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Abstract

This work investigates the influence of particle shape and asperity height on the flow
behavior of porous granular media using computational fluid dynamics (CFD). The
developed framework includes the generation of random structured particle beds with
LIGGGHTS using the Discrete Element Method (DEM) and the subsequent analysis of the
pore space in terms of porosity and specific surface area. CFD is then applied to analyze
the flow through the pore space at a Reynolds number of Re = 1. In the post-processing,
the permeability of the granular porous media is derived and a significant influence of the
particle shape and asperity height on the permeability and porosity can be seen. In the end,
a comparative analysis of simulations results and analytical models based on Ergun and
Carman-Kozeny is conducted. The study reveals that the Carman-Kozeny approach exhib-
its a remarkable capacity to replicate the influence of particle shape and surface asperity,
while the Ergun approach demonstrates a more limited suitability.

Keywords Carman-Kozeny - Pore-scale simulation - Particle shape - Particle roughness

1 Introduction

The flow through granular porous media is of great importance for many industrial pro-
cesses. The applications lay in the fields of cake filtration (Dong et al. 2009; Zhang
et al. 2019), chemical catalysis (Bai et al. 2009; Li et al. 2021), nuclear fusion (Kumar
et al. 2023) and battery technology (Marcato et al. 2022). Despite the relevance of these
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processes, the design and analysis are still predominantly dependent on heuristics and
experimentation (Mahdi et al. 2019). The commonly used empirical equations for the pre-
diction of flow behavior in porous granular media contain significant uncertainties and can
lead to considerable mistakes, if used in areas that are not directly proven by experiments
(Rumpf et al. 1971).

The flow through granular porous media is highly dependent on the properties of the
disperse phase (Steenweg et al. 2022). Until today, it is not possible to reliably derive
porosity and permeability from the properties of particles because of the multiple influenc-
ing variables (Sorrentino 2007). Due to the limitations of the empirical equations, these
parameters are still often determined in tedious laboratory experiments to design industrial
applications. A more fundamental understanding is required regarding the effect of particle
properties on the formation of granular porous media. The identification of the range of
particle properties for which the commonly used empirical equations produce valid predic-
tions would significantly aid process design. Pore-scale simulations are a valuable tool to
investigate specific properties of particles, such as size distribution, shape and roughness.
These simulations can then be compared with heuristic permeability predictions, which
helps to assess the applicability of fundamental models (Marcato et al. 2022).

In recent years, the continuous increase in computational power and advances in numer-
ical methods have significantly enhanced the use of particle and fluid simulations for ana-
lyzing complex flow behavior in granular porous media (Kumar et al. 2023). For example,
the discrete element method (DEM) is used to randomly form a realistically packed bed of
particles (Bai et al. 2009). Afterwards, the generated porous particle bed is processed in a
CFD pre-processing tool to generate a computational grid to perform pore-scale simula-
tions. The flow through granular porous media is then determined by the discrete solution
of the Navier—Stokes equations. Many researchers have used this approach to study flow
characteristics in packed beds. There have been studies on the pressure drop for monodis-
perse spherical and cylindrical particles (Bai et al. 2009), drag coefficients for polydisperse
spherical particles (Rong et al. 2013), heat transfer in porous media (Kumar et al. 2023)
and colloid transport within packed beds (Marcato et al. 2022). Numerous investigations
focused on monodisperse spherical particles (Li et al. 2021; Schulz et al. 2019; Zhao et al.
2009). Initial studies have explored various particle shapes, including cylinders (Bai et al.
2009), ellipsoids (Rong et al. 2013), polydisperse particles (Marcato et al. 2022; Schulz
et al. 2019) and bio-geochemically altered porous media (Hommel et al. 2018).

Other studies use Lattice Boltzmann simulations to examine the influence of particle
size distribution and shape on porosity and tortuosity in randomly formed granular porous
media (Kerimov et al. 2018; Xu et al. 2022). n both studies, particle shape is represented by
spheroids, with particle-bed formation based on prolate or oblate grains. Their numerical
analyses show that particle shape has a pronounced effect on permeability, while its influ-
ence on porosity remains minimal (Kerimov et al. 2018).

This study aims to investigate the effect of particle shape, specifically spheroids and
surface roughness, defined by asperity height, on the porosity and permeability of granular
porous media. The analysis is based on pore-scale simulations. To this end, we developed a
simulation setup using the DEM software package LIGGGHTS for particle bed generation,
enabling the simulation of various particle types. 2 distinct particle groups were selected
for property analysis: elliptical particles to assess sphericity, and particles with surface
asperities to investigate roughness. The generated particle beds serve as the foundation for
pore-scale simulations using the finite volume method in the open-source CFD software
OpenFOAM. Pressure loss, porosity, and bed permeability are then calculated and com-
pared with analytical models, including Carman-Kozeny (Carman 1937) and Ergun (Ergun
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et al. 1949). This makes it possible to assess the applicability of these models for non-
spherical particles and particles with defined surface asperities.

2 Flow in Porous Media

Granular porous media is subject of relevance to a variety of engineering disciplines
including oil and gas extraction (Li and Chen 2021), the drying of bulk materials (Qiu
et al. 2015) and filtration (Anlauf et al. 2004). The fluid flow through porous systems is
dependent on the existence of a driving force. This force may be caused by an applied pres-
sure difference or by mass forces, such as gravity or centrifugal force (Sorrentino 2002).
Depending on the flow pattern, a distinction is made between laminar and turbulent flow.
The laminar flow in a porous system is governed by the Darcy equation:

A
h—f = % i QY

Here, Ap is the pressure loss of a particle bed, £, is the bed height, # is the dynamic vis-
cosity of the fluid, v, is the superficial velocity and K is the permeability. Darcy’s law can
be derived from the Navier—Stokes equations by applying a volume-averaging procedure,
as demonstrated by Whitaker ( 1986). The Darcy equation is valid for velocities that result
in a Reynolds number below one (Nield et al. 2006).

The permeability represents a material parameter that characterizes the hydraulic
resistance of a particle bed to fluid flow. It depends on five types of bed parameters for
an incompressible, Newtonian flow: the average particle diameter x, particle distribution
parameters g;, particle shape coefficient y, bed porosity € and the packing structure (Rumpf
et al. 1971). The permeability is generally a tensor, but in the case of an isotropic granu-
lar porous media, it can be expressed as a scalar (Nield et al. 2006). The characterization
of flow through granular porous media is predominantly supported by experimental evi-
dence (Rumpf et al. 1971). The permeability is calculated with Darcy’s law, as expressed
in Eq. (1). This equation delineates the flow-pressure drop relationship through the particle
bed (Sorrentino 2002). Nevertheless, it is challenging to evaluate the impact of individual
particle characteristics through experimental observations. The primary reason for this is
that when examining the influence of individual variables on a material parameter, such as
porosity, all other influencing variables must be held constant. This is typically unfeasible
during the experimental characterization of real porous systems due to the influence of
individual bed parameters on one another.

There are many empirical equations that try to predict the permeability of granular
porous media based on geometrical size parameters of the particle bed. The Carman-
Kozeny model extends the Darcy equation and establishes a relationship between the geo-
metric size of the pore system and permeability based on parallel channels and laminar
flow. A considerable number of empirical (Sorrentino 2002) adhere to a similar fundamen-
tal structure:

.X2
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Here, the permeability is related to a porosity function f(¢), the Sauter diameter x

e and
a constant C. A list of common permeability models can be found in Table 1.
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Table 1 Porosity function f(g)

Model i
and constant C of different ode J© ¢
permeability models [18] Carman-Kozeny (e 180
2
Rumpf-Gupte 753 5.6
Rumpf-Pahl L 224
Richardson-Zaki 1 18

An important dimensionless quantity in fluid dynamics is the Reynolds number
which allows to get information about the state of flow:

plcv _ PXgVr
n n(l—e)

Re = 3)

The Reynolds number is defined by the ratio of inertial and viscous forces and
relates to the density of the fluid p, the dynamic viscosity # and a characteristic length
l.. For particle ensembles, the characteristic length is commonly represented by the
Sauter diameter x,,, which corresponds to the diameter of a sphere that shares the same
surface-area-to-volume ratio as the particle size distribution (Rhodes 2008). A flow
with a Reynolds number less than or equal to 1 corresponds to laminar flow through a
granular porous media, while turbulent flow occurs at higher Reynolds numbers (Miil-
ler 2021).

The experimental investigation of Rumpf and Gupte (1971) focused on the uniform
random packing of spherical particles, leading to a porosity function in the range of
0.3 <€ <£0.7. In addition, the influence of geometric bed parameters on the permeabil-
ity was investigated for 107> < Re < 10. Table 1 shows a valid porosity function for
Re < 1. Molerus et al. (1971) used the experimental data from Gupte and improved the
prediction accuracy of the porosity function for lower porosities. Richardson and Zaki
(1954) investigated the sedimentation of monodisperse particles and derived a porosity
function whose exponent is based on a value of 4.65 for laminar flow.

For turbulent flows with higher Reynolds numbers, the influence of inertial resist-
ance becomes more significant. It has been shown that across the entire velocity range,
the pressure loss-velocity relationship for a porous bed can be expressed as the sum of
frictional and inertial resistance components:

h_p = a111v+b]pv2 4)
c
Here, a; and b, are empirical parameters determined through experimental data and
p is the density of the liquid. For predicting flow characteristics in granular porous
media at higher Reynolds numbers, the Ergun equation serves as an effective model,
incorporating both viscous and inertial contributions to the flow (Ergun et al. 1949):

= 150" =L ( D0 s)

. X
c “ Y

Ap (8)11
h

Here, the pressure loss exhibits an exponential relationship with flow velocity. In
practice, the Ergun equation is applied across laminar, transient, and turbulent flow
regimes.
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3 Simulation Methodology
3.1 Generation of Porous Structures with DEM

The granular porous structures utilized for all simulations were generated using the open-
source particle simulation software LIGGGHTS. The software is based on the numeri-
cal integration of Newton’s equations of motion for particles that interact via short- or
long-range forces with a variety of initial and/or boundary conditions (Lu et al. 2015).
An important aspect of DEM is the contact modeling between particles. LIGGGHTS is
founded on a soft-sphere model in which normal and tangential forces are integrated to pre-
dict particle—particle and particle-wall interactions. "In this study, we employ two distinct
contact detection algorithms. For ellipsoids, the superquadratic library in LIGGGHTS ena-
bles efficient contact identification, following the approach of Podlozhnyuk et al. (2017).
The contact detection relies on the concept of minimum bounding spheres, where the
algorithm checks whether the distance between the bounding spheres is less than or equal
to the sum of their radii. The generation of surface asperities is based on a multi-sphere
approach. Here, defined surface asperities are created by placing small spherical particles
onto the surface of a larger spherical particle, which are then bonded together. The contact
force between neighboring particles is calculated based on their elemental spheres, using a
sphere-to-sphere contact detection method (Wang et al. 2020). All parameters employed in
the LIGGGHTS simulations are provided as supplementary information.

A stable time step is essential for integrating Newton’s equations of motion. In this
context, the Rayleigh time is used to estimate the necessary time step. The Rayleigh time
represents the propagation of a wave that corresponds to the natural frequency of parti-
cles during an elastic collision (Norouzi et al. 2016). The time steps for the DEM were
set to be no more than 10% of the Rayleigh time, ensuring the stability of the simulation
(O’Sullivan et al. 2004).

The simulation setup for generating particle beds involves placing particles into a rec-
tangular box, with periodic boundary conditions applied in the x- and y-directions to mini-
mize wall effects. Particles that leave the simulation box on one side reenter the domain on
the opposite side. Particles are introduced through an insertion face at the top of the simu-
lation domain, while a fixed wall is implemented on the bottom (z-side) to facilitate the for-
mation of a granular particle bed. Under gravity, particles settle in the negative z-direction.
After all particles are settled, the particle bed is compressed with a stamp from the upper
z-side. The compression continues until a set pressure is reached on the stamp. Preliminary
simulations showed that after a pressure of 0.001 Pa, an increase in pressure does not yield
any further compression. Thus, a maximum pressure of 0.1 Pa is set to guarantee maximal
bed compression. The process of particle packing over time is shown in Fig. 1. Example
simulation scripts for each particle type are provided in the supplementary information.

Three different particle types are utilized to investigate the effects of particle shape
and surface asperities through simulation. These particles are prolate and oblate ellip-
soids and spherical particles with defined surface asperities. An example particle of each
type is shown in Fig. 2. The ellipsoids were generated using the superquadric library in
LIGGGHTS. This approach simplifies the complex shapes of real non-spherical particles,
enabling the investigation of particle shape effects based on defined convex geometries.
Here, superquadrics provide a way to represent a complete boundary surface using a simple
analytical equation (Williams et al. 1992). A three-dimensional superquadric particle can
be described as follows:
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Fig. 1 Generation of a particle bed in LIGGGHTS. Particles are generated at height and settle under grav-
ity. After the settling, the bed is compressed with a stamp
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Here, x, y, and z represent the coordinates of points in the x-, y-, and z-directions. The
parameters a, b, and c are the half-lengths of the superquadric particles, which control
the stretching or compression of the particles along the main body axes in each spatial
dimension. Ellipsoids with radii a, b = a, and ¢ were generated at different aspect ratios
(AR). The particle shape, which depends on the aspect ratio, is shown in Fig. 2. The aspect
ratio is defined as the ratio of a to ¢, with AR > 1resulting in oblate ellipsoids and AR < 1
resulting in prolate ellipsoids. When AR = 1, the radii are equal in all directions, resulting
in a sphere.

The blockiness parameters n; and n, control the edge sharpness of a particle. As the
blockiness increases, the particle shape becomes more convex. Theoretically, as the
parameter tend to infinity, the particle shape approaches a perfect cuboid. Blockiness

@ Springer



Microstructure Simulation to Predict the Influence of Particle... Page70f23 18

parameters smaller than 2 would result in a concave shape, but such values are pro-
hibited in the superquadric model in LIGGGHTS. For our simulation, we have chosen
n, = n, = 2, resulting in an elliptical particle shape. The radii of the ellipsoids were cal-
culated to result in a constant x, = 91.97 ym at all AR. This volume equivalent particle
diameter x, corresponds to the value of a reference particle system shown in the supple-
mentary information section.

Additionally, the behavior of the particle surface plays an important role for granular
porous media. Particle roughness refers to irregularities or unevenness of a particle surface.
The microscopic elevations on the surface are known as surface asperities, which influence
properties such as friction, deformation, surface adhesion, and particle ploughing (Jiang
et al. 2025). One parameter to describe the particle roughness dependent on surface asperi-
ties is the particle roughness ratio Rp (Jian-Chao et al. 2010; Ronoh et al. 2024; Zeng et al.
2025) which is defined as:

R = Areal _1+n(AaSp_Abase)
12 A - A

)

smooth smooth

Here, A, is the actual particle surface, A, . 1S the perfect smooth surface of a parti-
cle, A, is the surface of the asperity, Ay, is the base area replaced on the smooth surface
and n is the number of asperities. Individual microscopic surface asperities are generated
as spherical segments on the particle surface, creating particle roughness. This approach
simplifies the real surface irregularities on particles while enabling a detailed investigation
of their influence. For spherical particles with defined surface asperities, which are also
composed of spherical segments, a direct correlation can be established between the geo-
metric parameters and the particle roughness ratio:

R =14 n(2raah — ri)

p
4rp

®)

In this case, r, is the radius of the asperity, g, is the height of the surface asperity on
the carrier particle, r, is the radius of the base circle of the spherical segment forming the
asperity, and r, is the radius of the smooth carrier particle on which the asperities are gen-
erated. A surface roughness ratio R, > 1 indicates an enlargement of the particle surface
due to unevenness, while R, = 1represents a smooth particle surface.

Surface asperities were integrated by applying spots with a defined height on the parti-
cle surface using a multi-sphere model in LIGGGHTS. Small uniform spheres, so-called
asperities, were distributed evenly on the surface of a core particle, see Fig. 2a. In this
study, the number of asperities selected for analysis was fixed at 26, with each asperity
having a diameter of 20 pm. The value of 26 was chosen to highlight the significant impact
of surface asperities on porosity and permeability. The distribution of the asperities was
determined using spherical coordinates, with the angles ¢ and 6 set to 45°. This configura-
tion, implemented via a MATLAB script ensured a constant number and distribution of the
asperities.

Particles of different surface asperities were modeled by varying the amount the asperi-
ties protrude from the core particle. This parameter is called the asperity height. Particles
with g, values ranging from 0 to 100% of the asperity radius were simulated, correspond-
ing to a,, values between 0 and 10 pm. The volume equivalent particle diameter was kept
constant at all a, values, with x, = 91.97 yum. This was accomplished by adjusting the
core particle diameter while maintaining a constant asperity radius. The asperity height of
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a, = 10 ym results in R, = 1.34, while a;, = 0 um corresponds to R, = 1, representing a
completely smooth surface.

3.2 Analysis of Packing Homogeneity

In the process of extrapolating the simulation results to larger porous structures, the use of
a homogeneous particle bed is essential. Inhomogeneities may arise due to variations in
packing density. For the analysis of this condition, particle beds were divided into ten same
sized segments. The porosity € was then calculated for each segment. The packing density
analysis was done for a bed of 1000 mono-sized spherical particles with x, = 91.97 um.
The porosity distribution across the bed height is shown in Fig. 3.

The granular porous structure shows a homogeneous packing density in the center of the
bed with a significantly increased porosity in the lowest and highest segment. Excluding
these values yields a porosity standard deviation of 2.0%. The changes in packing density
at the top and bottom of the particle bed can be attributed to the wall effects. At the bot-
tom segment, porosity increases by 16.8%. It can be observed in Fig. 3, that hollow spaces
form between the particles and the bottom wall. The porosity is the highest in the top seg-
ment. It is increased by 26.5% compared to the average. Here, the stamp compressing the
particle bed is stopped by the highest particles, leaving some empty spaces at the top. The
deviations on both sides of the bed result from the geometry and are unavoidable, without

1200 1
B [ ]
] .
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1 [ ]
E 4
= 800 - °
£ |
=] 1 °
< |
.6 600 -
e 1 [
© |
@ - .
400 -
] L)
200 - .
] °
o+—r——+
0.3 0.4 0.5 0.6
Porosity €

Fig. 3 Porosity over the bed height for a bed of monodisperse spherical particles along with an image of the
analyzed bed

@ Springer



Microstructure Simulation to Predict the Influence of Particle... Page9of23 18

changing the properties of the particle bed. Areas of increased porosity could be reduced
by cutting the geometry which would in turn also affect the simulation results. Cutting
particle beds alters the shape and surface-to-volume diameter of the particles, which is why
it is avoided in this work. The periodic boundary conditions applied to the sides of the
computational domain during the DEM simulations eliminate wall effects in these regions,
making variations in packing density along the sides of the particle bed unlikely. Therefore,
it can be concluded that the height of the bed has a larger impact on the overall bed poros-
ity than the side length. For the following simulations, the height to side length ratio of the
particle beds is set to be larger than one, with the goal to reduce the effect of packing vari-
ability. The impact of the discussed inhomogeneities will decrease as bed size increases,
since they occur only at the top and bottom layers. A sufficiently large particle number
must be chosen to minimize the effect to an acceptable level.

3.2.1 Smallest Representative Particle Number Study

The goal of this work is to model the properties of real particle beds through simulation.
A challenge arises from the fact that particle numbers in industrial processes are orders of
magnitude higher than what can be simulated computationally. Therefore, a representative
number of particles must be determined to allow for the extrapolation of results to much
larger particle beds. In addition, the particle bed must be large enough to minimize the
effect of the observed porosity changes at the top and bottom of the bed to an acceptable
level. The impact of the number of simulated particles on the resulting bed properties is
also investigated. For this purpose, beds of monodisperse spheres with x, = 91.97 ym and
particle numbers of 350, 1000, 1588, and 2032 were generated. The particle numbers were
calculated relative to the simulation domain to maintain a consistent bed height-to-side
length ratio across all simulations. This was achieved using the following equation:

d3
e ©))
dq

N =N,

Here, N, and d,, are the particle number and side dimension of the smallest simulated
particle bed volume. Additionally, d and N represent the corresponding values for the
volume to be calculated. For each particle number, three particle beds were generated in
LIGGGHTS. The resulting average porosity and standard deviation are presented in Fig. 4.

The porosity shows a decreasing trend with higher particle numbers. The highest aver-
age porosity € = 0.398 is observed with the lowest particle number of 350, while the lowest
value of £ was recorded at 2032 particles with 0.394. This is a slight decrease of 0.97%.
Figure 3 shows that the porosity of the generated particle beds is increased at the top and
bottom of each bed. The observed trend in porosity can be attributed to the diminishing
influence of these areas in larger beds. To balance accuracy with computational cost, the
particle number for the subsequent simulations with ellipsoid particles is set to 1000.

In LIGGGHTS, surface asperities are modeled using a multi-sphere approach, where
each asperity is represented by a separate sphere. Consequently, the computational cost for
simulating particles with asperities is 27 times higher than for spherical particles, given the
same particle number. Surface asperities are smaller features on the particle surface. They
require a finer mesh resolution, which in turn increases the computational effort for pore-
scale simulations. Due to these constraints, a particle number of 350 was chosen for simu-
lating granular porous media with asperity surfaces. The highest standard deviation relative
to the average porosity occurs with 1588 particles, at 0.47%, while the average standard

@ Springer



18 Page 10 of 23 P.Wendling et al.

0.410
---@-- Porosity

0.405

0.400 B
> R [E—
g 0.395—- R
o

0.390

0.385

0.380 T T T T

0 500 1000 1500 2000

Particle Number

Fig.4 Average porosity and standard deviation of beds with particles numbers between 350 and 2032

deviation is 0.29%. This demonstrates the high reproducibility of DEM simulations, indi-
cating that generating multiple beds with the same properties is unlikely to significantly
alter the simulation results. To minimize computational effort, all subsequent simulation
experiments will be conducted only once.

Figure 5a illustrates the packing structure of the granular porous media as a function of
aspect ratio for prolate and oblate particles. The ellipsoids align with their geometric char-
acteristics within the bed, reflecting their shape and aspect ratio. This alignment not only
affects porosity but also influences permeability, which is discussed in detail in Sect. 4.1.
The impact of surface asperity on the packing structure is shown in Fig. 5b, with its effects
on porosity and permeability further explored in Sect. 4.2.

3.3 Simulation Setup
3.3.1 CFD Simulation Setup in OpenFOAM

All pore-scale simulations were conducted using the open-source CFD software Open-
FOAM. Here, the flow is simulated through the discrete solution of the Navier—Stokes
equations based on the finite volume method (FVM) (Weller et al. 1998). The FVM divides
the computational domain into a finite number of non-overlapping sub-volumes, referred to
as cells. The Navier—Stokes equations are then reformulated into linear algebraic equations
for each cell (Paschedag 2004).

The mesh generation for the pore-scale simulations was done with the pre-processing
utility snappyHexMesh (SHM) in OpenFOAM. SHM enables the creation of 3D meshes
from STL files. Mesh generation in SHM is carried out in 3 steps: (1) creation of a castel-
lated mesh, (2) snapping of the cells to the geometry surface and (3) addition of surface
layers. In the first step, the mesh adapts to the geometry by splitting cells and removing any
cells outside the simulation domain. Refinement can be applied to selected geometry sur-
faces at this stage. The refinement is possible in multiple levels, whereas each level corre-
sponds to a cell size reduction by a factor of eight. In the snapping stage, the vertex points
of the jagged castellated mesh are moved to the surface geometry. The snapping process
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a) prolate spherical oblate

!

directionl

Fig.5 Overview of the granular porous materials examined. (a) Influence of the aspect ratio on the struc-
ture of the aggregate. (b) Influence of the asperity height on the particle bed structure

takes place in several iterations with the aim of identifying displacements of the corner
points that do not violate the parameters for mesh quality. In the last step, additional lay-
ers of hexahedral cells aligned to the boundary surface can be added (Weller et al. 1998).
Because the snapping of the mesh to the complex particle bed geometries resulted in cell
skewness above the warning threshold (>4) in the particle contact regions, both this step
and the addition of surface layers were omitted in this work. For all pore-scale simulations,
a castellated mesh with surface refinement around the particle surfaces was used. A castel-
lated mesh consists of a structured grid of hexahedral cells.

For the pore-scale simulations, we use the pimpleFoam solver in OpenFOAM, which
is a transient solver designed for simulating incompressible flows and Newtonian fluids
(Moukalled et al. 2015). The fluid phase is an incompressible Newtonian fluid with a den-
sity p of 1000 kg'-m~> and a dynamic viscosity 1 of 107® m?-s™!. The time step for each
simulation is selected so that the maximum Courant number reached is less than one (Fer-
ziger 2008). The simulations are run until a steady state is reached. No turbulence mode-
ling is applied, as the flow through the porous particle bed is laminar. Additionally, gravity
is set to —9.81 m-s~? in the z-direction. The boundary conditions used for the simula-
tion are reported in Table 2. To minimize the effect of the walls, the boundary condition
cyclicAMI is implemented on the sides of the computational domain in the x- & y-direc-
tions. This condition allows the coupling of two patches that share the same outer bounds.
Fluid that leaves the computational domain on one side reenters on the opposite side. The
velocity at the inlet is set to a fixed value in the z-direction. On the outlet, the inletOutlet
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Table 2 List of boundary conditions used in the CFD model in OpenFOAM

Parameter Patch Boundary Condition value

Pressure in m? s™2 Inlet zeroGradient -
Outlet fixedValue value uniform 0
Walls cyclicAMI -
Particles fixedFluxPressure -

Velocity inm' s™! Inlet fixedValue Value uniform (0 0 )
Outlet inletOutlet inletValue uniform (0 0 0)
Walls CyclicAMI -
Particles fixedValue value uniform (0 0 0)

condition functions similarly to a zeroGradient condition, with the addition that it prohib-
its backwards flow through the patch back into the domain, which could lead to stability
issues. At the particle surface, a no slip condition applies. The pressure at the inlet is set
to zeroGradient, whereas the outlet has a set pressure of zero. On the particle surface, the
fixedFluxPressure condition adjusts the pressure to the velocity for increased simulation
stability. The initial values for both pressure and velocity were set to zero in all directions.

Embedding the particle structure within an isotropic porous zone minimizes the influ-
ence of inflow and outflow regions on the simulation results. The porous zone enhances
numerical stability in the pore-scale simulations by homogenizing the flow velocity at the
boundaries and reducing unphysical backflows. Implementing the porous media allows
the inflow zone within the particle bed to be omitted, lowering computational cost. The
embedding is achieved using the Darcy-Forchheimer model, which adds particle-free
regions at the top and bottom of the bed. In OpenFOAM, a porous zone is defined by the
Darcy coefficient (D) and the Forchheimer coefficient (F), both of which are calculated
according to (10) and Eq. (11) to

1—¢? 1
D=150%x—2 (10)

1-—¢

1
F=35— )c_“ (11)

£-

The modified Kozeny coefficient of 150 in Eq. (10) is based on experimental investiga-
tions by Ergun et al. (1949), who found a lower value for real packings. For further details,
see (Kramer et al. 2020). In addition, the cyclic connection of the geometric sides proved
difficult for complex geometries. Embedding the particles in the same porous media on
the sides allows the use of the cyclicAMI boundary condition. The size of the media was
specified to be 30 pm on the sides, two times the 60 pm on top and 120 pm on the bottom.
The added areas at top and bottom are not included in permeability calculations.

3.3.2 Mesh Independence Study
Discretization in CFD significantly influences the simulation results. To identify suitable

meshing parameters, a mesh independence study was performed. For this purpose, a bed
of 150 particles was used for each particle type. Specifically, ellipsoids with AR =4 and
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a) AR = 0.25 b)AR=1 c)AR=4

Fig.6 Zoom on a sample mesh with two refinement levels. Cells of each refinement level and base cells
(level 0) have been marked; (a) AR = 0.25; (b) AR=1;(c) AR=4

TZ?rlr?ezlbﬁietsufl(t)irngi;frerr?;l?n No Cells Level Error on K Error on K Error on K
lr)neshing strztegies with ellipsoid AR=4  (AR=025 (4 =10um)
and rough particles A 16 1 0.59% 0.73% ~0.41%

B 20 1 —-2.83% -2.85% 3.09%

C 23 1 -3.07% —1.84% 1.22%

D 26 1 —-2.03% —-2.36% 1.42%

E 30 1 1.19% 0.56% —-1.05%

F 10 2 —-0.81% -1.37% 0.21%

G 13 2 -1.30% —0.08% -1.78%

H 16 2 1.51% 1.72% 1.12%

1 20 2 -1.73% —-1.65% —-2.63%

J 23 2 -0.23% 0.59% -3.51%

K 26 2 0.39% —-0.26% -0.13%

L 30 2 0.00% 0.00% 0.00%

AR = 0.25, as well as rough particles with a, = 10 um, were selected. To capture the finest
features of each particle type, which require the highest level of discretization, two mesh
parameters were investigated for their effect on the simulated particle bed permeability.
First, the number of base cells per volume-equivalent particle diameter was varied between
10 and 30. Additionally, mesh refinement levels (RL) between one and two were tested. A
mesh with two refinement levels is shown in Fig. 6, with the cells of each RL labeled for
clarity.

In total, 12 different meshing strategies (A-L) were examined. The parameters of the
strategies are detailed in Table 3. The flow velocity for the simulations was calculated to
result in a Reynolds number of one. After the simulations, the particle bed permeability
K was calculated from the simulated pressure drop resulting from each meshing strategy.
Table 3 reports the change of K in %. The simulated permeability with the different mesh-
ing strategies were compared to that of the one with the highest number of cells L of each
particle type. Since this meshing strategy has the highest degree of discretization it has the
most accurate results.

With one RL the error on K is higher and no convergence of the error can be observed.
For the meshing strategies with 2 RL, the error hardly changes between the finest meshing
strategies K & L. This indicates that an increase in cell count will not significantly impact
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the simulation results. Therefore, two refinement levels were chosen for the simulations. A
trade-off must be made between discretization accuracy and the total mesh size. Because
SHM can only process a limited number of cells, the selected meshing strategy imposes
an upper limit on the number of particles in the simulated beds. Therefore, it is essential
to balance the discretization error with the error introduced by the bed size. For ellipsoids,
all meshing strategies with two refinement levels (RL) result in deviations of no more than
1.72% from the finest meshes. For these particles, meshing strategy G was selected. This
strategy demonstrated an error of — 1.3% for oblate ellipsoids and —0.08% for prolate ellip-
soids. For the rough particles, meshing strategy H was selected, resulting in an error of
1.12% compared to the finest mesh. The impact of discretization on the results is expected
to be minimal for all particle types. It can be summarized that both the number of cells and
the degree of refinement have an influence on the calculation time. As the number of cells
and the degree of refinement increase, the volume elements in the grid become smaller and
the simulation time increases.

4 Results and Discussion
4.1 Effect of Particle Shape on Filter Cake Properties

An important characteristic for the description of particles is the shape. Particles in indus-
trial processes are seldom spherical (Miiller 2021). Therefore, determining a relationship
between particle shape parameters and bed properties is useful. In this chapter, the influ-
ence of the shape of ellipsoid particles on the porosity and flow permeability of the porous
bed is investigated. Particle beds of ellipsoids with AR between 0.25 and 4 were gener-
ated as described in Sect. 3.1. Figure 7a presents the analysis of the pore-scale simulation
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Fig.7 (a) Comparison of the porosity & and total particle surface area A,. (b) particle bed permeability K
for ellipsoids with x, = 91.97 ym and 0.25 < AR < 4
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in relation to their porosity and total particle surface area A, for ellipsoid particles. As
expected, the surface area of the spherical particles is the smallest.

The total particle surface area increases exponentially with morphological change for
both prolate and oblate ellipsoids. The increase in surface area is less rapid in the prolate
particles. Here, A, is increased by 27.9% at an AR = 0.25 compared to spherical particles.
At the corresponding AR = 4 of the oblate ellipsoids, this increase amounts to 42.8%.

The porosity € has a maximum for the spherical particles at an AR = 1. The trend of
€ follows a parabolic shape for both prolate and oblate ellipsoids. The observed minima
of the porosity are at an AR = 1/1.75 for the prolate ellipsoids and AR = 2 for the oblate
ellipsoids. The qualitative trend of the porosity observed here is consistent with the find-
ings of Zhou et al. (2011). In their study, Zhou et al. (2011) identified porosity minima at
AR=1/1.67 and AR=1.8 using DEM, which aligns with the data presented here. There-
fore, it can be concluded that the simulation setup provides valid results. At least two
opposing factors seem to influence the porosity in relation to the aspect ratio. Close to
AR =1, the change in shape allows for a denser packing. The analysis of ordered particle
configurations shows that ellipsoids can be packed to higher solids volume fractions than
spheres (Donev et al. 2004). The observed increase in € for AR < 1/1.75 and AR > 2 could
be explained with a higher bulkiness of the particles The prolate and oblate ellipsoids have
a higher extent, which could cause a less dense packing.

CFD simulations were carried out through each ellipsoid geometry at Re = 1. The deter-
mined pressure drop through the geometry was used to calculate the bed permeability K
in relation to the aspect ratio of the ellipsoids. The results are displayed in Fig. 7b. The
maximum permeability was observed for spherical particles with an AR = 1. For the pro-
late ellipsoids, a parabolic trend of K can be observed. The permeability decreases with a
decreasing sphericity until K reaches a minimum at AR = 1/1.75. For AR < 1/1.75 the
permeability increases again. The observed trend in porosity for prolate particles, which
reaches a minimum at an aspect ratio of 1/1.75, suggests that a lower porosity corresponds
to an increase in pressure loss through the particle bed (Sorrentino 2002). This trend can
be attributed to an increase in capillary pressure within the particulate structure, resulting
from smaller pore volumes. Another key factor influencing the permeability trend is the
specific surface area of the particles. A higher particle surface area decreases permeability.
This explains the slower increase of K for AR < 1/1.75 compared to the increase in poros-
ity. The trend for the oblate ellipsoids shows a slowing exponential decline with an increas-
ing AR. In contrast to the prolate ellipsoids, the permeability further decreases after the
minima of € is passed. The reason for this is most likely the lower porosity and higher sur-
face area compared to the prolate ellipsoids. At an A R = 1.25 and AR = 1/1.25 the perme-
ability of the prolate and oblate ellipsoids is similar, with a 0.25% higher value of K for the
oblate particles. For all other corresponding aspect ratios, the oblate particles have a lower
permeability. The reasons for this are most likely the presented differences in A, and &.

4.2 Effect of Asperity Height on Filter Cake Properties

The second particle characteristic under investigation is the surface asperity. The previ-
ously simulated particles were assumed to be perfectly smooth. In contrast, rough parti-
cles with surface asperities ranging from 0 to 10 pm were generated, based on the asper-
ity model outlined in Sect. 3.1. After conducting DEM simulations, the effect of asperity
height on the properties of the particle bed was analyzed. The porosity and total surface
area of the resulting beds were evaluated as a function of a,

@ Springer



18 Page 16 of 23 P.Wendling et al.

It is noteworthy that the investigation of surface asperities through the integration of
smaller spherical segments onto the surface of larger spherical particles is a simplifica-
tion of actual particle surface properties. The incorporation of real surface properties could
be achieved using imaging techniques such as micro-computed tomography. However, this
approach lies outside the scope of the present investigation. Nonetheless, the integration
of defined surface asperities enables the investigation of the impact of asperity height on
specific surface area, particle bed porosity, and permeability.

The simulation results are depicted in Fig. 8a. As expected, an increase in asperity
height leads to a higher particle surface area, as a larger proportion of the total particle vol-
ume is occupied by the surface asperities. It is evident that these smaller spheres possess
a higher surface-to-volume ratio, which consequently results in an increase in the overall
surface area of the particle. A, shows an exponential growth in relation to a,,. Compared to
the surface of smooth spheres, the total surface area is 27.85% higher when the maximum
asperity height reaches 10.0 pm.

The porosity also exhibits an increasing trend with higher asperity heights. For perfectly
smooth spheres (a;, = 0 um), the porosity is € = 0.40. With the maximum asperity height
of a;, = 10.0 um, the porosity increases to 0.49, representing a 23.14% rise compared to
the smooth spheres. This increase in porosity can be attributed to several factors. First,
the voids created by the surface irregularities are unlikely to be fully occupied by adja-
cent particles, resulting in an increase in the total void volume. Second, the roughness of
the particles may influence the packing process. The asperities could cause the particles to
interlock, reducing their mobility. As a result, particles would be less able to fill the empty
spaces in the bed during packing. Additionally, the rearrangement of particles during bed
compression could be hindered.

Pore-scale simulations were carried out using the generated particle beds to analyze
the effect of changes in a;, on the bed permeability K. The pressure drop across the par-
ticle beds at Re = 1 was simulated, and the corresponding values for the bed permeabil-
ity were calculated. Figure 8b shows the permeability as a function of asperity height. No
clear trend in the permeability is observed between smooth spheres (a;, = 0 um) and rough
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Fig.8 Comparison of porosity € and total particle surface area A, (a) and permeability K (b) of particle
beds with x,, = 91.97 um in relation to the asperity height of the particles between O pm and 10 pm
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particles with a;, = 5 um. The increase in porosity appears to be offset by the rise in parti-
cle surface area. However, as g, increases further, permeability increases sharply, reaching
a maximum at g, = 10 ym. At this point, permeability is 59% higher compared to smooth
spheres. For these particles, the influence of increased porosity seems to outweigh the
additional drag resulting from the larger surface area.

4.3 Comparison of Simulation Results with Empirical Equations

Empirical equations for the prediction of fluid behavior in porous particle beds contain
significant uncertainties and can lead to considerable mistakes, if used in areas that are not
directly proven by experiments (Rumpf et al. 1971). The permeability predictions of the
widely used Carman-Kozeny and Ergun equations were compared to the generated simula-
tion results to investigate the applicability of these equations for different particle types.
The simulated permeabilities of the ellipsoid particle beds and the corresponding empirical
predictions of the Ergun and Carman-Kozeny equations are shown in Fig. 9 over the aspect
ratio.

The Carman-Kozeny equation shows high alignment with the simulated data with
an average absolute deviation of 8.7%. For perfect spheres, Carman-Kozeny predicts a
10.0% lower K than the simulations. With all tested prolate ellipsoids, this difference is
lower than 11%, indicating the validity of the equation for this particle type up to a low
sphericity. Comparing the oblate ellipsoids, a high alignment can be observed up to an
AR =2, with all differences being smaller than 8.5%. The greatest observed deviations of
the Carman-Kozeny equation to the simulations are seen at the highest aspect ratios, with
22.23% at AR = 3.5 and 18.0% at AR = 4.0. This could suggest that Carman-Kozeny pro-
duces slightly less accurate results for oblate particles with lower sphericities. More data is
needed to test the limits of the equation. Overall, these results demonstrate the validity of
Carman-Kozeny for non-spherical particles in the investigated area.

The Ergun equation deviates upwards from the simulation results for all values. The
average deviation amounts to 36.7%. For perfect spheres, the Ergun equation shows a
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Fig.9 Comparison of the simulated permeability with the empirical Carman-Kozeny and Ergun equations
for ellipsoid particle beds with aspect ratios between 1/4 and 4
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higher alignment than Carman-Kozeny with a deviation of 7.3%. Looking at the tested
ellipsoids with the highest sphericities y > 0.99 at AR = 1.25 and AR = 1/1.25, the devia-
tion increases to 20.36% and 26.1% respectively. It can be observed that the deviation of
the Ergun equation increases with decreasing particle sphericity. For prolate ellipsoids, the
deviation reaches its maximum at AR = 1/4 with 46.4%. With the oblate ellipsoids, the
highest deviation of 65.9% can be observed at the highest AR = 4. These results suggest
that while the Ergun equation is useful for describing spheres, even small deviations in
shape can lead to an overestimation of permeabilities. It is important to note that the Ergun
equation is applicable to steady, incompressible flow through homogeneous, isotropic par-
ticle beds composed of spherical particles. Therefore, the Ergun equation provides good
agreement at an aspect ratio of AR = 1, corresponding to spherical particles. However, to
accurately model non-spherical particles, the coefficients of the Ergun equation must be
adjusted. This extension is beyond the scope of the present study. Therefore, the Ergun
model should be used with caution when dealing with non-spherical particles. This limita-
tion is likely due to the use of the volume-equivalent diameter in the Ergun equation, in
contrast to the Sauter diameter employed in the Carman-Kozeny equation. As a result, the
increased friction associated with the larger surface area of non-spherical particles is not
accounted for in the Ergun model.

To examine the correlation between the simulation results and the empirical equations,
the simulated permeability values were compared to the predictions from the empirical
models (see Fig. 10). A function through the origin with a slope of one, which indicates
a perfect correlation between simulation and equation, was added to the graphs. The Root
Mean Square Error of the data points normalized by the average porosity (NRMSD) to this
function was calculated. Additionally, the variance of the data points was marked with two
linear functions through the origin that encapsulate all data points.

The Carman-Kozeny equation shows a high correlation to the simulation results with
a NRSMD of 0.097. The variance of the data points is smaller here, with a ratio of 1.4 of
the slopes of the functions that encapsulate the data points. The Ergun equation shows 6.5
times higher NRSMD =0.634. Since the equation predicts a higher permeability than the
simulations, all data points lay below the ideal function. Additionally, a higher variance
can be observed with a ratio of 2.6 of the function slopes that encapsulate the data set. This
underscores the applicability of the Carman-Kozeny equation for non-spherical particles,
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Fig. 10 Simulated permeability over Ergun prediction (a) and over Carman-Kozeny Equation (b) of ellip-
soid particles beds with aspect ratios between 1/4 and 4
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Fig. 11 Comparison of the simulated permeability with the empirical Carman-Kozeny and Ergun equations
for rough particle beds with asperity heights between 0 and 10 pm

while the Ergun equation is not best suited for this area. The results of the simulations with
rough particles were compared to the permeability predictions of the selected equations in
Fig. 11.

The Carman-Kozeny equation presents a good alignment to the simulation results with
an average absolute deviation of 8.5%. For smooth spheres the equation deviates by 0.3%.
The difference of this value compared to the perfect spheres in the ellipsoid data set can be
explained with the different bed sizes. While the differences between the datasets should
be considered, they are expected to be sufficiently small to permit a valid evaluation of the
empirical equations. For the highest asperity height, the deviation of the equation from the
simulation results is only 0.8%. Additionally, all differences are observed to be below 18%.
This demonstrates that the Carman-Kozeny equation is applicable to particles with a high
degree of roughness. The Ergun equation demonstrates a tendency to overpredict perme-
ability for all data points. The average deviation lays at 35.1%. The differences increase
with increasing particle roughness, reaching the maximum at a;, = 10um with 48.7%. The
reason for this is likely the neglected increase in particle surface as explained above. This
shows that the Ergun equation should not be used when dealing with particles that have a
high degree of roughness.

The simulated permeability of the rough particles was graphed over the predictions
of the Carman-Kozeny and Ergun equations respectively in Fig. 12, as explained above.
Carman-Kozeny shows a high correlation to the simulations with a NRMSD=0.116. The
variance of the results is low with a ratio of 1.2 of the functions slopes that encapsulate the
data set. The error of the Ergun equation is 5.8 times higher with a NRMSD =0.678. Addi-
tionally, the variance is higher here with a ratio of 1.6 of the function slopes. This confirms
the applicability of the Carman-Kozeny equation for rough particles. The Ergun equation
has only limited validity for this particle type.
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Fig. 12 Simulated permeability over Ergun prediction (a) and over Carman-Kozeny Equation (b) of ellip-
soid particles beds with aspect ratios between 1/4 and 4

5 Conclusions

This article presents pore-scale simulations to describe flow through granular porous
media. An investigation was carried out to examine the effect of particle shape and surface
asperities on the resulting particle bed properties, including porosity, total surface area,
and permeability. A DEM simulation setup for generating particle beds in LIGGGHTS was
presented. The particles are arranged in a rectangular box with periodic boundary con-
ditions on the sides. Following the settling of the particles, the bed is compacted using
a stamp to enhance packing homogeneity. The model was modified to simulate differ-
ent types of particles. Ellipsoids with varying aspect ratios can be simulated through the
superquadric modeling of the particles. Rough particles with constant asperity distribu-
tions and varied asperity heights were modelled with by applying a multi-sphere approach.
Sufficient particle bed sizes were found through a representative elementary volume study.
To perform pore-scale simulations on the generated particle beds, an OpenFOAM model
was utilized. Both DEM and CFD analyzes were conducted to evaluate the particle bed
porosity and permeability, incorporating the effects of particle shape and surface asperity.
The results aligned with physical expectations and were consistent with prior research. To
assess the applicability of the empirical equations to the tested particle shape characteris-
tics, the commonly used Carman-Kozeny and Ergun equations were compared to the simu-
lation results. The findings revealed that the Carman-Kozeny equation provides accurate
predictions for non-spherical particles.

For ellipsoid particles with aspect ratios between 0.25 and 4, as well as for rough par-
ticles up to the highest tested roughness the equation never deviated more than 23% from
the simulation results and showed average deviations smaller than 9%. This indicates that
the Carman-Kozeny equation is valid over a wide range of particle shapes. While the
Ergun equation could show satisfactory accuracy for spherical particles, the deviations sig-
nificantly increased with decreasing sphericity. For both rough and ellipsoid particles, the
equation showed an average error of over 35% and individual deviations of up to 66% for
the tested particles with the lowest sphericity. This demonstrates that the Ergun equation in
this shape should only be employed if spherical particles are known to be present. Future
studies could investigate more particle shapes like cylindrical or cuboid particles. Of inter-
est is, if the surface-volume diameter is sufficient to describe the particle shape or if more
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parameters need to be considered. Additionally, more empirical equations could be tested
over a wider range of Reynolds numbers.

In conclusion, pore-scale simulations prove to be a valuable tool for studying flow
through porous media. The results generated from the simulations are promising, and the
approach developed in this work provides a deeper understanding of how particle proper-
ties influence flow behavior in porous media. Further work should focus on validating the
simulation results and incorporating real surface roughness to gain a deeper understanding
of how real surface irregularities affect the packing structure and permeability of granular
porous media.
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