adding more outlet length.
Given a sufficiently long outlet, it is expected that the applied Velocity In - Pressure Out
boundary conditions lead to outlet velocities that point strictly outwards in the flow
direction. If this warning appears, this is not the case. If possible, repeat the
computation with a longer outlet.

1 Warning: The pressure loss in the implicitly added inlet / outlet is more than 1%. It is recommended to add
an inletfoutlet with ProcessGeo explicitly to see the pressure loss in the visualization and in the pressure curve.
In this case, a significant pressure loss is observed in the outflow region, caused by
stationary vortices. As the outflow region was only added implicitly, these vortices and
the pressure loss are not visible in the result plots and flow field visualization. Consider
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to add the inflow and outflow region explicitly using ProcessGeo Embed and then run
the computation again.

Information about the convergence of the iterative solver is also displayed for each selected
computation direction: Iterations, runtime, memory usage, and applied stopping criterion.

Flow solver information, Z-direction

Solver LIR
Threads 12
Iterations 2650

Number of cells g18a03

Funtime 1.96335 min

Memory usage 211.2%94 MiB

Stopping criterion | error bound

Total runtime: 00:02:01, Total memory usage: 1.372 GiB

In the last line the total runtime and total memory usage are given. Here not only the resources
used by the solver are taken into account but also writing volume fields and structure files or
already loaded volume fields from previous simulations. Thus, even if only one flow direction is
computed, the total runtime and total memory values are usually higher than the solver
specific values.

Post-Processing

In the post-processing panel on the left of the report, you can change the Flow Rate Unit to
m3/s, I/s, I/min, m3/h, or cfm.

You can also change how the Characteristic Length used in the calculation of the Reynolds
number is determined. Select between Numerical Length, Max. Pore Diameter, Max.
Fiber/Particle Diameter, and Manually specified. If Manually specified is selected, specify
the characteristic length below. You can find further information on the Characteristic Length

herel 1
Click Apply to change the Report.
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Flow Rate Unit If/s -

Characteristic Length Max. Pore Diameter -

Apply
v | Back-up result file

Plot Options o

Important! Note that after clicking Apply, the result file changes and is not the
original simulation result file anymore! If Back-up result file is checked, the original
*.gdr file is saved in the result folder and can be restored at any time.

Plots
Under the Plots tab various result plots are available:

“Pressure

Under the Pressure tab, a graph of the changes in Pressure across the layers is shown.

There is one plot for each selected Computational Directionle.. Here, only the Z-
direction had been chosen for computations.

Pressure Velocity Convergence

Layered pressure Z-direction

%10

150 —— Pressure

—— Dynamic pressure
1.25
1.00 +
0.75

0.30

Pressure / (Pa)

0.25

0.00 A

T T T
0 200 400 G600 a0o

Z-layers / (pm)

VVelocity

FlowDict
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Under the Velocity tab, a graph of the changes in Velocity across the layers is shown.
The velocity component in the chosen direction is averaged over the pore voxels for
each layer in this direction. Therefore, the velocity matches the average velocity in the
empty inflow and outflow region.

Pressure Velocity Convergence

Layerad interstitial velocity Z-direction

30 A — Interstitial Velocity
---- Upper standard deviation

---- Lower standard deviation

23 1

Z]_

15 1

Velocity f (m/s)

Z-layers [ (pm)

“Convergence

The Convergence tab plots the computed mean velocity, flow rate or pressure drop at
each iteration. For the Error Bound criterion, it also shows the predicted value. In this
case, the solver stops when the computed solution and the prediction are within the
selected relative error.
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Pressure Velocity Convergence

Convergence Z-direction
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“Residual

FlowDict

The Residual plots tab shows the Linear Residual and the Newton Residual at given
Iteration values. The Newton Residual is defined as the residual while solving non-
linear equations with Newton’s method. The Newton residual curve changes, when the
equation is solved, while the linear residual changes with every iteration while solving a
linear equation system.

This plot is available only when the Krylov[®1 method is used.
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Pressure Velocity Convergence Residual

Residual Z-direction
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Flow Visualization

Select the Flow Visualization tab to load the computed flow field (velocity and pressure,
*vap). Dependent on the selected Computational Direction(s), result fields can be available
for flow in X-, Y-, and/or Z-Direction.

Yog Map Post Map Results Flow Visualization Create ! 4 m Loading volume file FlowField._...

GeoDicT

Volume Fields (Velocity, Pressure)

X Direction: FlowField_x.vap Select Volume Field View File Header

Y Direction: FlowField_y.vap Select components to load / compute:
v Velocity:VelocityX

v Velocity:VelocityY

v Velocity:VelocityZ

v Velocity:Velocity

v Pressure:Pressure

e 7 Direction: FlowField_z.vap
Load structure with closed pores

Load

Allow Clipping by Distance

LIR-Grid Compression:

@ Decompress to Regular Grid (Recommended)

Keep Adaptive Grid

Check all Uncheck all

0K Cancel
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Select the flow direction, then click Load. A dialog pops up, that let's you select which of the
stored field components VelocityX, VelocityY, VelocityZ, Velocity, and/or Pressure you want
to load and visualize.

Check Allow Clipping by Distance if you want to use this feature in the visualization. If
selected, an additional data field is computed and loaded that contains the Euclidean distance
to the solid structure. You can use this data field, e.g., to print arrows only with a certain
distance from the solids. If you do not need this feature, do not select it, as it requires
additional RAM to store the distance field.

Result files computed with the LIR solver are stored using the adaptive grid of the LIR solver
(LIR-Grid Compression). Select if you want to interpolate the data during import to the
regular voxel grid or if you want to keep the adaptive grid:

e Decompress to Regular Grid: More RAM is needed to load the data, and you cannot
visualize the adaptive grid. This option enables the visualization with Streamlines, Arrows,
and Schlieren.

¢ Keep Adaptive Grid: Less RAM is needed to load the data. You can visualize the adaptive
grid. You cannot use Streamlines, Arrows, or Schlieren to visualize the results.

The structure that the solver used internally is loaded if Load structure with closed pores is
checked. This structure shows which pores have been closed due to prior geometry analysis.

Visualization Options

e Volume Field: Pressure drop or velocity are visualized by a 3D color field - you can clip by
threshold values or use transparency to view inside.

e Streamlines: Visualize the flow through the structure with streamlines or animated streamlets.

e Arrows: Visualize the velocity vector classically with arrows.

e Schlieren: This option uses Line Integral Convolution (LIC) fields to visualize vortices.

Create Videos

The Create Videos tab provides a predefined Python macro to create a video of the structure
with animated flow streamlets with high velocity areas shown as volume field. Click Edit
Parameters to change the Video Duration in the Flow Visualization Video Parameters
dialog.
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Input Map Log Map Post Map Results Flow Visualization Create Videos Metadata

Flow Visuzlization Video -

B0 i e | Animate the flow though the
et structure.
w 1D 0D Glass |Overiao|
Velocity / (m/s) Output .
iniese M |Video animating the flow as

bt streamlets [ GeoApp — Flow Visualization Video *
50,0004 ' with high velocity areas shown as

volume field.
40 00%-€
as GeoDicT
e
Han
oo 1hee Video Duration / (s) 10
- 'E;o et

e results folder of the simulation.

G, 0 & B R 0K Cancel

Edit Parameters...

Open Macro File

(}3 Create Video.. ¥ Video not available

Click Create Video to start the video generation. This generates a video (*.mp4), GeoDict result

file (*.gdr), and a results folder inside the corresponding result folder of the FlowDict
simulation.




1.4 Forchheimer Approximation

The Forchheimer Approximation command allows to estimate pressure drop and mean

velocities for high Reynolds numbers from measured or simulated results for small Reynolds
numbers.

At high Reynolds numbers, the flow becomes turbulent and no stationary solution exists. In this
situation, FlowDict cannot compute a stationary solution and the Navier-Stokes[ s 1 solver will
diverge or oscillate. Nevertheless, flow simulation results achieved for smaller Reynolds
numbers, i.e., at lower flow velocities, can be used to predict the outcome at higher velocities.
It is also possible to change the fluid properties, i.e., viscosity and density, and estimate
pressure drop or mean velocities for other fluids with lower viscisities. In short, the formula
allows to extrapolate the results of higher Reynolds numbers.

10— Measured experiment
*  Measured values
87 --—- Predicted experiment
a4 Predicted values
E &4
z
8 47
2
2 —
ﬂ —
T

T T T T T T T T
0 1500 3000 4500 G000 To00 S000 10500 12000
Pressure drop / (Pa)

Forchheimer's equation describes the pressure drop of a fluid flow (in a porous media). The
equation extends Darcy's law[ 201 and considers the pressure drop caused by turbulence in
addition to the pressure drop caused by dynamic viscosity:

L, P 2 (39)
—Vp=—-u+—u Forchheimer's
K k1 )
equation

where u (m/s) is the fluid flow velocity, K (m?) is the permeability, K (Pa - s) is the dynamic
viscosity, P (Pa) is the pressure, and P (kg/m?) is the density. The new symbol ki (m) is the non-

Darcy permeability coefficient and depends on the porous media only. It does not depend on
the flowing fluid.

The Forchheimer Approximation command

e Options/e
How to set the input parameters of the command.

e Results| o]
View the simulation results.
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1.4.1 Options

At the top of the dialog, enter the Result File Name (*.gdr).

The Forchheimer Approximation Options dialog is organized in two panels. In the Measured
Experiment panel, enter the measurement or simulation results and the corresponding fluid
parameters. In the Predicted Experiment panel, enter the setup for which you want to predict
pressure drop or mean velocity.

B FlowDict — Forchheimer Approximation

GEODICT
Result File Name (*.qdr) | Twill-ForchheimerResult-vel 10.gdr |
Measured Experiment Predicted Experiment
Thickness of media in measurement 0.1575 mm v Thickness of media for prediction |1 mm
Density of fluid used in measurement 1.204 kgfm?2 Density of fluid used for prediction  |1.204 kg/m?
Viscosity of fluid used in measurement 1.834e-05 | ka/ms Viscosity of fluid used for prediction |1.834e-05 ka/ms
Extrapolate from given Velocity/Pressure pairs v Use Media and Fluid from Measured Experiment
@) Extrapolate from .gdr result files Pressure Drop IS0 9237:1995 200 Pa
Number of Parameters 3 - @) Mean Velocity 10 m/s -
Gdr Files Flow Rate 6000 | min
1| Browse... | MavierStokes-Twill-vel0.1.qdr T E T e 100 —
2| Browse... | NavierStokes-Twill-vell.0.gdr
3| Browse... | NavierStokes-Twill-vel3.0.gdr
2 @E E‘L @ E FE ok Cancel

Measured Experiment

The Thickness of media in measurement must correspond to the velocity/pressure pairs or
simulated results entered below. If you extrapolate from simulated results, enter the used
domain size in flow direction without inflow or outflow region.

Thickness of media in measurement 0.1575 mm -

Below, enter the fluid density and viscosity. If you extrapolate from simulated results, enter the
parameters used in the simulation.

Density of fluid used in measurement 1.204 kg/m?

Viscosity of fluid used in measurement 1.834e-05 | kg/ms
VExtrapolate from given Velocity/Pressure pairs

Enter Velocity / Pressure Drop pairs from real measurements or simulated
experiments. From these values the Forchheimer Approximation extrapolates the
values for the desired Predicted Experiment. A quadratic polynomial is fit to the given
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velocity / pressure drop pairs with quadratic regression by least squares analysis. At
least two of these pairs are required, and it is necessary that the entered pairs show a
nonlinear behavior (it is not possible to extrapolate the quadratic behavior if the given
results are both from very small Reynolds numbers).

A plain table for velocity and pressure drop is displayed below. Adjust the Number of
Parameters according to the number of given pairs and enter the velocity / pressure
drop pairs into the table.

e Extrapolate from given Velocity/Pressure pairs

Extrapolate from .gdr result files

Number of Parameters 2 =
Velocity / (m/s) PressureDrop / (Pa)

12 10

24 30

“Extrapolate from .gdr result files

If Extrapolate from .gdr result files is chosen, a table for result files in .gdr format
appears. Adjust the Number of Parameters according to the number of given .gdr
files.

Browse to the given .gdr files until the table is filled. These .gdr files must be result
files from previous FlowDict flow simulations. The velocity / pressure drop pairs are
then extracted from the given files. Make sure that the results were achieved with the
Navier-Stokes command/ s1and that not all results were achieved for very small
Reynolds numbers.

Extrapolate from given Velocity/Pressure pairs

& Extrapolate from .gdr result files

qp

MNumber of Parameters 3

Gdr Files

1| Browse... | MavierStokes-Twill-velD.1.gdr
2| Browse... | Mavierstokes-Twill-vel1.0.gdr

3| Browse.. | NavierStokes-Twill-vel3.0.qdr

Predicted Experiment
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If you select Use Media and Fluid from Measured Experiment, the values entered in the
Measured Experiment/stab will be used.

¥ Use Media and Fluid from Measured Experiment

Otherwise, you can enter a different media thickness. Be aware that this only makes sense if it is
a thicker or thinner layer of the same porous material. The extrapolation assumes that the
material in the predicted experiment has the same permeability (Darcy and Forchheimer) as in
the measured experiment.

Thickness of media for predicion  |1.0 mm -

You can predict experimental results for a different fluid as used in the measurement by
entering the density and viscosity here.

Density of fluid used for prediction  |1.204 ka/m?

Viscosity of fluid used for prediction |1.834e-05 kao/ms

Enter either the pressure drop, the mean velocity, or the flow rate of the predicted experiment.
If a Pressure Drop is prescribed, then the predicted property is the mean velocity. If a Mean
Velocity or a Flow Rate is prescribed, then the pressure drop is predicted.

DIN EN ISO 9073-15:2008-08 100 Pa

DIN EN ISO 9073-15:2008-08 125 Pa

DIN EN ISO 9073-15:2008-08 200 Pa
-~ IS0 9237:1995 50 Pa

® Pressure Drop Manual
IS0 9237:1995 100 Pa
200 Pa ~ | 1S0 9237:1995 200 Pa
IS0 9237:1995 500 Pa
Mean Velocity 10 m/s ASTM D737-18 125 Pa
Flow Rate 6000 |/min
on Flow Area 100 cm?2

In addition to the manual definition of the Pressure Drop, there are some presets based on
DIN, ASTM, and ISO norms.

1.4.2 Results

After clicking Run, the Result Viewer opens directly. No partial differential equation is solved,
and thus no computational resources are needed for the Forchheimer Approximation.

Report

The Results - Report tab shows the approximation of Forchheimer's equation that fits the
entered velocity / pressure drop pairs. The report also shows the determined parameters for
the Darcy permeability k and the Inertial permeability k1 as defined in (39) Forchheimer's

equation@.
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Forchheimer equation for measured Experiment:

Measured velodty list in (m/s): (0.1, 1, 3).
Measured pressure list in (Pa) : (28.682, 356.721, 1604.04).

AP = 267.961 u + 88.9047 u?

For -dp/dx = pufe + pu?/K,
where « is Darcy permeability, ¥, is inertial permeability, p is dynamic viscosity, p is fluid density, and L is medium thickness.

Darcy permeability k = p * L/ f1 = 1.834e-05 * 0.0001575 [ 267.961 m* = 1.07797e-11 m*.
Inertial permeability &, = p * L/ f2 = 1.204 * 0.0001575 / 88.9047 m = 2.13296e-06 m.

Below, the approximation of Forchheimer's equation for the predicted experiment is shown.
While the Darcy permeability x and the Inertial permeability Ky will always be identical to
the measured experiment (we assume it is the same porous material), the formula given for AP
will differ if a different media thickness or different fluid parameters were used for the

prediction:

Forchheimer equation for predicted Experiment:
AP =267.961 u + 88,0047 u?

For -dp/dx = pufk + pu¥fK,
where & is Darcy permeability, . is inertial permeability, p is dynamic viscosity, p is fluid density, and L is medium thickness.

Darcy permeability Kk = p * L/ f1 = 1.834e-05 * 0.0001575 [ 267.961 m* = 1.07797e-11 m=.
Inertial permeability &, = p * L/ f2 = 1.204 * 0.0001575 / 88.9047 m = 2.13296e-06 m.

The estimation is 11570.1 Pa for 10 m/s.

Plots

The Results - Plots subtab shows the computed quadratic polynomial in a graph. The
velocity / pressure drop pairs entered in the Forchheimer Approximation Options dialog are
highlighted on the curve with a blue X, while the green X shows the predicted velocity /
pressure drop pair. The plot can be further customized by right-clicking into the plot area. See

the Result Viewer user guide for details.
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Report Plots Map

Forchheimer curve in Z

01 —— Measured experiment

*  Measured values
& 1 ———- Predicted experiment
Predicted values

Velocity / (m/s)

T T T T T T T T
0 1300 3000 4300 G000 300 2000 10500 12000

Pressure drop / (Pa)

Post-Processing

In the post-processing area on the left, you can change all parameters entered in the Predicted
Experiment(ss1panel. Click Apply to change the plot and report of the result file. If you choose
the media thickness or fluid density and viscosity different from the Measured Experiment, the
Predicted Experiment curve will differ from the Measured Experiment curve.

Important! Note that after clicking Apply, the result file changes and is not the
original simulation result file anymore! If Back-up result file is checked, the original
*.gdr file is saved in the result folder and can be restored at any time.
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Input Map Log Map
Thickness of media for prediction

Density of fluid used for prediction

Viscosity of fluid used for prediction |1.834e-05

Pressure drop for prediction

Post Map

Results | Metadata
0.0005 m
1.204 ka/m*

ka/ms

150 9237:1995 500 Pa

®) Velocity for prediction 5 mfs
Flow Rate 6000 |/min

on Floy 100 m?

XY axis
®) Pressure drop - Velocity
Welocity - Pressure drop
Apply
V| Back-up result file
Plot Options

The graph can also be plotted with interchanged axes by checking Velocity — Pressure drop

and clicking Apply.

FlowDict

Report

Plots

Map

Forchheimer curve in Z

Velocity / {m/s)

5 4

Measured experiment
Measured values
Predicted experiment
Predicted values

T
1500

T
3000

4560 60‘0'0 ?5‘0'0
Pressure drop [ (Pa)

T T
a000 10500

29




FlowDict: Simulate Flow Experiment

1.5 Simulate Flow Experiment

Use Simulate Flow Experiment if the inlet and outlet are not axis-aligned in the same flow
direction, for example if the flow enters and leaves a component through tubes. Define where
the flow enters and leaves the structure by setting up one inlet and one or more outlets.
Usually, the complete structure is encased by solid voxels except for the inlet and outlet voxels.
For symmetric structures, it is also possible to model only one half or one quarter of the
structure and use symmetric boundary conditions instead. The inlet and outlet are defined by
certain material IDs.

The inlet and outlet materials must be defined in the structure with certain conditions:

e While they must have different material IDs, inlet and outlet should have the same material
(i.e., fluid) as the pore space inside the structure.

e While several IDs can be defined as outlet, only one ID can be set to inlet.

e There can be several inlet and outlet areas. They can even be located at different sides of the
structure.

e Since GeoDict 2024 inlet and outlet can be thicker than 1 voxel and do not need to be axis-
aligned. Also, pore voxels at the boundary are allowed.

¢ Only one connected pore system is allowed.
o It must contain all fluids and porous materials as well as inflow and outflow areas.

o Inlet and outlet are not allowed to be connected via an outer fluid.

Material Information:
1 ID 00: Air [invis.]
[ ID 01: Glass

[ ID 02: Aluminum

ID 03: Air [Outlet]
E ID 04: Air [Inlet]

The Simulate Flow Experiment command

e Options|ol
How to set the input parameters of the command.

e Results| ]
View the simulation results.
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1.5.1 Options

Select Simulate Flow Experiment from the pull-down menu and click the Option’s Edit...
button to open a dialog to enter or edit the simulation options. Choose a Result File Name
for the result file (*.gdr) fitting to your current project.

Result File Mame (*.gdr) |FlowSimulationResult.gdr

Constituent Materials Flow Experiment Sobver Egquations & References

The parameters are organized under the tabs: Constituent Materials, Flow Experiment, and
Solver. The Equations & References tab gives a summary of the used equations and symbols
which are explained in more detail here[ 711

Tabs of the Simulate Flow Experiment dialog

e Constituent Materials|o)
Define the materials in the structure.

e Flow Experimentm
Define flow motion and boundary conditions.

e Solverf
Set up the flow solver.

Constituent Materials

For the flow solver's computation, the materials in the structure and the fluids flowing through
it need to be defined under the Constituent Materials tab, so that their physical properties
parameters are taken into account.

To set the fluid flowing through all pore and porous materials, click Set all Fluids to and select
it from the pull-down menu.
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Constituent Materials Boundary Conditions | Solver Grid Equations & References

Set all Fluids to...

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

+ Material Fluid Density / Viscosity Permeability
ID Name Use |Air = - Density |/ (ka/m3f ~ | Dyn. Viscosity / (ka/(m s)) Temp. Range / (°C)
00 © Air. || v E Material Law 1 ~ | 1.204 1.834e-05 -10, 427

01 [ Glass.. -1

3 set Al Fluids to

GEoODICT

Set All Fluids To Manual * | [Air

Carbon Dioxide (C02
Chosen Material Law Material Law 1 v Craudgnoillm e (C02)
Density / (kg/m?) 998.234 Eeropes oo
Dynamic Viscosity / (kg/(ms)) |0.001 Helium

Hydrogen
Kinematic Viscosity / (m?/s) |1.00177e-06 Mercury

|Natural Gas |-

OK || Cancel

If one of the predefined fluids is used, the values for Density, Dynamic Viscosity, and
Kinematic Viscosity are taken from the GeoDict Material Database. They are dependent on
the given Temperature value and the Chosen Material Law. If Manual is selected, these
values can be entered manually.

Any values entered manually, e.g., for a special type of oil, can also be added to the material
database through the Open & Edit Material Database button. Additionally, different
properties for the same material can be saved as different Material Laws and can then be
selected from the pull-down menu in the Set all Fluids to dialog. Material Law 1 is the default
shipped with GeoDict. Click here for more information on editing, expanding, and using the
GeoDict Material Database.

The Temperature is selectable in Kelvin (K), Celsius (°C), and Fahrenheit (F), and has a default
value of 293.15 K (20.0°C, 68 F).

Under the Material subtab, select the fluid used in the simulation from the Use pull-down
menu. If other fluids are contained in the structure, they will be treated as immobile (solid)
during the simulation. If the structure contains no fluid material, No fluid in geometry is
displayed in the top of the Material tab. Select a material for the pore phase by clicking on the
corresponding material button.

Material Material
ID Name Use | Air > ID Name No fluid in geometry.
00| © Air. & v 00 Solid... | |5

01 Il cass.. =

1]

i

01 - Glass...

f
\

The density and the dynamic viscosity of this fluid, at the selected temperature, is shown under



the Fluid Density/Viscosity subtab.

The Material subtab shows also the material IDs assigned to the materials (00, 01, 02, etc.). For
each material ID, you can open the Material Selector dialog and select a material by clicking
on the corresponding material buttons.

Constituent Materials Boundary Conditions ]

Temperature -459.67 < |68

+ Material
ID Name Use |Air v Material Selector
oo O Ar. B v
o1 Mceé. | W GEoDICT
Material Type Solid Search
S e Group by | Type v
Information
Name -
Glass (C-Glass Fiber)
Glass (E-Glass Fiber)
Glass (R-Glass Fiber)
Glass (S2-Glass Fiber
Graphite Fiber (XN-05-30S)
Graphite
Tite
Iridium -
Open & Edit Material Database 4 »
0K Cancel

Click the Material Report button 3 to see the relevant parameters for the material with a

selected ID.
[ Report for Material with ID 00
Material Key Unit Value
Type Fluid
ID Name Usd |Air = Name _ Alr
. Information
00 © Air. =® - FuidProperties
01 Glass... -1 CurrentlLaw 1
S NumberOfLaws 1
- |MaterialLawl
Name Material Law 1
Density kag/m~3/1.204
|Viscosity  |ka/(ms) |1.834e-05
Close

A

Fluid flow can happen in pores and porous materials, but not in solid materials. The check sign
next to the Material Report icon marks all materials in which flow happens.

For porous voxels, set the Material Type (in the Material Selector dialog) to Porous and
choose the fluid that occupies the pores.
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Matenal Selector

GEODICT
Material Type Porous Search Search
Porous Solid  Manual Group by | Type ~ | Group by [Type -
Fluid Air
i Name Mame -
Information | v Fluid * Fluid
= | v Solid Manual
I |~ Porous Solid Air
Carbon Dioxide (C02)
Pore Crude il
Undefined Electrobte (Solvionic)
Electrobte
Helium -
Open & Edit Material Database P W . ,
| oK | Cancel

h, e

The permeability of porous voxels is set under the Permeability subtab. You can define if the
material is isotropic (same permeability in all flow directions) or anisotropic (permeability
depends on flow direction). When the material is isotropic, the permeability entered in the X-
direction is used in all directions. For an anisotropic material, the permeabilities in the three
Cartesian directions are needed.

Constituent Materials | Boundary Conditions | Solver = Grid = Equations & References

Set all Fluids to..

Temperature 459.67 < |68 <1832.00 [°F ~ Open & Edit Material Database
+|| Materil Fluid Density / Viscosity
ID Name Use |Air ] B Perm. X / (m?) Perm. Y/ (m?) Perm. Z / (m?) Temp. Range / (°F)
0 O Ar. " v
o1 [ Ar in Porous... | (B v Isotropic  ~ | [1.2e-11 1.2e-11 1.2e-11 -

The local orientation of porous materials with anisotropic properties is not considered. You
must select the SimpleFFT solver if anisotropic permeabilities are entered.

Flow Experiment

On the Flow Experiment tab, define where and how fast the flow motion is directed and set
the boundary conditions.

Flow Settings

The Flow Direction inside the structure will always be From Inlet to Outlet.

The Flow Motion can either be creeping or fast flow. In the creeping flow case, the Stokes[ s
equations are solved to determine the flow field. If fast flow is chosen, the Navier-Stokes[ 71
equations are solved to determine the flow field.
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As the Stokes equation is a simplification of the Navier-Stokes equation, choosing Fast Flow
(Navier-Stokes-Brinkman) will give correct results also in the case of slow, creeping flow.
Solving the Navier-Stokes equations is computationally more expensive than solving the
Stokes equations, so it is advisable to choose Creeping Flow (Stokes-Brinkman) whenever
justified.

Flow Settings

Flow Direction From Inlet to Outlet

Flow Motion Fast Flow (Navier-Stokes-Brinkman) v
Creeping Flow (Stokes-Brinkman
Fast Flow (Navier-Stokes-Brinkman
Inlet Material ID and Inlet Boundary Condition

Select the desired Inlet Material ID from the pull-down menu. If one of the material IDs
additionally has the Information Inlet or Inflow, it is preselected by default.

Inlet Material ID |8 Air [Inlet] -

Inlet Boundary Condition (ID 03)

® Pressure 100 Pa -

Flow Rate 0.06 [/mmim

Then, either define the average Pressure at the inlet or the Flow Rate at the inlet for the
experiment.

Know how! You can add additional information to a material ID while editing the
materials either in the Constituent Materials| 1 tab or in the Constituent Materials

dialog available by selecting Settings — Select Constituent Materials from the
menu bar in GeoDict. Click on the material ID to open the Material Selector and
enter the information on the left.
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Material Selector O X
GEODICT
Material Type Fluid Search
Fluid Air sl Type .
Information |Inlet
Name -
* Fluid
Manual
- - Carbon Dioxide (CO2) |~
Open & Edit Material Database p >

| oK || Cancel

Outlet Material IDs and Outlet Boundary Conditions

As Outlet Material IDs more than one material ID can be selected. If a material ID
additionally has the Information Outlet or Outflow, it is preselected by default.

Set the Pressure for at least one outlet ID. It must be smaller than at the inlet, since pressure
decreases from inlet to outlet. From the pull-down menus different units can be selected. If
more than one outlet ID is selected, it is possible to define the Flow Rate for all outlet IDs but
one.

Qutlet Material IDs 4,5 v

Outlet Boundary Condition (ID 04)

® Pressure 0 Pa v

Flow Rate 0 I/min ~

Outlet Boundary Condition (ID 05)

® Pressure 0 Pa -

Flow Rate 0 m3j/s -

If all outlet IDs are defined by Flow Rate, an error message appears.
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[ Flowbict:simulateFlow

° At least one outlet material must have constant pressure boundary condition.

(Click in the dialog to stop the countdown.)

OK

Conditions for Inlet and Outlet Definition.

e While inlet and outlet materials must have different material IDs, they must have the
same material (i.e., fluid) as the pore space inside the structure.

e Inlet and outlet can be thicker than 1 voxel and do not need to be axis-aligned.
Pore voxels at the domain boundary are allowed.

¢ Only one connected pore system is allowed:
o It must contain all fluids and porous materials as well as inflow and outflow areas.
o Inlet and outlet are not allowed to be connected via an outer fluid.

If the inlet or outlet are not set correctly, then an error message appears when starting
the simulation

Domain Boundary Conditions

Set the boundary conditions in all directions to be Periodic, Symmetric, or No-Slip. More
details on these settings can be found here[=1

The domain boundary conditions do not apply to the selected inlet and outlet areas. They
apply to all fluid voxels at the domain boundaries that are neither inlet nor outlet. In cases
where the 3D structure model contains the complete casing or housing, no such fluid voxels at
the domain boundary exist, and the selection has no effect.

If the simulation is done on one half or one quarter of a symmetric 3D structure, Symmetric
boundary conditions must be used.

Domain Boundary Conditions

Periodic Symmetric ® No-Slip

Solver

In the first line of the Solver tab the Flow PDE to solve is shown. It changes automatically with
the Flow Motion set in the Flow Experimentm tab and with the materials of the structure, i.e.,
if porous materials are found, the Brinkmanl o1 term is added.

Here, the LIR 21 solver is always used.

FlowDict
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Constituent Materials Flow Experiment Sobver Equations & References
Flow PDE Mavier—Stokes
Parameters of the Solver tab

e Simulation Stopping Criterion[os!
Define when the computation is stopped.

e Restart Save Intervall ol
Configure an auto-save interval.

e Parallelization[ o]
Parallelize the FlowDict computations.

e Restart from a *.gdr Filel+ol
Continue a previous FlowDict computation.

e Discard PDE Solver Files| ]
Delete intermediate files.

e Advanced Optionsm
Additional solver options.

Simulation Stopping Criterion

The equations are solved by an iterative approach.

Iterative Solver

The basic idea of an iterative method is to

1. Start with some initial guess for the unknown values

2. Improve the current values in each iterative step

3. Repeat the iterative process until one of the stopping criteria is reached.
The iterative process is controlled by setting the values and activation for Error Bound,

Tolerance, Maximal Iterations, and Maximal Run Time (h). The stopping criteria apply for
each computational direction individually.

If multiple stopping criteria are selected, the first criterion that is reached causes the solver to
stop.

The stopping criterion that has been reached can be viewed in the Result Viewer of the
GeoDict result file (*.gdr) under the Results Report tab.

Simulation Stopping Criterion

| | Error Bound - 0.0
Maximum Iterations 100000

Maximum Run Time / (h) | 240
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“Error Bound

The stopping criterion Error Bound uses the result of previous iterations, and predicts
the final solution based on linear and quadratic extrapolation. The solver stops if the
relative difference between computed and predicted solution is smaller than the
specified error bound. The stopping criterion recognizes oscillations in the
convergence behavior and prevents premature stopping at local minima or maxima. A
damped convergence curve is fit through the oscillating curve and the solver stops then
regarding the damped convergence curve.

A A

Remaining Iterations
< L Prediction

Solver still running! Solver stops now! \

| Error Bound Zone _’__‘______¢

N\

Previous Iterations
(Values are outside the error bound})

Permeability

Permeability

\

Previous Iterations
(Values are inside the error bound)

Prediction

3
>
Iterations Iterations

Y

If the Krylov method (under LIR - Advanced Options) is activated, the definition of
Error Bound is somewhat different. Here, no prediction is made, instead the continuity
between neighboring cells and the conservation of mass is checked. The maximal value
is normalized by the mean flow and if this value is smaller than the Error Bound the
simulation stops.

“Tolerance

The Tolerance stopping criterion looks for stagnation of the method when the process
becomes stationary, i.e., the improvement in the permeability value becomes extremely
small from iteration to iteration.

In each iteration, the solver checks for the current computed value Xc against the values
Xc-i of the last 100 iterations if there are any changes.

X — X . . (40)
max ——¢=t < tolerance

i€[1,100]  x,_;

The computation is stopped if the maximal relative change is smaller than the value
entered for Tolerance. When there is doubt about the quality of the solution, decrease
the Tolerance value by a factor of ten. The drawback of this criterion is that the solver
sometimes might stop too early in case of slow convergence rate or at local extrema of
oscillatory convergence curves.

“Maximum Iterations and Maximum Run Time
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Use the Maximum Iterations value or the Maximum Run Time (h) stopping criteria
causes the solver to stop if the maximal number of iterations and/or the maximal
runtime (in hours) is exceeded.

When the solver stops because one of these criteria has been reached, no guarantee on
the quality of solution can be given. In this case, a warning is printed into the report.
The following possibilities might help:

= Check the corresponding .log file to see how large the residual values and the
permeability values are. If the permeability values are in reasonable range and they
do not have changed during the last iterations, you may decide to use the current
result.

» Double-check the structure and parameter values. Unphysical parameters or too
rough resolution of the structure (leading, e.g., to artificial unconnected components)
can cause an iterative solver to fail.

Know how! We recommend to use the Error Bound criterion. This stopping criterion
=  approximates the “relative deviation from the final solution”.

Restart Save Interval

The calculations run by the solvers can be restarted from saved intermediate result files and
the interval between auto-saves can be configured from the value entered in Restart Save
Interval (h).

Restart Save Interval / (h) 6

Parallelization

The simulation process can be parallelized to speed-up the computation process. It depends
on your license, how many parallel processes you may use. The solver benchmarks[+illustrate
the speed-up that you can achieve.

The Parallelization Options dialog box opens when clicking the Edit... button, to choose
between Sequential, Parallel (Shared Memory), and Automatic Maximum of Threads.

For details on how to set up and run parallel computations, consult the High Performance
Computing chapter.

Restart from a *.gdr File

In some situations, it may be useful to re-use previously computed results and save a great
amount of time by restarting the process from an existing GeoDict result file (*.gdr). Typical
examples would be

e non-sufficient accuracy of some computation, when it is suspected that more iterations may



improve the quality of the result,
e trying another boundary condition (e.g., Dirichlet instead of Periodic or other way around),
e continuing an iteration process,
e or using similar parameter values for the computation.
To restart and initialize the solver from a result file (*.gdr), check Restart from .gdr File and

enter the name of a file, or Browse for it in the project folder.

v Restart From .gdr File Browse

When using Restart From .gdr File only the volume field (*.vap file) associated to the loaded
*.gdr file will be used to continue the simulation.

Important! The *.vap file is saved in the result folder of a previous run. Make sure that
this file was not deleted from the results folder. If the *.vap file is not available the
restart option cannot be used.

No other parameters from the options dialog will be loaded from the *.gdr file, but it is
possible to load them by clicking Load Parameters in the Result Viewer. This way the
simulation can be continued while using the same settings as in the initial simulation.

Important! The structure from the run of which you want to use the result file must be
loaded into GeoDict. If this is not the case, an error message is displayed.

Discard PDE Solver Files

Checking Discard PDE Solver Files causes the deletion of all intermediate computation files,
such as log files and flow field files.

v'| Discard PDE Solver Files

Only the content of the final GeoDict result file (*.gdr) is stored.

While having the benefit of saving hard disk storage place, discarding intermediate solver files
has also the effect of disabling the 3D visualization of the results.

Advanced Options

Unfold Advanced Options to gain access to several advanced solver options.
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= Advanced Options

Analyze Geometry
v | Wite Compressed Volurme Fields

Optimization Options

v | Use Multigrid Method

Use Krylov Subspace Method | Automatic -
Relaation 0.9
Optimize for Speed -
Grid Options
Grid Type LIR-Tree -
| Grid Refinement Method | A Posteriori Error Bound -
Threshold 0.05

v | Reynolds Grid Refinement |10
Mumber of Grid Refinements |5
Allow Sub-Voxel Resolution

Allowr Grid Re-Coarsening

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v | Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are



no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

VWrite Compressed Volume Fields

The LIR solver uses a very memory efficient adaptive grid structure for the simulations.

If the option Write Compressed Volume Fields is checked, then the adaptive grid is
used as compression method for writing out *.vap files. This option allows to save 80-
90% space on hard drive. The runtime for writing *.vap files is also reduced
significantly. But the runtime for loading and uncompressing of compressed *.vap is
increased by the amount of runtime that was saved for writing out compressed *.vap
files.

V| Write Compressed Volume Fields

If the option Write Compressed Volume Fields is not checked, then a usual regular
grid is used for writing out *.vap files.

¥ Optimization Options

The Multigrid Method (see, e.g., Wesseling, 2004) was introduced to speed-up the
computation and reduce the runtime significantly. The main idea of Multigrid is the
usage of multiple coarser adaptive grids to speed up convergence behavior but
requires only little more memory.

v Use Multigrid Method

The method is available to solve the Stokes and Stokes—Brinkman equations as well as
for solving mechanics, diffusion, thermal, and electrical conduction and is enabled by
default.

Another speed-up option to accelerate the convergence behavior of the LIR solver is
called Krylov Subspace Method.

The runtime of the LIR solver depends on many different properties of the structure and
the simulation parameters. The BiCGStab algorithm is used, which can reduce the
runtime for challenging simulation very drastically.

o Note! Using the BiCGStab method approximately doubles the amount of
RAM needed for the computation.

Unfortunately, the Krylov method is not always faster than a simulation without the
Krylov method and therefore we introduced an Automatic mode which uses some
heuristics to choose the most efficient method based on structure, material parameters,
and boundary conditions automatically. Of course, it is possible to explicitly enable
(Enabled) or disable (Disabled) the method.
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Use Krylov Subspace Method | Automatic -
Enabled
Disabled

Note! In case that the Krylov subspace method (BICGStab) is used, the
Relaxation may also be adapted automatically.

Depending on the material parameters and geometry of the structure, the underlying
mathematical problem can vary in complexity, thus influencing the behavior of the
solver. The more complex the problem is, the more stable the solver settings should be.

Relaxation 1

With the Relaxation number, the solver is adjusted from Stable (which results in higher
number of iterations, slower time stepping, and longer solver run times), to Fast, which
makes the solver run less iterations but implies the risk that the solver does not
converge. The Relaxation is a parameter of the SOR method and must be between 0
and 2 to ensure convergence. For relaxation values smaller than one (<1.0), the
simulation is more stable. For relaxation values larger than one (>1.0), the simulation
converges faster.

The LIR solver can Optimize for Speed or Memory.

Optimize for Speed -
Memo
o If Speed is chosen, the solver constructs additional optimization structures. The

runtime is decreased by up to 30% but requires up to 50% more memory compared
to the other option.

e If Memory is chosen, the runtime is increased by up to 40% but the solver requires up
to 50% less memory.

W Grid Options
The Grid Type decides what kind of tree structure is used for the simulation.
Grid Type LIR-Tree -
LIR-Tree
Regular Grid
The default option is LIR-Tree and should always be used. The solver uses an adaptive

grid structure called LIR-tree and needs up to 10 times less runtime and memory
compared to the Regular Grid option.


https://en.wikipedia.org/wiki/Successive_over-relaxation

The solver can analyze the result field during the computation and improves the
adaptive grid in places where more accuracy is needed. The LIR solver splits cells where
a high gradient occurs.

The solver can analyze the computed field and refines the adaptive grid during the
computation at locations where more accuracy is needed. The LIR solver splits cells
where a high gradients occur when the Grid Refinement Method is enabled. In this
case, the additional parameters Number of Grid Refinements, Allow Sub-Voxel
Resolution, and Allow Grid Re-Coarsening become available.

Select one of the three available refinement methods from the drop-down menu.

When A Posteriori Error Bound is selected, the solver targets the specified accuracy
Threshold. While the Error Bound (set as Simulation Stopping Criterion) determines
the relative error in the solution of the linear system, A Posteriori Error Bound refers
to the relative error estimated by comparing high-order and low-order discrete
solutions. The accuracy Threshold refers to the relative error to the analytical solution
and the value must be between 0.0 and 1.0.

| Grid Refinement Method | A Posteriori Error Bound -

Threshold 0.05

Choosing Difference (Automatic) leads to computational cells being split when the
difference in values between neighboring cells exceeds a certain Threshold. The solver
automatically chooses all internal parameters based on the structure and simulation
settings. For this option, cells are split where the current gradient is greater than the
Threshold multiplied by the maximum gradient, where the threshold is determined
automatically.

| Grid Refinement Method | Difference (Automatic) -
Threshold 0.1
Selecting Difference (Manual) also causes the computational cells to be split when
the difference in values between neighboring cells exceeds the specified Threshold.
You can specify all parameters (Threshold and Number of Grid Refinements) for the
grid refinement manually. For this option, cells are split where the current gradient is
greater than the Threshold multiplied by the maximum gradient. The Threshold value
must be between 0.0 and 1.0. The recommended value range is between 0.05 and 0.1.
| Grid Refinement Method | Difference (Manual) -
Threshold 0.1

Activate Reynolds Grid Refinement to use the local Reynolds number (Re) for
adaptive grid refinement.
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v Reynolds Grid Refinement |10

A grid cell is split if the local Reynolds number, i.e., the ratio between inertial and
viscous forces exceeds the given threshold. The Reynolds number is defined as:

pul, (41)
Re = — Reynolds
L Number

where P is the density of the fluid (SI units: kg/m?3), u is the velocity of the fluid (m/s), K
is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/m-s), L is a characteristic
length (m). For the local Reynolds number, the size of the grid cell is used for the
characteristic length.

The Number of Grid Refinements controls the maximum number of grid refinements
that the solver can perform during the simulation. The value should be set between 0
and 10, where a value of 0 means that no grid refinements will be made. Grid
refinements may increase the number of iterations, runtime, and memory requirements.

Number of Grid Refinements 10

When Allow Sub-Voxel Resolution is enabled, the solver is allowed to split
computational cells to sizes smaller than the voxel length.

| Allow Sub-Voxel Resolution

This feature is beneficial for low-porosity structures for which the pore throats require
finer resolution or for modeling fast Navier-Stokes[ 71 flows with strong vortices.

Enabling this feature may increase the number of iterations, runtime, and memory
requirements.

Check Allow Grid Re-Coarsening to allow the solver to automatically revert the grid
refinement and coarsen the computational cells.

V| Allow Grid Re-Coarsening

This means, grid refinement is done temporarily. Afterwards, the cells are merged as
soon as accuracy is not needed anymore. This reduces the memory and runtime
requirements.

1.5.2 Results

After the solver has finished, the result file (.gdr) is saved in the project folder and the Result
Viewer automatically opens. Find detailed information on Result Viewer options in the Result
Viewer user guide.



Results of the Simulate Flow Experiment command

o Reportm
hows the computed results.

S
o Plots[e)
View result plots.

e Flow Visualization[ el
Load results for a graphical visualization.

Report

The Report tab under the Results tab shows the computed results. Here the Volume flow rate
(you can change the unit in the post-processing panel on the left), the Average flow velocity,
and the Pressure at inlet/outlet is given. When only one outlet material ID is defined the
Pressure difference between inlet and outlet is also provided. If several IDs are defined as
outlet, the results are shown for each outlet material ID.

Report | Plots | Map | Report | Plots Map
Volume flow rate: 1.30115e-06 I/s. Inlet material 3:
Average flow velocity over 1e-08 m? through the inlet: 0.130115 m/s. Volume flow rate: 1.30115e-06 |/s.
Pressure at the inlet: 100 Pa. Average flow velocity over 1e-08 m? through the inlet: 0.130115 m/s.
Pressure difference between inlet and outlet: 100 Pa. Pressure at the inlet: 100 Pa.

Outlet material 4:

Volume flow rate : 2.09391e-07 I/s.

Average flow velocity over 1.976e-09 m? through the outlet : 0.105967 m/s.
Pressure at the outlet : 0 Pa.

Outlet material 5:

Volume flow rate : 1.09176e-06 |/s.

Average flow velocity over 7.86e-09 m? through the outlet : 0.1389 m/s.
Pressure at the outlet : 0 Pa.

Material Information: Material Information:
: Air [invis.] w ID 00: Air [invis.]
: Glass w ID 01: Glass
: Aluminum w ID 02: Aluminum
: Air [Inlet] w ID 03: Air [Inlet]
: Air [Outlet] ID 04: Air [Qutlet]

1D 05: Air [Outlet]

Information about the convergence of the iterative solver is also displayed: Threads,
Iterations, Number of cells, Runtime, Memory usage, and the applied Stopping criterion.

FlowDict

117




FlowDict: Simulate Flow Experiment

Flow solver information
Threads 12

Iterations 1750

Mumber of cells 2653749

Runtime 2,79937 min

Memaory usage 1.688 GIB

Stopping criterion | error bound

Total runtime: 00:09:48, Total memory usage: 2.645 GiB

In the last line the Total runtime and Total memory usage are given. Here not only the
resources used by the solver are taken into account but also writing volume fields and structure
files or already loaded volume fields from previous simulations.

Plots

Under the Plots tab, only the Convergence and Residual plots are available:

“Convergence

The Convergence tab plots the computed flow rate at each iteration.

Convergence Residual

Convergence

-3

10

2.0

1.8

1.6

1.4

FlowRate / (m?3/s)

1.2

1.0 T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.80 1.75

terations / (1) %10°

“Residual

The Residual plots tab shows the Linear Residual and the Newton Residual at given
Iteration values. The Newton Residual is defined as the residual while solving non-
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linear equations with Newton’s method. The Newton residual curve changes, when the

equation is solved, while the linear residual changes with every iteration while solving a
linear equation system.

This plot is available only when the Krylov[e method is used.
Convergence Residual

Residual

L

—— Linear Residual
— Mewton Residual

{ISUIEY

Q.00 0.25 Q.50 Q.75 1.00 1.25 1.50 1.75
[terations

Residual

%10°

Flow Visualization

Select the Flow Visualization tab to load the computed flow field (velocity and pressure,

*vap). A dialog pops up, that let's you select which of the stored field components VelocityX,
VelocityY, VelocityZ, Velocity, and/or Pressure you want to load and visualize.



https://en.wikipedia.org/wiki/Newton's_method
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m Loading volume file FlowField_...

GEODICT

Select Volume Field View File Header

Select components to load / compute:

v Velodity:VelocityX
v Velodty:VelocityY
v Velodity:VelocityZ
v Velodity:Velocity

v Pressure:Pressure

9 Map Post Map Results Flow Visuglization

Volume Fields (Velodty, Pressure)

Load

Allow Clipping by Distance

LIR-Grid Compression:

®) Decompress to Regular Grid (Recommended)

Keep Adaptive Grid

Check all Uncheck all

0K Cancel

Check Allow Clipping by Distance if you want to use this feature in the visualization. If
selected, an additional data field is computed and loaded that contains the Euclidean distance
to the solid structure. You can use this data field, e.g., to print arrows only with a certain
distance from the solids. If you do not need this feature, do not select it, as it requires
additional RAM to store the distance field.

Result files computed with the LIR solver are stored using the adaptive grid of the LIR solver
(LIR-Grid Compression). Select if you want to interpolate the data during import to the
regular voxel grid or if you want to keep the adaptive grid:

e Decompress to Regular Grid: More RAM is needed to load the data, and you cannot
visualize the adaptive grid. This option enables the visualization with Streamlines, Arrows
and Schlieren.

¢ Keep Adaptive Grid: Less RAM is needed to load the data. You can visualize the adaptive
grid. You cannot use Streamlines, Arrows or Schlieren to visualize the results.

The structure that the solver used internally is loaded if Load structure with closed pores is
checked. This structure shows which pores have been closed due to prior geometry analysis.

Visualization Options
e Volume Field: Pressure drop or velocity are visualized by a 3D color field - you can clip by
threshold values or use transparency to view inside.

e Streamlines: Visualize the flow through the structure with streamlines or animated streamlets.
Be aware, that you must change the Placement method away from the default Inflow Plane.

e Arrows: Visualize the velocity vector classically with arrows.



e Schlieren: This option uses Line Integral Convolution (LIC) fields to visualize vortices.
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1.6 Darcy Flow

The Darcy Flow command determines the permeability of a 3D structure where the majority of
pores is unresolved by the voxel grid.

You can use Darcy Flow if no through-path of fluid voxels exists and the flow has to pass
through porous voxels. These porous voxels represent materials with small permeabilities
where the viscous term can be neglected, e.g., rocks. In these cases, Darcy's law[»' can be
applied.

The structure in this example has a voxel length of 400 um and permeabilities of 102 m? and
smaller.

Material Information:

[ ID 00: Water [invis.]

[ 1D 01: Water in Porous;
[ 1D 02: Water in Porous;

1D 03: Water in Porous|
EIDM:M

\

The Darcy Flow command

e Options|]
How to set the input parameters of the command.

e Results/ o]
View the simulation results.

1.6.1 Options

Select Darcy Flow from the pull-down menu and click the Option’s Edit... button to open a
dialog to enter or edit the simulation options. Choose a Result File Name for the result file
(*.gdr) fitting to your current project.

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

| Constituent Materials | Boundary Conditions Solver Grid Equations & References
| 1

The parameters are organized under the tabs: Constituent Materials, Boundary Conditions,
Solver, and Grid. The Equations & References tab gives a summary of the used equations and
symbols which are explained in more detail_here ).



Tabs of the Darcy Flow dialog

e Constituent Materials|s)
Define the materials in the structure.

e Boundary Conditions/ 2\
Set up the boundary value problem that describes your experiment.

e Solver| ]
Select a flow solver.

o Grid[rss)
Adjust the computational grid.

Constituent Materials

For the flow solver's computation, the materials in the structure and the fluids flowing through
it need to be defined under the Constituent Materials tab, so that their physical properties
parameters are taken into account.

To set the fluid flowing through all pore and porous materials, click Set all Fluids to and select
it from the pull-down menu.

Constituent Materials Boundary Conditions Solver Grid Equations & References

Set all Fluids to...

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

+ Material Fluid Density / Viscosity Permeability

~ | Dyn. Viscosity / (kg/(m s)) Temp. Range / (°C)
1.834e-05 -10, 427

ID Name Use |Air - g Density |/ (ka/m3
00 O Air. ® v g [Material Law 1_~ | 1.204

01 [l Glass..| &

B3 set All Fluids to

GEODICT
Set All Fluids To Manual v | (air .
Carbon Dioxide (C02
Chosen Material Law Material Law 1 - Crau d‘;"O“'“x’ e (Co2)
Density / (kg/m?) 098.234 E::Ett:g:gz (Solvionic)
Dynamic Viscosity / (kg/(ms)) |0.001 Helium
Hydrogen
Kinematic Viscosity / (m?/s) |1.00177e-06 Mercury
| Natural Gas |-
0K || Cancel

If one of the predefined fluids is used, the values for Density, Dynamic Viscosity, and
Kinematic Viscosity are taken from the GeoDict Material Database. They are dependent on
the given Temperature value and the Chosen Material Law. If Manual is selected, these
values can be entered manually.

Any values entered manually, e.g., for a special type of oil, can also be added to the material
database through the Open & Edit Material Database button. Additionally, different
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properties for the same material can be saved as different Material Laws and can then be
selected from the pull-down menu in the Set all Fluids to dialog. Material Law 1 is the default
shipped with GeoDict. Click here for more information on editing, expanding, and using the
GeoDict Material Database.

The Temperature is selectable in Kelvin (K), Celsius (°C), and Fahrenheit (F), and has a default
value of 293.15 K (20.0°C, 68 F).

Under the Material subtab, select the fluid used in the simulation from the Use pull-down
menu. If other fluids are contained in the structure, they will be treated as immobile (solid)
during the simulation. If the structure contains no fluid material, No fluid in geometry is
displayed in the top of the Material tab. Select a material for the pore phase by clicking on the
corresponding material button.

Material Material
ID Name Use | Air v ID Name No fluid in geometry.
00 © Air. & v 00 Solid... | |5,

01 -Glass... = 01 -Glass... &=

The density and the dynamic viscosity of this fluid, at the selected temperature, is shown under
the Fluid Density/Viscosity subtab.

The Material subtab shows also the material IDs assigned to the materials (00, 01, 02, etc.). For
each material ID, you can open the Material Selector dialog and select a material by clicking
on the corresponding material buttons.

Constituent Materials | Boundary Conditions | ¢

Temperature -459.67 < |68

+ Material
ID Name Use |Air hd Material Selector
00| © Air. B v
o1 M Ge%_ | (T GEoDICT
Material Type Solid Search
. Glass Group by | Type ~
Information
Name -
Glass (C-Glass Fiber)
Glass (E-Glass Fiber)
Glass (R-Glass Fiber)
Glass (S2-Glass Fiber
Glass
Graphite Fiber (XN-05-305)
Graphite
Tite
Iridium -
Open & Edit Material Database « »
oK Cancel

Click the Material Report button =2 to see the relevant parameters for the material with a
selected ID.



[ Report for Material with ID 00

Material Key Unit Value
Type Fluid
ID Name Usqd |Air v Name Air
_ Information
00O Ar. *@ - FluidProperties
. -] Currentlaw 1
o Gl . NumberOfLaws 1
- |MaterialLawl
Name Material Law 1
Density kg/m~3/1.204
Viscosity | ka/(ms) |1.834e-05

Close

|-

Fluid flow can happen in pores and porous materials, but not in solid materials. The check sign
next to the Material Report icon marks all materials in which flow happens.

For porous voxels, set the Material Type (in the Material Selector dialog) to Porous and
choose the fluid that occupies the pores.

Matenal Selector

GEoDicT
Material Type Porous Search | | Search | |
Porous Solid  Manual Group by |T\,rpe - | Group by |T}rpe - |
Fluid Air
! E— Name [Mame -
Information | | _ | v Fluid * Fluid
b Solid Manual
* Porous Solid Air
Carbon Dioxide (CO2)
Pore Crude il
Undefined Electrolyte (Solvionic)
Electrolyte
Helium -
Open & Edit Material Database | F vl [ Y y
| oK || cancel |

b, &

The permeability of porous voxels is set under the Permeability subtab. You can define if the
material is isotropic (same permeability in all flow directions) or anisotropic (permeability
depends on flow direction). When the material is isotropic, the permeability entered in the X-
direction is used in all directions. For an anisotropic material, the permeabilities in the three
Cartesian directions are needed.




FlowDict: Darcy Flow

Constituent Materials Boundary Conditions Solver Grid Equations & References

Set all Fluids to..

Temperature -459.67 < |68 < 1832.00 [°F ~ Open & Edit Material Database
+ 1| Material Fluid Density / Viscosity
ID Name Use |Air = H Perm. X/ (m?) Perm. Y /(m?) Perm. Z/ (m?) Temp. Range / (°F)
00 Q Ar. B’ v
o1 [ Air in Porous.. | (B v Isotropic  ~ | [1.2e-11 1.2e-11 1.2e-11

The local orientation of porous materials with anisotropic properties is not considered. You
must select the SimpleFFT solver if anisotropic permeabilities are entered.

Boundary Conditions

To simulate the flow through the domain, GeoDict solves a boundary-value problem. In the
fluid-filled part of the domain, the flow is governed by a differential equation. The boundary
values describe what happens at the boundaries, and are a necessary and important part of the
problem description. Boundaries are the six faces of the cuboid (X-, X+, Y-, Y+, Z-, Z+), and the
pore-solid walls within the structure.

For the six cuboid faces, FlowDict distinguishes between the domain faces in the
computational direction (also called flow direction or longitudinal direction) and the domain
faces in the two other space directions (called transversal or tangential directions). The
computational direction is the direction in which pressure drop and flow rates are measured.

“Computational Directions

As Computational Directions, select the directions for which you want to calculate the
flow. To obtain the full 3x3 permeability matrix and a pressure drop value for each
direction in the results file, select all three directions.

For every selected direction, a boundary value problem is solved in which the Domain
Boundary Conditions in Longitudinal Direction and the corresponding Experiment

Input/Output are applied in the computational direction, and the Domain Boundary
Conditions in Transverse Directions are applied on the other two space directions.

Any directions not selected will not be calculated and will be marked as 'unknown' in
the permeability matrix in the Report tab of the result file.

Cormputational Directions

X ¥ Wz

“VBoundary Conditions in Longitudinal Direction

For Darcy Flow, the Boundary Conditions in Longitudinal Direction can be Periodic
or Symmetric (Dirichlet). As Darcy Flow is used for structures with unresolved pores
and low permeabilities, no inflow or outflow region should be given. Use symmetric



boundary conditions for non-periodic structures if the percentage of solid voxels is
high at the inlet. Otherwise, use periodic boundary conditions, as the simulation
runtime is much faster.

Boundary Conditions in Longitudinal Direction

Periodic e Symmetric (Dirichlet)

“VExperiment Input

In Darcy Flow simulations, the average Pressure at the Inlet surface and the average
Pressure at the Outlet surface can be defined, where the pressure at outlet must be
smaller than the pressure at inlet, since the pressure decreases from inlet to outlet.
Select the desired pressure unit from the pull-down menu.

Experiment Input

Pressure at Inlet 100 Pa v

Pressure at Qutlet |0 Pa

“VBoundary Conditions in Transverse Directions

The Domain Boundary Conditions in Transverse Directions can be Periodic,
Symmetric, No-Slip, or Expert.

Domain Boundary Conditions in Transverse Directions

® Perindic Symmetric No-Slip Expert

With Periodic boundary conditions, the structure is repeated in the transverse

directions.
' Computational

Direction

N\

With Symmetric boundary conditions, the structure is mirrored at the domain
boundary. The LIR and EJ solver solve the symmetric boundary condition by using
Neumann (or zero flux) condition at the domain boundary.

FlowDict 127
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. Computalional
. Direction
\‘i

With No-Slip (or Encase) boundary conditions, the domain boundary is treated as
closed by solid material. When No-Slip is used, the solver internally adds a one-voxel
layer in the required direction and solves with periodic boundary conditions. This is
effectively equivalent to solving the structure with casing at both sides in the transverse
direction. So, the structure size in the corresponding transverse direction becomes
enlarged by one voxel internally.

' Computational
Direction

With Expert, it is possible to define different boundary conditions for each side in each
computation:

The boundary conditions in the two directions transverse to the flow can also be set to
be different by checking Expert boundary conditions. For example, when the fluid is
chosen to flow in the Z-direction, the boundary conditions could be chosen to be No-
slip in X-direction and Symmetric in the Y-direction.

128
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Computational Directions

X ¥ vz

Domain Bounldary Conditions in Transvgrse Directions
Periddic Symmetric No-Slip J Expert

Expert Setglgs + ¢ Periodic
Symmetric

Y | Periodic X Periodic X | No-Slip -

| No-Slip (fixed domain size)
Z Periodic Z Periodic Y | Symmetric ~

For the Darcy Flow command, additionally to Periodic, Symmetric and No-Slip also
No-Slip (fixed domain size) is available.

When No-Slip is used, the solver internally adds a one-voxel layer in the required
direction and solves with periodic boundary conditions. That effectively is equivalent to
solve the structure with casing in two ends in the direction of interest. So, the size of
computation in this direction becomes n+1. However, if changing the computational
size is not preferable, using No-Slip (fixed domain size) can avoid that, then the first
layer of the structure is replaced by an impermeable material.

Solver

Two different flow solvers| 21 are available for solving the equation. Select the solver in the
pull-down menu to activate the corresponding tab below.
Constituent Materials Boundary Conditions Solver Grid Equations & References

LIR =

E]
El LIR

The LIR solver requires the least numerical resources (RAM) and is therefore selected by
default. Often, the LIR is also the fastest solver, but that may depend on the parameter
selection and the 3D structure model.

Parameters of the Solver tab

e Simulation Stopping Criterion[s!
Define when the computation is stopped.

e Restart Save Interval[ )
Configure an auto-save interval.

e Parallelization] |
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Parameters of the Solver tab

Parallelize the FlowDict computations.

e Restart from a *.gdr Filel !
Continue a previous FlowDict computation.

e Discard PDE Solver Files| s
Delete intermediate files.

e Orientation Mode (for LIR)[ s

Define how to determine the local orientation.

e Advanced Options@
Additional solver options.

Simulation Stopping Criterion

The equations are solved by an iterative approach.

Iterative Solver

The basic idea of an iterative method is to

1. Start with some initial guess for the unknown values

2. Improve the current values in each iterative step

3. Repeat the iterative process until one of the stopping criteria is reached.
The iterative process is controlled by setting the values and activation for Error Bound,

Tolerance, Residual, Maximal Iterations, and Maximal Run Time (h). The stopping criteria
apply for each computational direction individually.

If multiple stopping criteria are selected, the first criterion that is reached causes the solver to
stop.

The stopping criterion that has been reached can be viewed in the Result Viewer of the
GeoDict result file (*.gdr) under the Results Report tab.

Simulation Stopping Criterion
v | Error Bound ~ 0.01
Maximal Iterations 100000

Maximal Run Time / (h) |240

“Error Bound (LIR)

The stopping criterion Error Bound uses the result of previous iterations, and predicts
the final solution based on linear and quadratic extrapolation. The solver stops if the
relative difference between computed and predicted solution is smaller than the
specified error bound. The stopping criterion recognizes oscillations in the



convergence behavior and prevents premature stopping at local minima or maxima. A
damped convergence curve is fit through the oscillating curve and the solver stops then
regarding the damped convergence curve.

A A

Remaining Iterations
+ > Prediction

Solver still running! Solver stops now! \

| Error Bound Zone 4_,__————_“¢

N\

Previous Iterations
(Values are outside the error bound)

Permeability

Permeability

\

Previous Iterations
(Values are inside the error bound)

Prediction

Y

>
>
Iterations Iterations

If the Krylov method (under LIR - Advanced Options) is activated, the definition of
Error Bound is somewhat different. Here, no prediction is made, instead the continuity
between neighboring cells and the conservation of mass is checked. The maximal value
is normalized by the mean flow and if this value is smaller than the Error Bound the
simulation stops.

“Tolerance (LIR and E))

The Tolerance stopping criterion looks for stagnation of the method when the process
becomes stationary, i.e., the improvement in the permeability value becomes extremely
small from iteration to iteration.

In each iteration, the solver checks for the current computed value Xc against the values
Xc—i of the last 100 iterations if there are any changes.

X-—X._: (42)
max ———¢=L < tolerance

i€[1,100]  x,_;

The computation is stopped if the maximal relative change is smaller than the value
entered for Tolerance. When there is doubt about the quality of the solution, decrease
the Tolerance value by a factor of ten. The drawback of this criterion is that the solver
sometimes might stop too early in case of slow convergence rate or at local extrema of
oscillatory convergence curves.

“Residual (EJ)

When the Residual stopping criterion is used, the iteration is stopped if the solution
satisfies the equation up to the required accuracy.

By setting the stopping criterion to Residual, the computations terminate as soon as
the relative norm drops below the selected residual threshold. The relative norm of the
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Schur Complement residual is computed and displayed in the console window during
the calculations. The console is visible by clicking the double arrow button on the lower
right corner in the progress dialog.

[ structure.gdt (StokesResult)—GeoDict 2026—Standard Edition -

Explicitlump stationary Stokes equation solver zes. L.lle"UlT] scaled res. 3. o2
r 6.76e-02 scaled res. 1. 02
r 6.37e-02 scaled res. 1. 02
MATH  oroeiser o res. 6.290-02 | scaled res. 1.78e-02
2 MARKET All rights reserved. = 6.32e-02 scaled res. 1. -<
r 6.7 02 scaled res. 1. 02
FlowDict:Soh kes (Stok It-E).gdr) Elapsed Time: 00:01:35 — Remaining Time: 00:00:32 r 6.9 2 scaled res. 1. 02
r 9.4 2 scaled res 02
0% r 9.3 2 scaled res 02
Calculating Flow Remaining Time: 00:00:32 r 1.8 0 scaled res 01
r 1.2 1 caled res.
r 3.7 2 aled res.
r 3.34 2 i res
a 3.20e-02 res
= 107 3.1 res
g 3.11 es
2.66 r
a2 2.66 r
107 § 2.7 r
T T T T T T T T T 2 r
5 10 15 20 -3 30 s 40 45 1. .
lterations
3. r
- — - :
..Is.py local stokes_fi_parallel SolverParameters_z.pde 8 1 machines.txt Remaining Time: 00:00:32 i ) i
1. r
1. r

X Cancel | B Stop & Release Floaters « 1 >

The recommendation to choose Tolerance or Residual for the EJ solver is based on
the structure’s porosity. Both give similar results for highly porous structures. For dense
structures, if using the Schur Complement Residual, the relative norm of the residual
may be small even though the correct permeability has not been reached. So, when in
doubt, use the Tolerance criteria — the default option.

“Maximum lterations and Maximum Run Time (LIR and EJ)

Use the Maximum Iterations value or the Maximum Run Time (h) stopping criteria
causes the solver to stop if the maximal number of iterations and/or the maximal
runtime (in hours) is exceeded.

When the solver stops because one of these criteria has been reached, no guarantee on
the quality of solution can be given. In this case, a warning is printed into the report.
The following possibilities might help:

» Check the corresponding .log file to see how large the residual values and the
permeability values are. If the permeability values are in reasonable range and they
do not have changed during the last iterations, you may decide to use the current
result.

= Double-check the structure and parameter values. Unphysical parameters or too
rough resolution of the structure (leading, e.g., to artificial unconnected components)
can cause an iterative solver to fail.




Know how! We recommend to use the Error Bound criterion for the LIR solver. This
=  stopping criterion approximates the “relative deviation from the final solution”.

Restart Save Interval

The calculations run by the solvers can be restarted from saved intermediate result files and
the interval between auto-saves can be configured from the value entered in Restart Save
Interval (h).

Restart Save Interval / (h) 6

Parallelization

The simulation process can be parallelized to speed-up the computation process. It depends
on your license, how many parallel processes you may use. The solver benchmarksl «1illustrate
the speed-up that you can achieve.

The Parallelization Options dialog box opens when clicking the Edit... button, to choose
between Sequential, Parallel (Shared Memory), Automatic Maximum of Threads, and (if
available) Cluster.

For details on how to set up and run parallel computations, consult the High Performance
Computing chapter.

Restart from a *.gdr File

In some situations, it may be useful to re-use previously computed results and save a great
amount of time by restarting the process from an existing GeoDict result file (*.gdr). Typical
examples would be

e non-sufficient accuracy of some computation, when it is suspected that more iterations may
improve the quality of the result,

e trying another boundary condition (e.g., Dirichlet instead of Periodic or other way around),
e continuing an iteration process,

e or using similar parameter values for the computation.

To restart and initialize the solver from a result file (*.gdr), check Restart from .gdr File and

enter the name of a file, or Browse for it in the project folder.

v Restart From .gdr File Browse

When using Restart From .gdr File only the volume field (*.vap file) associated to the loaded
*gdr file will be used to continue the simulation.

Important! The *.vap file is saved in the result folder of a previous run. Make sure that
this file was not deleted from the results folder. If the *.vap file is not available the
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restart option cannot be used.

No other parameters from the options dialog will be loaded from the *.gdr file, but it is
possible to load them by clicking Load Parameters in the Result Viewer. This way the
simulation can be continued while using the same settings as in the initial simulation.

Important! The structure from the run of which you want to use the result file must be
loaded into GeoDict. If this is not the case, an error message is displayed.

Discard PDE Solver Files

Checking Discard PDE Solver Files causes the deletion of all intermediate computation files,
such as log files and flow field files.

V| Discard PDE Solver Files

Only the content of the final GeoDict result file (*.gdr) is stored.

While having the benefit of saving hard disk storage place, discarding intermediate solver files
has also the effect of disabling the 3D visualization of the results.

Orientation Mode (for LIR)

If one of the constituent materials has a non-isotropic material law, a local orientation is
needed to compute the permeability. There are three different choices how to determine the
local orientation.

The standard case is to use the orientation defined by the local orientation of the GAD objects,
e.g., the direction of a fiber (Use Orientation from Analytic Objects (gad)).

Orientation Mode Use Orientation from Analytic Objects (gad) A

However, if the current structure was not generated using one of the structure generation
modules, but imported from a 3D scan, GAD object information is not available. In such a case,
the local orientation must be estimated from the image first, e.g., by using FiberFind or
GrainFind. It is then possible to load the local orientation from a file generated by one of those
modules, by selecting Load Orientation Information from File (*.gof).

Orientation Mode Load Orientation Information from File (*.gof) v

Orientation File Name (*.gof) Browse...

The last option is to simply Use the Global XYZ-Coordinate System.

Orientation Mode Use the Global XYZ-Coordinate Systemn -

In this case, the permeabilities entered in the Constituent Materials tab are the permeabilities



in the X-, Y-, and Z-directions.

Fluid Density / Viscosity Permeability

Perm. X / (m2) Perm. Y / (m2) Perm. Z / (m2) Temp. Range / (°C)
Anisotropic ¥ | 1le-12 2e-12 3e-12 =

Advanced Options

Unfold Advanced Options to gain access to several advanced solver options.

Advanced Options for EJ:

~ Advanced Options
v Analyze Geometry
“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

Advanced Options for LIR:
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= Advanced Options

| Analyze Geometry
| Wite Compressed Volume Fields

Optimization Options

v | Use Multigrid Method

Use Krylow Subspace Method | Autormatic -

Relaxation 1.5

Optimize for Speed -
Grid Options

Grid Type LIR-Tree -

Grid Refinement Criterion | Autormatic -

“Analyze Geometry

Checking Analyze Geometry performs an analysis of the geometry before the solver
computations.

* Advanced Options

v| Analyze Geometry

If no percolation path through the structure is found, the partial differential equation
does not need to be solved, and a permeability of 0.0 is directly reported as the
solution.

Furthermore, the solver operates on the whole structure, regardless of which parts are
connected or unconnected. However, unconnected components are not transport
relevant, thus the effort of solving in these parts is not necessary.

For these reasons, a geometrical analysis is routinely run to determine whether a
through path exists. After the analysis is finished, unconnected components are
removed from the computational grid.

This may speed up the computations but requires some time for the geometrical
analysis, especially for very large structures. So if you know beforehand that there are
no unrelevant parts or that the structure has been processed to eliminate them, the
geometry analysis can be switched off by unchecking Analyze Geometry.

VWrite Compressed Volume Fields

The LIR solver uses a very memory efficient adaptive grid structure for the simulations.

If the option Write Compressed Volume Fields is checked, then the adaptive grid is



used as compression method for writing out *.vap files. This option allows to save 80-
90% space on hard drive. The runtime for writing *.vap files is also reduced
significantly. But the runtime for loading and uncompressing of compressed *.vap is
increased by the amount of runtime that was saved for writing out compressed *.vap
files.

v Write Compressed Volume Fields

If the option Write Compressed Volume Fields is not checked, then a usual regular
grid is used for writing out *.vap files.

W Optimization Options

The Multigrid Method (see, e.g., Wesseling, 2004) was introduced to speed-up the
computation and reduce the runtime significantly. The main idea of Multigrid is the
usage of multiple coarser adaptive grids to speed up convergence behavior but
requires only little more memory.

v Use Multigrid Method

The method is available to solve the Stokes and Stokes—Brinkman equations as well as
for solving mechanics, diffusion, thermal, and electrical conduction and is enabled by
default.

Another speed-up option to accelerate the convergence behavior of the LIR solver is
called Krylov Subspace Method.

The runtime of the LIR solver depends on many different properties of the structure and
the simulation parameters. The BiCGStab algorithm is used, which can reduce the
runtime for challenging simulation very drastically.

0 Note! Using the BiCGStab method approximately doubles the amount of
RAM needed for the computation.

Unfortunately, the Krylov method is not always faster than a simulation without the
Krylov method and therefore we introduced an Automatic mode which uses some
heuristics to choose the most efficient method based on structure, material parameters,
and boundary conditions automatically. Of course, it is possible to explicitly enable
(Enabled) or disable (Disabled) the method.

Use Krylov Subspace Method | Automatic -
Enabled
Disabled

0 Note! In case that the Krylov subspace method (BICGStab) is used, the
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Relaxation may also be adapted automatically.

Depending on the material parameters and geometry of the structure, the underlying
mathematical problem can vary in complexity, thus influencing the behavior of the
solver. The more complex the problem is, the more stable the solver settings should be.

Relaxation 1

With the Relaxation number, the solver is adjusted from Stable (which results in higher
number of iterations, slower time stepping, and longer solver run times), to Fast, which
makes the solver run less iterations but implies the risk that the solver does not
converge. The Relaxation is a parameter of the SOR method and must be between 0
and 2 to ensure convergence. For relaxation values smaller than one (<1.0), the
simulation is more stable. For relaxation values larger than one (>1.0), the simulation
converges faster.

The LIR solver can Optimize for Speed or Memory.

Optimize for Speed -
Memo
o If Speed is chosen, the solver constructs additional optimization structures. The

runtime is decreased by up to 30% but requires up to 50% more memory compared
to the other option.

e If Memory is chosen, the runtime is increased by up to 40% but the solver requires up
to 50% less memory.

W Grid Options
The Grid Type decides what kind of tree structure is used for the simulation.

Grid Type LIR-Tree -
LIR-Tree
Regular Grid
The default option is LIR-Tree and should always be used. The solver uses an adaptive

grid structure called LIR-tree and needs up to 10 times less runtime and memory
compared to the Regular Grid option.

The solver can analyze the result field during the computation and improves the
adaptive grid in places where more accuracy is needed. The LIR solver splits cells where
a high gradient occurs.

The solver refines the adaptive grid based on the computed fields. New cells are
introduced at locations where higher accuracy is needed. Three settings are available
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here:

Grid Refinement Criterion Manual >
Manual
Threshold for Grid Refinement 0.1 Disabled

Number of Grid Refinements |10

e Automatic: The computational cells are split when the difference in values between
neighboring cells exceeds an automatically determined threshold. The solver
automatically chooses all internal parameters based on the structure and simulation
settings.

e Manual: The computational cells are split when the difference in values between
neighboring cells exceeds the specified threshold. With this option you can specify
the parameters Threshold for Grid Refinement and the Number of Grid
Refinements manually. The Threshold for Grid Refinement must be between 0.0
and 1.0, while the recommended value range is between 0.05 and 0.1. The solver
refines the grid at regions with high gradients and thus, the accuracy of the grid is
enhanced in areas where it is necessary. Cells are split where the current gradient
exceeds the Threshold multiplied by the maximum gradient. The Number of Grid
Refinements is the maximum number of grid refinements that the solver can
perform and should be between 1 and 10. The gradient-based grid refinement can
increase the number of iterations, runtime, and memory requirements.

e Disabled: The grid refinement is turned off.

Know how! Grid Refinement can be neglected in most of the cases but should
=  be used if a flow simulation is done on a structure with a very long inlet and
outlet, for pleated filter structures, or for Navier-Stokes simulations.

Grid
For the EJ[ 11 solver, the computational grid can be adjusted under the Grid tab if necessary.

If Boxels (cuboid) instead of Voxels (cube) are used to resolve the structure, the boxel lengths
can be set in the Grid tab.

Constituent Materials Boundary Conditions Sobver Grid Equations 4 |

Voxels with side length 1 pm

&) Boxels with

Length ¥ / (m) 1le-06
Length ¥ / (m) 0.5e-6
Length Z / (m) l1e-g
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Sometimes, grid lengths may be different in each direction, e.g., for Focused lon Beam (FIB)
images, the grid size in Z-direction is often different from the size in X- and Y-directions.

For example, a structure is sampled in a computational grid with different lengths in X- and Y-
direction (e.g., LX = 2*LY). When the structure is loaded in GeoDict, each grid cell gets assigned
1 voxel and the visual representation of the structure looks stretched. To correct this effect,
boxels set as, e.g., LX =1 um and LY = 0.5 um, need to be chosen in the Grid Size panel.

Boxel Grid Optical Appearance
A

| > / -

- .

-

— — 0.5um
7 pm X 7um 1pm
0.5um

1um

1.6.2 Results

After the solver has finished, the result file (.gdr) is saved in the project folder and the Result
Viewer automatically opens. Find detailed information on Result Viewer options in the Result
Viewer user guide.

Results of the Darcy Flow command

o Reportm
hows the computed results.

S
o Plots[2)
View result plots.

e Flow Visualization
Load results for a graphical visualization.

Report

The Report tab under the Results tab shows the computed results.
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Report Plots Map

Solve darcy

Permeability tensor / (m2)
unknown | unknown | -1.75843e-13
unknown | unknown | -7.60567e-15
unknown | unknown | 7.44279e-14

Z-direction

Average flow velocity at 100 Pa: 1.45134e-07 mjs.
Volume flow rate: 0.000145134 I/(s m?).
Flow resistivity: 1.34574e+10 kg/(m’s).

It starts with the Permeabilitym (3x3) tensor. If not all space directions were selected as
Computational Directions, the columns corresponding to the unselected directions are marked

as unknown.

For each selected computational direction, the Average flow velocityl+s1at a given pressure
drop, the Volume flow rate, and the Flow resistivitym are reported.

In the post-processing panel on the left, you can change the unit of the permeability tensor.

Report Plots Map

Permeability Unit | mDarcy =

Solve dar
Apply v

Permeability tensor / (mD)

v | Back-up result file

unknown | unknown | -1.78173
unknown | unknown | -7.70645
unknown | unknown | 75.4141

Information about the convergence of the iterative solver is also displayed for each selected
computation direction: Threads, Iterations, Number of cells, Runtime, Memory usage, and

applied Stopping criterion.
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Conduction solver data, Z-direction

Solver

=]

Processes

12

Iterations

Bl

Runtime

7641 s

Memory usage

100.959 MIB

Stopping criterion

tolerance

Total runtime: 00:00:08, Total memory usage: 1.209 GiB

In the last line the Total runtime and Total memory usage are given. Here not only the
resources used by the solver are taken into account but also writing volume fields and structure
files or already loaded volume fields from previous simulations. Thus, even if only one flow
direction is computed, the total runtime and total memory values are usually higher than the

solver specific values.

Plots

Under the Plots tab various result plots are available:

“Pressure plot

Under the Pressure tab, a graph of the changes in Pressure across the layers is shown.
There is one plot for each selected Computational Directionl«s) Here, only the Z-
direction was selected:

Pressure

Velocity Convergence

Layered pressure Z-direction

Pressure / (Pa)

0.020

0.015

0.010

0.005

0.000

WVelocity plot

—— Pressure

0 50 100 150 200 250 300

Z-ayers / (um)



Under the Velocity tab, a graph of the changes in Velocity across the layers is shown.
Here, the velocity component in flow direction is shown. There is one plot for each
selected Computational Direction| sl Here, only the Z-direction was selected: The
velocity component in the chosen direction is averaged over the pore voxels for each
layer in this direction.

Pressure Velocity Convergence

Layered velocity Z-direction

. = — VMelocity
4 ---- Upper standard deviation
---- Lower standard deviation

3 _ - .‘r Ty

Velocity / (m/s)
L8]

_-H-_._'_"——'_'_'_‘—-——-...
1 -
.-’_"'-\

0 — J-f"" TN
-r‘_'_._..-"’-"—h.\" -.-.r'-'__,--

-1+ T T T T T
i} 1 2 3 4 5

Z-ayers / (cm)

“Convergence

The Convergence tab plots the computed permeability at each iteration. For the Error
Bound criterion, it also shows the predicted value. In this case, the solver stops when
the computed solution and the prediction are within the selected relative error.
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Pressure = Velocity = Convergence

Convergence Z-direction

>‘:10-“2

2.5

2.0

1.5 1

1.0 1

0.5 4

Pemeability / (m?)

—— Convergence
—— Prediction

0.0 A

0 50 100 150 200 250
Iterations / (1)

Flow Visualization

Select the Flow Visualization tab to load the computed flow field (velocity and pressure,

*vap). Dependent on the selected Computational Direction(s), result fields can be available
for flow in X-, Y-, and/or Z-Direction.

m Loading volume file FlowField_...

GeEoDICT

,0g0 Map Post Map Results Flow Visualization

Create ' 4

Volume Fields (Velocity, Pressure)

X Direction: FlowField_x.vap Select Volume Field View File Header

Y Direction: FlowField_y.vap Select components to load / compute:

v | Velodty:VelocityX
v Velocity:VelocityY
v Velocity:VelocityZ
v Velocity:Velocity
v Pressure:Pressure

e 7 Direction: FlowField_z.vap
Load structure with closed pores

Load

Allow Clipping by Distance

LIR-Grid Compression:

@ Decompress to Regular Grid (Recommended)

Keep Adaptive Grid

Check all Uncheck all

0K Cancel

Select the flow direction, then click Load. A dialog pops up, that let's you select which of the

stored field components VelocityX, VelocityY, VelocityZ, Velocity, and/or Pressure you want
to load and visualize.

FlowDict




Check Allow Clipping by Distance if you want to use this feature in the visualization. If
selected, an additional data field is computed and loaded that contains the Euclidean distance
to the solid structure. You can use this data field, e.g., to print arrows only with a certain
distance from the solids. If you do not need this feature, do not select it, as it requires
additional RAM to store the distance field.

Result files computed with the LIR solver are stored using the adaptive grid of the LIR solver
(LIR-Grid Compression). Select if you want to interpolate the data during import to the
regular voxel grid or if you want to keep the adaptive grid:

e Decompress to Regular Grid: More RAM is needed to load the data, and you cannot
visualize the adaptive grid. This option enables the visualization with Streamlines, Arrows,
and Schlieren.

e Keep Adaptive Grid: Less RAM is needed to load the data. You can visualize the adaptive
grid. You cannot use Streamlines, Arrows, or Schlieren to visualize the results.

The structure that the solver used internally is loaded if Load structure with closed pores is
checked. This structure shows which pores have been closed due to prior geometry analysis.

Visualization Options

e VVolume Field: Pressure drop or velocity are visualized by a 3D color field - you can clip by
threshold values or use transparency to view inside.

e Streamlines: Visualize the flow through the structure with streamlines or animated streamlets.

e Arrows: Visualize the velocity vector classically with arrows.

e Schlieren: This option uses Line Integral Convolution (LIC) fields to visualize vortices.
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1.7 Single-Phase Flow GeoApps

Select Single-Phase Flow GeoApps to access pre-defined macros included in GeoDict:

Apps included in FlowDict

o Air Permeability Test[+s!
This GeoApp performs an air permeability test simulation following norms like the ASTM

D737 - 04. For fast flows, the Forchheimer approximation is used.

They can be edited with a standard text editor. To open the corresponding *.py file for a
predefined macro, click the Open Macro / Script File button. After making changes to the
script, you can either store the modified macro locally and run it from the main menu Macro —
Execute Macro Script or as an administrator you may store it in its original place and make
the modified version available to all users. Refer to the GeoApp User Guide.

To use a predefined macro, select it from the pull-down menu, click the Edit... button to set
the parameters, and then the Run button to run the simulation.

1.7.1 Air Permeability Test

Air Permeability is an important factor in the performance of textile materials, e.g., gas filters
or fabrics for air bags.

A Modules needed to run this GeoApp:
FlowDict

Know how! The air permeability is the air volume that passes through the media per

=  time and surface area. It therefore has the unit cm?/min/cm? or ft*>/min/ft* and thus
describes an average flow velocity through the media at a standardized pressure
drop. It is not to be confused with the material property permeability that is used in
Darcy's law which has the unit m? or Darcy.

Select Air Permeability Test from the pull-down menu and click the Option’s Edit... button to
open a dialog to enter or edit the simulation options. Choose a Result File Name for the result
file (*.gdr) fitting to your current project.

Input Mode

Two different Input Mode are available to prescribe the pressure drop for the simulation.
Either enter a pressure drop manually or select one of the norms that define a pressure drop
for the measurement. The pressure drop is applied in Z-direction on the current 3D structure.
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Input Mode Manual v

Pressure Drop / (Pa) |125

Input Mode Permeability_Norm v

Permeability Norm | ASTM D737-18 125 Pa agl ASTM D737-18 125 Pa

DIN EN ISO 9073-15:2008-08 100 Pa
DIN EN ISO 9073-15:2008-08 125 Pa
DIN EN ISO 9073-15:2008-08 200 Pa
ISO 9237:1995 50 Pa

IS0 9237:1995 100 Pa

IS0 9237:1995 200 Pa

IS0 9237:1995 500 Pa

Computation Method: Direct Simulation

If you select Direct Simulation as Computation Method, the Navier-Stokes command| s s
used to simulate the air flow at the prescribed pressure drop. The boundary conditions and all
solver parameters are automatically selected by the app.

Result File Name (*.gdr) |AirPermeabilityTest-150-500Pa-Direct.qdr

Input Mode Permeability_Norm v
Permeability Morm IS0 9237:1995 500 Pa -
Computation Method Direct_Simulation -

You can find the computed air permeability in the first line of the report.

Report Plots Map
Z-direction

((air permeability at 500 Pa: 547.338 cm®/s/cm?, or 1077.43 ft*/ minlft’.)
VErage (SUperticial) 110w Veloty a a: . mJs.
Volume flow rate: 5473.38 I/(s m2)
Reynolds number 12.0681 for characteristic length 3.35857e-05 m.

Asymptotic estimate of average flow velocity: 5.47814 m/s.

Computation Method: Forchheimer Approximation

If the media has a low flow resistivity, the air velocities may become very high at the
prescribed pressure drop. In some cases, the flow might become turbulent, and the Direct
Simulation might not converge. In these situations, select Forchheimer Approximation as
Computation Method.
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Select two lower pressure drops (Pressure Drop 1 and Pressure Drop 2), which will be used
for the extrapolation. The first value can be very small, but the second can be selected as high
as possible (but low enough that convergence of the solver is still achieved).

Result File Mame (*.qdr) |AirPermeabilityTest-1S0-500Pa-Forchheimer.gdr

Input Mode Permeability_Norm v
Permeability Morm IS0 9237:1995 500 Pa -
Computation Method Forchheimer_Approximation -

Pressure Drop 1 f (Pa) |10

Pressure Drop 2 / (Pa) [100

The app uses the Navier-Stokes command[ss1to simulate the air flow at the prescribed
pressure drops. The boundary conditions and all solver parameters are automatically selected
by the app. Afterwards, the app uses the Forchheimer Approximation command[s1to estimate
the air permeability. You can find the result at the bottom of the report. Note, that the air
permeability is reported as velocity in m/s here.

Report Map

Forchheimer equation for predicted Experiment:
AP =67.6922 u + 3.98417 \?

For -dp/dx = pu/x + pu?/K,
where K is Darcy permeability, . is inertial permeability, p is dynamic viscosity, p is fluid
density, and L is medium thickness.

Darcy permeability k = p * L / f1 = 1.834e-05 * 0.001 / 67.6922 m* = 2.70932e-10 m?.
Inertial permeability xk, = p * L / f2 = 1.204 * 0.001 / 3.98417 m = 0.000302196 m.

(The estimation is 5.56417 m/s for 500 Pa. )
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