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Abstract. We developed an OpenFOAM® application for generation of tri-periodic assemblies of
fixed non-overlapping particles, intended for direct numerical simulations with body-fitted unstructured
meshes. The particles can be spherical, cylindrical or spherocylindrical, with random or pre-assigned
positions and orientations, and mono- or polydisperse. The assemblies are optimized for meshing with
snappyHexMesh: various meshing errors are minimized by using automatically generated edge meshes, as
well as by controlling the interparticle distance and tangentiality to the boundaries. Further, we provide
a new pressure boundary condition which improves the accuracy of the resulting hydrodynamic forces.
The available post-processing function objects are extended to also calculate stresslets (i.e., resistance to
the straining motion), relevant for rheology of suspensions. The workflow is validated against available
analytical and numerical data, showing excellent agreement.

With our present contribution, an OpenFOAM® user is able to significantly reduce the pre-processing
efforts: typically, packings of solid fractions up to 0.3 are generated in the range of a few seconds to
around a minute. This allows for efficient gathering of data needed for formulation of closure laws or for
developing machine learning models, relevant for industrial applications such as pneumatic conveying
and fluidized beds.

1. Introduction

In this paper, we present an OpenFOAM® application for generation of tri-periodic assemblies of
spheres, cylinders or spherocylinders intended for body-fitted direct numerical simulations (DNS). The
assemblies can be mono- or polydisperse, and with fixed or random positions and orientations. The goal
of our work is to aid in derivation of closure laws for hydrodynamic forces and moments acting on the
particles (i.e., drag, lift, torque, stresslet).

1.1. Motivation. Fluid-particle flows are common in chemical and process industry, often featuring non-
spherical particles and polydispersity [1,2]. An increasingly important example is pneumatic conveying of
biomass or plastic waste [3]. In order to facilitate waste recovery, pneumatic handling of these highly non-
spherical materials needs to be optimized. This is a challenging task due to the lack of knowledge on the
relationships between the operating conditions, particle properties and dimensions of the conveying line.
Since experimental testing is costly and difficult, numerical simulation presents a convenient alternative
to bridge the gaps in knowledge.

Two types of numerical simulations are commonly used for such problems: two-fluid method (TFM) [4—
6] and unresolved coupled computational fluid dynamics and discrete element method (CFD-DEM) [7].
TFM treats both fluid and particle phase as continuous interpenetrating media (Euler-Euler description),
while CFD-DEM treats the particle phase as discrete parcels (Euler-Lagrange description). Discretization
in both types of simulations leaves the details of the flow field between individual particles unresolved.
Fluid-particle interaction forces (e.g., drag) therefore need to be included using closure models.
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Both TFM and CFD-DEM have been successfully used to predict flows in conveying systems [3], albeit
almost exclusively for flows with spherical particles. Simulations with non-spherical particles are still a
challenge due to the lack of closure models for hydrodynamic quantities such as drag, lift and torque.

Direct numerical simulation (DNS) is a popular way to solve the closure problem in fluid-particle
flows [1]. In contrast to TFM and CFD-DEM, discretization in DNS resolves the smallest details of the
flow field. This enables explicit calculation of fluid-particles interaction terms, and provides a basis for
building of closure models.

So far, the majority of DNS work deals with spherical particles. For example, closures for the av-
erage drag force acting on assemblies of monodisperse spheres have been derived by Hill et al. [8] and
also by Tenneti et al. [9], while Beetstra et al. [10] additionally considered bidisperse systems. More
realistic, polydisperse systems have been studied recently, e.g., by Cheng and Wachs [11]. While the
previous studies focused on the average forces, the interest has currently shifted towards the force and
torque fluctuations as functions of the adjacent particles. Recent work by Siddani and Balachandar [12]
demonstrates feasibility of such sophisticated models.

Despite the large body of work dedicated to spherical particles, there are still unexplored topics that
could benefit from further DNS studies. For instance, to the best of our knowledge, no closure model
currently exists for stresslet. Stresslet physically signifies resistance to the straining motion [13, 14],
usually considered in contexts of microhydrodynamics [15]. However, studies by Wang et al. [16] and
Gupta et al. [17] demonstrate that there is a strong contribution of stresslet even in turbulent flows. Since
stresslets can be connected to the deformation and breakage of particles, inclusion of such a closure could
help build more accurate TFM and CFD-DEM models.

On the other hand, few DNS studies deal with non-spherical particles. As a consequence, closure models
are unavailable for a large number of common particle shapes. So far, the most studied non-spherical
particles are ellipsoids [18-21]. Recent study by Sanjeevi and Padding [22] stands out as it focuses on
spherocylinders. Still, the study by Sanjeevi and Padding [22] is limited to spherocylinders of aspect
ratio 4. For instance, the standard shape of a capsule in pharmaceutical industry is spherocylindrical
with aspect ratios (length/diameter) ranging from 2.26 to 2.63 [23]. Additionally, many axisymmetric
particles found in industry are blunt with sharp edges [24,25] and therefore more accurately represented
by cylinders than by spherocylinders. Some examples include catalysts [26,27], biofuels such as straw,
wood chips and wood pellets [28-30], pharmaceutical tablets [31], and recycled solids [32]. Nonetheless,
due to the technical difficulties associated with meshing of sharp edges [33], such particles are rarely
represented in literature.

With our current contribution, we hope to inspire more research on the cylindrical and spherocylindrical
particles, as well as to aid in derivation of more sophisticated closure laws for the spherical particles. Being
motivated by the application of pneumatic conveying, our current study is limited to flows with solid
fraction below 0.3. The workflow is tested using creeping flow and steady state inertial flow regimes, with
the highest considered Reynolds number Re = 300 (see section 3 for the definition of Re). However, we
demonstrate that the workflow is also compatible with transient solvers and could be applied to arbitrarily
high Re.

1.2. Goals and limitations. The goal of our work is to streamline the pre- and post-processing of
body-fitted DNS of flows through particle assemblies with OpenFOAM® . Specifically, we address the
challenges pertaining to 1) generation of particle assemblies, 2) occurrences of various meshing errors,
and 3) calculation of hydrodynamic forces and moments. In what follows, we describe how each of these
three challenges is treated in the recent literature and we also highlight the main contributions of our
study. Limitations of our study are summarized at the end of this section.

1.2.1. Generation of particle assemblies. First, we discuss the state-of-the-art approaches to the genera-
tion of geometry. To generate random particle positions and orientations one would typically need to use
the Monte Carlo method [22] or the discrete element method (DEM) [34-37]. Within the OpenFOAM®
framework, this can be achieved with solvers such as dsmcFoam and rarefiedMultiphaseFoam [38].
However, the available shapes are limited to spheres and the resulting assemblies will feature overlapping
particles which can cause meshing errors (more on this in subsubsection 1.2.2). Alternatively, exter-
nal software for computer-aided design (CAD) can be used. For example, Porous microstructure
generator [39] is a software specifically developed for creation of 3D porous structures. The resulting
3D geometry can be exported in form of Stereolithography (STL) files, which can be further handled
by snappyHexMesh. Similarly, Blender [40], a computer graphics software, has been used to create the
geometry for simulations of packed bed chemical reactors [41,42]. Still, the approach based on the STL
files has some drawbacks. First, the quality of the STL file becomes a critical parameter that affects the
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quality of the mesh and therefore the accuracy of the solution [43]. While this can be circumvented by
using a higher resolution file, such as OBJ or STEP, the process of resolving the geometry is still slow.
This can be particularly tedious for parametric studies which require a large number of simulations.
For example, the number of necessary simulations for derivation of a drag closure is typically around
100: Beetstra et al. [10] studied 150 systems while Sanjeevi and Padding [22] studied 97. To make such
pre-processing automatic, one would need to devote additional time into writing scripts that would link
different software together [44].

With our present contribution, we simplify the above process by eliminating the need for additional
software completely. Instead, we generate the geometry directly using the OpenFOAM® library. Our
workflow is based on the feature of snappyHexMesh to create geometric objects via searchableSurfaces.
While spheres and cylinders are already available, we also create spherocylinders as combinations of the
other two shapes.

Compared to using external CAD software, our procedure is more efficient. The typical execution time
for generating a random tri-periodic assembly of 200 particles and with solid fractions up to 0.3 is in the
range of a few seconds to around a minute.

It is important to note here that, being motivated by the application of pneumatic conveying, we
did not consider solid fractions higher than ~ 0.3. Additionally, while there is a possibility to generate
polydisperse systems, mixtures of shapes are not supported in our present study. Details on the code
implementation are given in section 2, with subsection 2.1 dealing specifically with the generation of
random particle assemblies.

1.2.2. Meshing errors. The second challenge we tackle is related to avoiding meshing errors in body-
fitted unstructured grids created with snappyHexMesh. In general, there are two types of grids used
for particle assemblies: 1) body-fitted unstructured grid, where only the fluid region is meshed, and 2)
body-non-conformal structured grid, where both the fluid and the particle regions are meshed.

The body-fitted approach avoids meshing the particle interior and therefore requires less cells. Ad-
ditionally, it allows for a smooth representation of the particle surface. The non-conformal approach,
on the other hand, introduces artificial roughness due to the stair-stepped representation of the particle
surface [45]. This is especially problematic for blunt particles (such as cylinders), since inaccurately de-
scribed edges lead to inaccurate force calculation [33]. Nonetheless, the non-conformal approach is so far
more popular [8,9,22], mostly due to the difficulties related to unstructured grids.

Particle packings represent a complex geometry to mesh, so much so that creating an unstructured grid
can in some cases take longer than running the simulation [45]. Furthermore, a direct comparison between
a body-fitted and a non-conformal simulation of a packed bed of spheres [46] revealed the body-fitted
approach to be labour-intensive, slower performing and—due to the presence of skewed cells—slightly
less accurate.

However, the time and effort needed to create an unstructured grid are greatly reduced when using
currently available automatic meshers such as snappyHexMesh. This leaves us to address the accuracy
of the body-fitted approach. Specifically, snappyHexMesh is known to produce meshing errors in certain
cases [43]. Some of the errors we observed are shown in Fig. 1 and they include bridges between nearby
particles, distortions of the shape in the vicinity of the boundaries, and rough edges resulting from
improper edge capturing.

(a) Bridges between nearby par- (b) Shape distortion near bound-
ticles ary (c) Rough edge

Figure 1. Examples of meshing errors

To eliminate the unwanted bridges (Fig. la)—without increasing the mesh resolution—we control
the minimum allowed distance between the particles (subsubsection 2.1.5). Similarly, the allowed dis-
tance/overlap between a particle and a boundary are controlled to avoid errors due to the tangentiality to
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the boundary (Fig. 1b). This tangentiality check is described in subsubsection 2.1.4. Particularly prone
to meshing errors are the sharp edges, occurring in cylindrical particles (Fig. 1c) or at the intersections
between the particles and the boundaries. To avoid jagged appearances of the edges, we use the explicit
edge capturing feature available in snappyHexMesh. In brief, we analytically calculate the points com-
prising an edge and feed them to snappyHexMesh in form of eMesh files. The procedure is described in
subsection 2.2.

1.2.3. Calculation of hydrodynamic forces and moments. Lastly, we look into calculation of relevant
forces acting on the particles. With OpenFOAM® | it is already possible to calculate the hydrody-
namic force and torque using the forces function object. We extend this function object to also include
stresslets [13,14]. This lesser-known quantity is connected to straining motion and affects the stress
within suspensions [15,47]. Additionally, we implement a pressure drop correction for forces acting on
the periodic neighbours, i.e., particles split by periodic boundaries. This correction is explicitly calculated
by a novel iterative pressure boundary condition. The boundary condition and the force calculation are
described in subsection 2.3 and subsection 2.4, respectively.

In section 3, we demonstrate that the body-fitted DNS is as accurate as the other available methods,
including the lattice-Boltzmann method (LBM) [8,22], the immersed boundary method (IBM) [9], and the
fictitious domain method (FDM) [48,49]. Specifically, we achieve excellent agreement for ordered arrays
of spheres compared to the LBM and IBM simulations [8,9,50] in subsection 3.1. Next, in subsection 3.2,
we compare a simulation of cylindrical particles using OpenFOAM® and a well-validated FDM-based
solver PeliGRIFF [48,49]. The two solvers yield nearly identical forces and torques acting on individual
particles. In subsection 3.3, we reproduce the results for the drag force acting on unidirectional random
assemblies of spherocylinders as reported in [22]. Here, we also simulate similar systems of cylinders,
showing that the blunt shape of the cylinder leads to around 13% higher drag. Lastly, in subsection 3.4,
we verify the stresslet calculation against an analytical solution.

1.2.4. Limitations. The main limitations of our present study are as follows:

e This study is limited to solid fractions below 0.3. The present algorithm for assembly generation
does not allow for relaxation of the system and therefore limits the possible packing densities.

e Treatment of meshing errors for particles in contact is not addressed (instead, we recommend
assigning a minimum distance between particles, as described in Appendix B).

e While it is possible to create polydisperse assemblies, assemblies featuring a mixture of particle
shapes (e.g., containing spheres and cylinders) are not supported.

e The algorithm for geometry generation is not parallelized.

e In our approach the particles are frozen, meaning that they do not change their position nor
orientation during the flow. This allows us to compute closures for the fluid-averaged equations.
To study how the evolution of particle cloud affects the flow properties, methods such as resolved
CFD-DEM need to be used [51]. With resolved CFD-DEM, further information can be gained:
how fluid flow and particle collisions affect the particle dispersion, as well as how particles affect
the flow field.

e The pressure boundary condition needs an iterative solver for proper functioning.

2. Computational methodology

This section describes the computational model for pre- and post-processing for body-fitted particle-
resolved simulations. The model is implemented in OpenFOAM®-plus (2306). Before describing the
workflow, it is important to note that the particles are immobile, i.e., they have fixed positions. Addi-
tionally, we will assume a steady state flow. Application of the workflow to transient flows is discussed
in Appendix E.

Following Fig. 2, the workflow starts with creating a domain with a uniform background grid using
the blockMesh application. The cell size of the background grid will define the coarsest cell size in the
final unstructured grid.

A particle assembly is generated next with the initialiseSearchableSurfaces pre-processing utility.
Specifically, this step produces files needed by the other OpenFOAM® applications. These files include
searchableSurface dictionaries, eMesh files and forcesPressureJump dictionaries.

Next, using the snappyHexMesh application, an unstructured body-fitted grid is created around the
particles. The particle surfaces are represented through the searchableSurface objects defined in the
previous step. If appropriate, sharp edges are explicitly refined using the eMesh files.

The pre-processing finishes by imposing a periodic constraint on the domain boundaries with the
createPatch application.
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Finally, the simulation is run with simpleFoam. Pressure drop which maintains the target mean veloc-
ity is enforced with the new uniformVelocityPressureJumpAMI boundary condition. Forces (and mo-
ments) acting on the particles are calculated using the new forcesPressureJump function object. The in-
put dictionaries for the function object are automatically generated by the initialiseSearchableSurfaces
application. Pressure correction for the particles at the outlet boundary is computed by the pressure
boundary condition.

blockMesh
generate background grid

!

initializeSearchableSurfaces

r\ create particle assembly —/‘i

forcesPressureJump
dictionaries

searchableSurface

eMesh files

dictionaries

snappyHexMesh
generate unstructured
body-fitted mesh

!

createPatch
enforce periodic constraint

!

simpleFoam
run simulation

Figure 2. Workflow for DNS of steady state flow through tri-periodic assemblies of
particles

Summary of the new developments within the context of OpenFOAM® directory structure is shown
below.
applications
| utilities

L,preProcessing

| initialiseSearchableSurfaces
LA,searchableSurfacesFunctions

| surface
cylinder
sphere
spherocylinder
surface

| surfaceAssembly
cylinderAssembly
sphereAssembly
spherocylinderAssembly
surfaceAssembly

| _src
| finiteVolume
| fields
| fvPatchFields
| derived
LA,uniformVelocityPressureJumpAMI

| functionObjects
LforcesPressureJump
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As mentioned, the initialiseSearchableSurfaces application creates all files needed for the meshing
and post-processing of a particle assembly. Two abstract classes are written to support the application:
class surface and class surfaceAssembly. The subclasses inheriting the surface class are the classes
sphere, cylinder and spherocylinder. Illustrated in Fig. 3, each class contains data members referring
to the geometric properties of the particles such as the position of the centre of the mass ¢, particle diam-
eter D, orientation vector e, particle length L, aspect ratio AR = %, etc. The generation of assemblies is
handled by the classes inheriting the surfaceAssembly class, i.e., sphereAssembly, cylinderAssembly
and spherocylinderAssembly class, all containing lists of objects of the titular surface subclass.

(a) Sphere (b) Cylinder

(c) Spherocylinder

Figure 3. Illustration of the main geometric properties of the particles

In order to run the initialiseSearchableSurfaces application, the user needs to specify the input
parameters in the searchableSurfacesDict placed within the system directory. The parameters include
particle type, number of particles, type of assembly (fixed or random), size distribution, etc. To run the
entire case, files created by the initialiseSearchableSurfaces application need to be linked in the
snappyHexMeshDict and controlDict, as shown in the supplemental tutorial examples.

Specificities of the generation algorithms for each particle type are given in subsection 2.1. Creation
of the eMesh files, needed for the explicit edge refinement, is described in subsection 2.2. Details on
the steady state incompressible flow solver simpleFoam can be found in many references, e.g. [52-54].
The new boundary condition uniformVelocityPressureJumpAMI and the new post-processing function
object forcesPressureJump are described in subsection 2.3 and subsection 2.4, respectively.

We note here that, since our study is limited to solid fractions up to & 0.3, particles do not come into
contact. However, for higher solid fractions, contact is unavoidable. Various techniques for handling the
contact points can be found in the literature [45,55,56]. Potentially, our code could be extended in the
future to also enable dense packings and contact point handling.

2.1. Generation of particle assembly. This section deals with the algorithm for generation of a
particle assembly (Fig. 4). Each step of the algorithm is detailed in the corresponding subsection (sub-
subsection 2.1.1-subsubsection 2.1.5). Lastly, performance is tested in subsubsection 2.1.6.
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Delete particle ¢ and
its periodic neighbours

Create particle 7 at
a random position

Create periodic
neighbours

!

Contains
locationInMesh?

Tangential to
boundaries?

Collides with any
other particles?

o}
Proceed to
particle ¢ 4+ 1

Figure 4. Algorithm for generation of a particle assembly

Being a part of an assembly, the individual particles should be mathematically denoted with a sub-
script . However, to simplify the notation, we keep the subscript only where necessary, i.e.: to distinguish
particles 7 and j in a collision check.

2.1.1. Creating a particle. To create a particle, its geometric properties need to be defined. As seen in
Fig. 3, depending on the particle type, these properties include position (centre of the mass c), orientation
(e), diameter (D) and aspect ratio (AR).

As said before, the assemblies can be fixed or random. In the case of a fixed assembly, positions and
orientations are simply read from a user-supplied list. To create a particle in a random assembly, a random
position c is generated in the space within the domain boundaries. To generate random orientations,
according to [57], we need two random angles ¢ and 6:

¢ = arccos (1 — 2X), (1)
0=Ym, (2)

where X and Y are random numbers between 0 and 1. The orientation vector then follows from:
e=[sing cosfe,,, sing sinfey,, cospey ], (3)

where e, is a user-defined global orientation vector. The global orientation vector prevents rotation in
certain directions, e.g.: e, = [1,0,0] produces a unidirectional assembly, parallel to the z-axis, while
e, = [1,1,0] produces a planar random assembly with rotations contained to the xzy-plane. By default,
the global orientation vector is set to fully random: e, = [1,1,1].

Properties defining the particle size (such as diameter or aspect ratio) can be set according to uniform
(monodisperse), Gaussian or number-based distribution. Examples of polydisperse assemblies are shown
in Fig. 5. Specifically, Fig. 5a shows a polydisperse system of 100 spheres with radius set according to the
Gauss normal distribution. Such distribution is achieved using Listing 1 in searchableSurfacesDict.
Fig. 5b shows a number-based size distribution. Here, 5 cylinders are assigned an aspect ratio of 8, 10
cylinders an aspect ratio of 2 and 15 cylinders an aspect ratio of 1 (Listing 2).
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(a) Gaussian distribution (b) Number distribution

Figure 5. Examples of polydisperse assemblies

radius
sizeDistribution GaussNormal;
meanValue 0.06;
standardDeviation 0.01;
}
Listing 1. Dictionary input for Gaussian normal distribution
aspectRatio
{
sizeDistribution numberDistribution;
numberDistribution (5 10 15);
value (8 2 1);

Listing 2. Dictionary input for number distribution

2.1.2. Creating periodic neighbours. To keep the periodicity of the system, particles which intersect the
domain boundaries need periodic neighbours.
Intersection between a spherical particle and a planar boundary is tested using:

D
Iy (e~ pp)| < 5

while for a cylinder, this test is [58]:

D L
|npx(cfpp)|§5 1—(np><e)2+§|np><e|. (5)

Intersection of a spherocylinder and a boundary is evaluated using a combination of the above expressions.
In the expressions above, n,, is the unit-normal vector of the boundary and p,, is an arbitrary point on
the boundary (implemented as the centre-point of the boundary patch).

In the case of an intersection of the original particle and the boundary, a neighbouring particle is
created at the opposite side of the domain. This new particle has all properties identical to those of
the original one, except for the position. The total number of the periodic neighbours is determined by
the number of intersecting boundaries: one neighbour is created for an intersection with one boundary,

three neighbours for intersections with two boundaries, and seven neighbours for intersections with three
boundaries (Fig. 6).
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neighbour 1

neighbour 3

neighbour L —T~~_

neighbour 5
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original ‘\ | |
particle | | |
| 3‘ /m.gum
‘\ particle
neighbour
0 o
- ’ M
z \\‘ # — W

. ¢ ncighbour 2
neighbour 4

(a) 1 periodic neighbour (b) 3 periodic neighbours (¢) 7 periodic neighbours

Figure 6. Particle with periodic neighbours

It is also possible to create a non-periodic assembly. In this case, all particles that intersect the bound-
aries are removed. Such an assembly is created by setting findPeriodicNeighbours in searchableSurfacesDict
to false. As seen in Fig. 7, the resulting orientation distribution is non-uniform, with particles near
boundaries being more likely parallel to the boundaries. This happens even if isotropically random
distribution is enforced with Eqn. 3 and allows for a representation of wall-induced perturbations [59].

Figure 7. Non-periodic assembly

2.1.3. Reference point test. After the periodic neighbours are created, a test is performed to determine
if the reference point is contained within the new particles. The reference point is specified under
locationInMesh setting in snappyHexMeshDict, with the purpose of designating the region occupied
with the fluid. Particles (and their neighbours) overlapping with this location are therefore removed.

It needs to be addressed here that it would be natural to determine this reference point only after
the assembly is created as it would reduce the number of necessary computations. However, compared
to the collision detection algorithm, the time needed for this test is negligible. Also, determining the
reference point after creating the assembly would slightly complicate the setup of the snappyHexMeshDict.
Therefore, we specify the reference point prior to generating the assembly.

2.1.4. Tangentiality check. To prevent meshing errors for particles near or intersecting the boundary (as
seen in Fig. 1b), we perform a tangentiality check. The tangentiality is controlled through two parameters:
minimum allowed distance from the boundary (minBoundaryDistance) and minimum allowed overlap
with the boundary (minBoundaryOverlap), both values relative to the particle radius r. As before, if
evaluated as tangential, the particle (and its periodic neighbours) are removed from the assembly.

A sphere is considered tangential to a boundary (containing a point p, and a normal n,) if the below
expression is true:

(1= Amo) 7 < [(Pp — ) *np| < (1 + Apg) 7, (6)

where A,,, and A,,4 are respectively the aforementioned minimum allowed overlap and minimum allowed

distance.
For a spherocylinder, Eqn. 6 is applied on its top and bottom hemisphere.
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For a cylinder, the tangentiality check involves several steps. First, it is determined whether the
cylinder is intersecting the boundary using Eqn. 5. For a non-intersecting cylinder (see Fig. 8a), the
minimum distance from the boundary is evaluated using:

|(Pp — ) *mp| — rsina < Apar, (7)

where ¢; is the centre of the top or bottom cylinder base and « is the angle between the boundary and
the cylinder:

a = arccos |n,*e|. (8)

If the cylinder intersects the boundary (see Fig. 8b), the test for the minimum allowed overlap will depend
on the angle a:

if 0<a<g = (1 - App)rsina < |(pp — ¢p) *ny| < 7rsina,

if a=0 = |(pp—cp) 0y >(1—A)r (9)

. s

if a= 5 - |(pp — Cb) 'Ilp| < ATn,or'

<n[)

n, Py

- Pp c
“e
sinad Cb
Cb_ rspa

Non-int ti lind
(a) Non-intersecting cylinder (b) Intersecting cylinder

Figure 8. Tangentiality check for a cylindrical particle

Selection of the optimal values for A,,, and A,,4 will depend on the considered system and the grid
size. The test case described in subsection 3.3 can be used as a rough guideline: for a system with solid
fraction 0.2 and a cell length of ~ D/40, we used A,,4 = 0.1 and A,,, = 0.25. For a similar system, but
with a finer mesh, these values could be reduced. More information on selection of optimal parameters
can be found in Appendix B.

2.1.5. Collision check. The last step of the assembly generation algorithm is the collision check. This
removes particles that overlapping with the already existing particles in the domain.
For two spherical particles, ¢ and j, the collision check is based on the distance between their centres:

lc; —cjl <rmi+r+e (10)
To prevent meshing errors, such as formation of bridges (Fig. 1a), the minimum allowed distance between

the particles is controlled with the e parameter. For spheres, this value is:

e="00A,, (1)

where A,_,, is the user-defined minimum relative gap between the particles. A procedure for selection of
optimal A,_, for the considered case is discussed in Appendix B.
The collision check for two cylinders, ¢ and j, depends on the angle between their orientation vectors.
If the two cylinders are parallel (e; x e; = 0), it is sufficient to test [60]:
2
ri+rj+e< ‘A” Xei\,

<|Ajjvel, (12)

where A;; = c¢; —c; is the distance between their centres. The minimum allowed distance € is defined as:
) CLi4 L
€ = min (7’242-13’ ll—j) Ap_p, (13)
with A,_, being the relative gap as described before.
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Otherwise, for two non-parallel cylinders, the collision check is a prohibitive task [60]. In the interest
of efficiency, we first perform a quick check using the method of separation of axes [60], and then—if
needed—we employ the algorithm for spherocylinders [61,62] (see Appendix A).

The method of separation of axes states that two cylinders are separated (not colliding) if there exists
any axis d such that:

Li + 26 Lj + 26
2
As recommended in [60], we test the above expression for d = A;;, e; x €;,e; and e;. The testing stops

as soon as Eqn. 14 is evaluated as true and the new cylinder is kept.

While finding a separation axis proves that the cylinders are not colliding, not finding one does not
imply a collision. There is potentially an infinite number of separation axes d that could be tested [60].
Therefore, if no separation axis is found after four tests, we employ the algorithm for spherocylinders [61,
62] (see Appendix A). Here we approximate the cylinder with a spherocylinder of an equal shaft-length,
i.e., ARsc = AR.+ 1, where sc denotes the spherocylinder and ¢ cylinder. However, it needs to be noted
that this approximation could occasionally remove non-colliding cylinders.

f(d) = (ri +e)[dx e+ (r; +¢)|dx e+

|d°ei| +

|d°ej|f|d°Aij| < 0. (14)

2.1.6. Performance test. To illustrate the behaviour of our packing algorithm, we use an example of a
random tri-periodic assembly with 200 particles (Fig. 9). For non-spherical particles, we use aspect ratio
of 2. Generally, the aspect ratio will limit the possible density of a random packing, since denser packings
tend to exhibit a directional preference [22,59).

Since we use a rather simplistic method for generating particle assemblies, we are only able to produce
moderately dense systems. Imposing no minimum interparticle distance (A,_, = 0, subsubsection 2.1.5)
and no tangentiality check (subsubsection 2.1.4), we are able to achieve solid fraction of 0.35 for spheres
and spherocylinders, and of 0.3 for cylinders (Fig. 9a). However, if meshed, these assemblies would likely
feature meshing errors. Adapting the assembly for coarse meshes, i.e.: minimum interparticle distance
set to Ap_, = 0.1 and tangentiality-related quantities set to A,,q = 0.1 and A,,;,, = 0.25, causes the
maximum solid fractions to drop to 0.3 for spheres and spherocylinders, and to 0.25 for cylinders (Fig. 9b).
Selection of optimal parameters for meshing is discussed in Appendix B.

More advanced algorithms that allow for higher solid fractions are available in the literature [63, 64]
and could be implemented in the future. For now, the code works for solid fractions ¢s; < 0.3. As seen
in Fig. 9 (tested on Intel®Core™i7-9850H CPU @ 2.60GHz using one core), it typically takes less than
a minute to generate a packing with ¢, < 0.25 and less than 10 seconds for ¢, < 0.2.

1024
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2 2
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% 1009 g 1w
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spherocylinders spherocylinders

104 1011 spheres
005 010 015 020 025 030 035 005 010 015 020 025 030
solid fraction @ [—] solid fraction ¢, [—]
(a) Ap—p =0, no tangentiality testing (b) Ap—p =0.1, Ayyg = 0.1, Apyp =0.25

Figure 9. Average execution time for creating a tri-periodic assembly with 200 particles.
The averages are calculated using 5 independent runs. Error bars represent the standard
deviation. Tested on Intel®)Core™i7-9850H CPU @ 2.60GHz.

2.2. Treatment of sharp edges. The automatic mesh generation is highly sensitive to the occurrence
of sharp edges in geometry (Fig. 1c). In order to avoid meshing errors, we explicitly define the edge
points via eMesh files. The eMesh files inform snappyHexMesh of the edge location, leading to a precise
discretization. This also allows for additional mesh refinement near and at the edge. Such refinement is
strategically important, as it can reveal the details of the flow field near abrupt changes of the interstitial
space.
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We deal with two types of edges. The first type is inherent to the geometric shape of the particles, here
appearing only in cylinders, at the joinings of the shaft and the bases. Details on the edge meshes for the
cylinder bases are given in subsubsection 2.2.1. The second type of edges occurs at the intersections of
particles and periodic boundaries. These intersection meshes are particularly important for the stability
of the simulation, as they ensure conformity between the neighbouring periodic boundaries. Mathemat-
ically, the boundaries are treated as planes characterized by a point p, (centre of the patch) and an
outward-pointing unit-normal vector n,. The procedures for finding the intersection edges of spheri-
cal and cylindrical particles are described in subsubsection 2.2.2 and subsubsection 2.2.3, respectively.
Spherocylinders simply inherit the procedures from the other two shapes.

Examples of various edge meshes are shown in Fig. 10.

Vi

Cp

(c¢) Circular intersection of a
(b) Cylinder base intersected by spherical particle and a planar
a domain edge boundary

(a) Cylinder base with an or-
thonormal basis

R
n,
(d) Elliptical intersection of a
cylindrical particle and a planar (e) Elliptical  intersection (f)_ Re?tangmaf intersection of a
boundary trimmed by the cylinder base cylindrical particle and a planar
boundary

Figure 10. Types of edge meshes

2.2.1. Cylinder edges. Cylindrical particles need explicitly defined edges at the circular bases. Following
the notation from Fig. 10a, a point p; on the cylinder edge is calculated using:

Pi = ¢, + cosf;rny + sin @;rny, (15)

where c; is the centre of the circular base, r is the cylinder radius, and 6; is an angle between 0 and 2.
Number of points describing the edge is user-defined, with the default value set to 360 (in the future, the
code could be improved to automatically determine the resolution of the edge mesh based on the local
grid size). Vectors n; and ny create an orthonormal basis with the cylinder orientation vector e.

To find the vector nj, we use the Gram-Schmidt process [65]:

n% — (n% 'no) ny

n; (16)

B |n% - (n%’no) ng|’

Here, ng is equal to the orientation vector e and n} is set to [1,1,1] in general case or to [0, 1,1] if ng is
parallel to [1,1,1].
Vector ny then simply follows from:

no = 1nj; X ng. (17)
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The situation where the circular base is intersected by one of the domain edges requires a special
attention. As seen in Fig. 10b, there will be a point m on the base interior which needs to be added
to the list of the edge points. This point is found using the Pliicker formula for a meet of a line and a
plane [66,67]:

(np x Cp) — (= (pp*np) Ca)

= . 1
m 1p-C, (18)

In the equation above, the plane is defined with a point pp and a normal np. Since we are interested in
the plane containing the cylinder base, we use pp = ¢; and np = e. The line intersecting the base is the
domain edge with vertices v; and v;, which is in Pliicker coordinates defined as:
Cyg=vj—v;,
- (19)
Cm =V; X Vj.
2.2.2. Intersection edges for spherical particles. Intersection of a sphere and a plane is circular in shape
(Fig. 10c). The points of the intersection edge are therefore found using an equation similar to Eqn. 15:

pPi = ¢y + cosf;ryny + sinf;rns + €. (20)

Here, the capital subscript I denotes the intersection values, i.e., centre c; and radius r; of the intersection
curve, while the lower subscript ¢« denotes points iterated between angles 0 and 27. Vectors n; and ns
form an orthonormal basis with the normal to the boundary patch, i.e., ng = n,, in Eqns. 16 and 17. The
optional quantity € = —Arn,, pushes the edge mesh inside the domain for a small fraction of the particle
radius. This prevents the edge from being inadvertently omitted during the meshing. The default value
for A is 0. We used A = 10~* in the test cases in section 3.

The centre of the intersection circle c¢; is calculated from:

c; =c+ An,, (21)

where c is the centre of the mass of the sphere, and A is the signed distance between the sphere and the
boundary:

A= (pp—c) mn,. (22)
Last, the radius of the intersection follows from:

rr=vVr2— A2 (23)

2.2.3. Intersection edges for cylindrical particles. The shape of an intersection of a cylinder and a plane
depends on the angle between them: if the cylinder axis is parallel to the plane, the intersection is rect-
angular; if the cylinder axis is normal to the plane, the intersection is circular; otherwise, the intersection
is elliptical. This elliptical intersection can be full or trimmed by either one or both cylinder bases [58].

To find the points of the elliptical and circular intersections (Fig. 10d), we use the following equation:

Pi = €1 + cos 91‘7”],1131 + sin eiT172t2 + €, (24)

where cy is the intersection centre, r7; and 772 are respectively the major and minor radius of the
ellipse, and t; and t5 are respectively the major and minor axis direction. The optional parameter
€ = —Amax (D, L)n, pushes the edge mesh inside the domain for a small fraction of the cylinder maximal
dimension, either the diameter or the length. As described previously, this is to aid snappyHexMesh, since
edges that are directly at the boundaries are considered to be outside of the domain and thus get omitted
during the meshing.

The major radius of the ellipse is found from:

r
TI1= T (25)
Iy - el
while the minor radius is simply that of the cylinder:

g =" (26)

Generally, the major axis direction can be calculated using:

e— (n,*e)n
tl ( p ) P (27)

B le — (n, e)n,|

However, if the cylinder axis is normal to the plane (jn,*e| =1 = |e—(n,*e)n,| = 0), the intersection
is circular and t; is found from Eqn. 16 with ng = e.
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The minor axis direction follows from the cross product between the plane normal and the major axis
direction:

to = n, X t. (28)
Finally, the ellipse centre is:
A
cr=ct ——, (29)
n,-e

where A is the signed distance between the cylinder centre ¢ and the point on the boundary p, as in
Eqn. 22.

Before iterating through the edge points with Eqn. 24, we test whether the ellipse is trimmed by any
of the cylinder bases (Fig. 10b). For this we use the Pliicker equation for a meet between a line and a
plane. In Eqn. 18, the plane is now defined with the patch normal np = n, and with the ellipse centre
Pp = c;. The line spans the diameter of the cylinder base, with the following vertices:

Vij=C¢Cpt(ta xe)r. (30)

After transforming the line to Pliicker coordinates with Eqn. 19, the meet m follows from Eqn. 18.
If the distance between the meet m and the cylinder base centre c; is shorter than the cylinder radius,
the ellipse is trimmed. The trim points are then:

pPr,, = m* /7% —|c, — m|*ty. (31)

We convert the trim points into angles using [68]:

rra ((pr,, —cr) *t2)
T1,2 ((pTi,j - CI) 'tl)
The intersection points can now be calculated from Eqn. 24 for angles 6; in the interval demarcated by
the equation above.

Lastly, the intersection of a cylinder and a plane is rectangular if the cylinder axis is parallel to the
plane (Fig. 10f). In this case, the vertices of the rectangular intersection are:

O, , = arctan

(32)

pi =c¢, — An, £ 77 (n, X e) +¢, (33)

where point ¢; is the centre of the top or the bottom base and A is the signed distance between the
point on the plane p, and ¢; (Eqn. 22). The distance r; is found from Eqn. 23. As before, € is in
the opposite direction of the plane normal and of magnitude equal to a small fraction of the cylinder
maximum dimension (i.e., diameter or length).

2.3. Pressure boundary condition. To establish a flow in a tri-periodic domain, we developed an
iterative pressure boundary condition which adjusts the pressure jump to the imposed mean velocity.

OpenFOAM® already offers a possibility to specify a pressure jump at the periodic boundaries, i.e.,
uniformJump boundary condition. However, this boundary condition is impractical in situations where
the pressure jump is not known a-priori. Another recommended approach [69,70] is to impose the target
mean velocity at the boundaries using a source term (via patchMeanVelocityForce function object),
while setting the cyclic constraint on the pressure. However, this enforces equal pressure at the inlet and
outlet boundaries, affecting the accuracy of the force calculation (see Appendix C).

Our boundary condition is derived from the aforementioned uniform pressure jump boundary condi-
tion [71]. Here, instead of a pressure jump value, we impose the value of the target mean velocity through
the domain. The actual mean velocity in the domain u, projected onto the direction of the target velocity
u, is calculated as:

Zi (ﬁ : ui) Vi
Vi

where u; and V; are respectively the velocity and volume of cell 1.
The pressure jump is consequently updated according to the ratio of the current and the target mean

velocity:
u

with superscript n denoting the new value, superscript o denoting the value from the previous iteration,
and « being a user-defined relaxation factor (default value set to 1). As shown in Fig. 11, the pressure
boundary condition needs to be used within a context of an iterative solver, such as simpleFoam.

u=

(34)
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Figure 11. Pressure boundary condition within SIMPLE algorithm

For the initial iteration, an initial value for the pressure jump (Ap),, ., needs to be provided. Using
an informed guess for the initial pressure jump (e.g., Ergun pressure drop [72] for problems with particle
assemblies), the number of iterations until convergence can be reduced. An example of the convergence
behaviour can be seen in subsection 3.1. The influence of the initial pressure jump is examined in
Appendix D. Using the boundary condition with pimpleFoam is described in Appendix E.

2.4. Force calculation. To calculate the forces acting on the particles, we extended the forces function
object [73] with two new features: 1) pressure correction for periodic neighbours and 2) calculation of all
first moment components.

2.4.1. Pressure correction for periodic neighbours. Following notation from [14], the hydrodynamic force
acting on a particle with surface S is:

f= % o-nds, (36)
5

where o is the stress tensor and n the unit-normal vector at the particle surface.
In the forces function object [73], the above force is split into a pressure and a viscous contribution:

f=f+1,. (37)
The pressure contribution is found from:

fp = Zpisf,i (pi _pref) 5 (38)
[

where subscript 7 denotes the face-centre values of the boundary cells, p is the fluid density, s; is the cell
face area vector (parallel to the normal at the cell face), p is the local pressure and p;.s is the reference
pressure value, supplied by the user.

The equation above calls for a special treatment when applied to particles in periodic domains. In
such simulations, we are often interested in the total force acting on a single particle. To calculate this
force, contributions from particles intersecting the periodic boundaries need to be summed up, as if they
were parts of a single particle. However, such summation leads to an unbalanced force if a pressure drop
exists between the boundaries. To rectify this, we add a pressure drop correction to the force acting on
particles crossing the outlet boundary:

[fp]outlet = Z p7sf7 (p7 - pref + Ap) . (39)

The pressure drop correction Ap is read from the pressure jump boundary condition detailed in sub-
section 2.3. With the above addition of Ap, the particle at the outlet boundary effectively experiences
the same pressure as the particle at the inlet boundary, correcting the force imbalance that would occur
otherwise (for an example see Appendix C).
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The viscous contribution from Eqn. 37 is not sensitive to the periodicity and it remains calculated
as [73]:

fu = Z Sf.i (URdev) ) (40)

where p is the dynamic viscosity and Ry, the deviatoric stress tensor.

It is important to note here that the force f is the total fluid-to-particle force, including the effects due
to the local pressure gradient. In order to obtain a force closure consistent with the ensemble/volume
averaging theory [7], the pressure gradient contribution needs to be removed. As shown in [74], this force
due to the flow alone (without pressure gradient) is simply found from:

fflow =f (]- - (bs) 3 (41)

where ¢, is the solid fraction.

2.4.2. First moment calculation. Apart from the hydrodynamic force, OpenFOAM® also calculates the
hydrodynamic torque (called moment in forces function object) [73]. However, as detailed in [14], the
torque mathematically represents only the antisymmetric part of the first moment of the force.

From the symmetric part of the first moment, we can also calculate the hydrodynamic stresslet [13].
Physically, stresslet represents the resistance to the straining motion [14]. While (unlike force and torque)
it does not affect the Lagrangian motion of the particles, stresslet affects the suspension mechanics. For
example, stresslet is used in calculation of Einstein’s viscosity [75] for dilute suspensions of spheres,
and recently, it is studied in contexts of microorganisms [15] and shear-thinning [47]. There is also
compelling evidence that stresslet affects turbulent flows [16,17], and could be important in a wide range
of applications.

In indicial notation, the first moment of the hydrodynamic force (Eqn. 36) is [14]:

Mij = f aiknkrde, (42)
S

where o is the stress tensor, n the unit-normal at the particle surface, and r the position vector. The
position vector is implemented as the distance of the cell centres from the geometric centre of the particles.

As mentioned before, tensor M can be re-written as a sum of its symmetric S and antisymmetric part
A:

M;; = S5 + Aij, (43)
1
Sij = 57( (O’ikrj + O'jk’l“i) ngdS, (44)
S
1 1
Aij = 5% (O’Z‘ij — O'jkT’i) nidS = —ieijktk. (45)
S

Here, the hydrodynamic stresslet S is equal to the symmetric part of the first moment, while the
hydrodynamic torque t is found as the Hodge dual of the antisymmetric tensor A. Verification of the
stresslet calculation is given in subsection 3.4.

3. Verification

This section describes the verification cases. Spherical, cylindrical and spherocylindrical particles are
considered respectively in subsection 3.1, subsection 3.2 and subsection 3.3. At the end, in subsection 3.4,
we also verify the calculation of stresslet with the analytical solution for a single sphere in simple shear
flow.

3.1. Spherical particles. For our first test case, we consider spherical particles in a simple cubic array.
This case is well-studied in literature: there is a semi-analytical solution for the drag force in Stokes
flow [76] and there are several numerical results for the drag force at moderate-Re—flow [8,9,50].

Our simulation domain is depicted in Fig. 12. The domain is cubic, with flow parallel to the z-axis and
with enforced periodicity in all three directions. Due to the periodicity, it is sufficient to simulate only
one sphere. To verify the force summation for the periodic neighbours (subsubsection 2.4.1), we consider
three cases: 1) the sphere is placed in the middle of the domain (Fig. 12a), 2) the centre of the sphere
coincides with the centre of the inlet boundary, resulting in a periodic neighbour at the opposite (outlet)
boundary (Fig. 12b), 3) the centre of the sphere coincides with one of the domain vertices, resulting in
7 periodic neighbours (Fig. 12c). The three cases are referred to as full-, half-, and eight-part-sphere,
respectively.
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(a) full-sphere (b) half-sphere (c) eight-part—sphere

Figure 12. Simple cubic array in tri-periodic computational domain. Flow is in the
direction of z-axis, from the red towards the blue boundary. Example shown for solid
fraction 0.201.

At the inlet and outlet boundaries we impose the pressure boundary condition from subsection 2.3
with the target mean fluid velocity u. No-slip condition is set at the sphere surface.

Definitions of the relevant parameters, following [8,76], are given in Tab. 1. Sphere diameter, fluid
density and dynamic viscosity are kept constant and, for simplicity, set to D = 1 m, p = 1 %, and
u=1Pas.

In the Stokes flow regime, the solid fraction is varied between 0.027 and 0.45, while Re is kept constant
at 0.01. For the moderate- Re—flow, solid fraction is kept constant at 0.201. Other parameters, such as
the domain length (1), superficial velocity (v) and average fluid velocity (u), follow from the relations in
Tab. 1.

Table 1. Definitions of relevant parameters for a simple cubic array of spheres according

to [8,76]
Parameter Definition
Reynolds number Re = %
Superficial velocity v=(1-¢s)u
. . 13
Solid fraction os = %77 7)
Dimensionless drag force Fp = GV

The mesh resolution needs to be sufficiently fine to capture the boundary layer at the particle surface.
The boundary layer thickness is proportional to D/v/Rep [9], where Rep is the Reynolds number based
on the particle diameter D. It should be emphasized here that the definition of the Reynolds number
in Tab. 1, according to [8,76], is based on the particle radius, and therefore amounts to half of Rep. In
order to have at least 3 cells across the boundary layer, we impose a cell length of D/24 for Re < 100
(Rep < 50), and D/40 for Re > 100 (Rep > 50).

To achieve such a resolution in an unstructured mesh, we fix the background mesh resolution (blockMesh)
to D/6 and D/10, for Re < 100 and Re > 100, respectively. The surface refinement level is set to 2,
reducing the cell length at the sphere surfaces 22 times. Configurations with periodic neighbours have
additional edge refinement of level 3 at the locations of intersections with periodic boundaries. Between
each refinement level, there are 4 layers of cells (i.e., nCellsBetweenLevels = 4).

Simulations are run with the steady-state solver simpleFoam. We consider the simulations converged
when the residual values drop below 1-1076 for Re < 100, or below 1- 1075 for 100 > Re > 250.
After Re > 250, the residuals stop decreasing with iterations, pointing to a possible onset of unsteady
flow. To illustrate the convergence behaviour, Fig. 13 shows the relative change of pressure jump Ap
(Eqn. 35, with initial value (Ap), ., = 1 and relaxation factor a = 0.2) against the number of iterations
for Re = 100.

init
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Figure 13. Relative change of pressure jump at Re = 100

The results are shown in Fig. 14. In the Stokes flow (Fig. 14a), all three configurations achieved
excellent agreement with the semi-analytical solution from [76]. The mean relative deviations for the
full-, half-, and eight-part—sphere are respectively 1.14%, 0.7%, and 0.8%. Slightly better agreement of
the configurations with periodic neighbours can be attributed to the additional mesh refinement at the
intersection edges.

Agreement with the available numerical data is also achieved for the moderate- Re—flow (Fig. 14b). On
average, the relative difference between our results and the data from Hill et al. [8], Tenneti et al. [9],
and Das et al. [50] stays below 2%. It is important to note that while we used body-fitted DNS, Hill et
al. [8] used LBM, and both Tenneti et al. [9] and Das et al. [50] used IBM (different implementations).
Good agreement with the results acquired using various methods confirms the validity of our drag force
calculation. In the next section, we test all components of the hydrodynamic force and torque.
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Figure 14. Simulation results for a spherical particle in simple cubic array. Stokes flow
results are compared to the semi-analytical data from Zick and Homsy [76]. Moderate-
Re—flow results are compared to the numerical data from Hill et al. [8], Tenneti et al. [9]
and Das et al. [50].

3.2. Cylindrical particles. To test the simulation of cylindrical particles, we use a well-validated
fictitious-domain—based solver PeliGRIFF [48,49].

Our test case contains 16 randomly oriented cylindrical particles placed in a cubic, tri-periodic domain
(Fig. 15). Exact positions and orientations of the cylinders can be found in the related case files. The
rest of the general parameters is summarized in Tab. 2.
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cylinder index

w

Figure 15. Simulation domain for cylindrical particles

Table 2. Simulation parameters for cylindrical particles

Parameter Value
Cylinder diameter D 0.2m
Cylinder aspect ratio AR 2
Superficial velocity |v]| 0.1%2
Density p 1000 %
Reynolds number Re = %lvl 20
Domain length [ 1m

Minimum point of the domain (0.2, 0.2, 0.2) m
Maximum point of the domain (1.2, 1.2, 1.2) m

In the OpenFOAM® simulation, the size of the background mesh is set to 1 /5 of the cylinder diameter.
The refinement level is set to 2 for the surfaces, and to 3 for the edges and gaps, leading to a final,
unstructured mesh with & 650k cells. Further increase in the mesh fidelity (background mesh cell reduced
to D/6) had little influence on the results, yielding on average less than 0.5% relative difference for the
drag force. In the PeliGRIFF simulation, the mesh is uniform with 20 cells per cylinder diameter. The
spatial numerical scheme is second order accurate.

As seen in Fig. 16, nearly identical results are computed for each cylinder, both in terms of the
hydrodynamic force f; and torque ¢;. The drag force (i.e., component f,, Fig. 16a) is found to have the
most significant impact, being several times greater in magnitude than the other components. Here, the
agreement between the results is excellent, with the mean relative difference below 2% and the maximum
difference below 4%. The largest discrepancy overall is found in the components tending to zero (for
example, f, for cylinder 7 or t, for cylinder 5). Excluding such small values from the consideration, the
relative difference on average stays below 2% for all force and torque components.
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Figure 16. Components of the hydrodynamic force and torque acting on individual
cylinders in a tri-periodic domain. Comparison of the simulation results produced by
OpenFOAM and by PeliGRIFF.

Converged dimensionless pressure and velocity fields are shown in Fig. 17 (sampled at the middle of
the domain).

p/p_min, [ -] pressure fluctuations, [ - ]
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(a) Pressure (b) Pressure fluctuations (c) Velocity

Figure 17. Dimensionless pressure and velocity fields sampled at the middle of the
domain. Pressure fluctuations are normalized as: (p —Ap- %) / ( \7 ) where Ap is the

pressure jump between boundaries [Pa m?/kg] and x the distance.

3.3. Spherocylindrical particles. For our penultimate test case, we consider tri-periodic packings of
200 spherocylinders, as studied by Sanjeevi and Padding [22]. The spherocylinders are of aspect ratio 4,
and of orientation either parallel to the incoming velocity vector (0° configuration, Fig. 18a), or normal to
it (90° configuration, Fig. 18b). Additionally, we consider similar configurations of cylindrical particles, of
the same aspect ratio (Figs. 18c and 18d). The unidirectional random assemblies are generated by setting
the global orientation vector (Eqn. 3) to [1,0,0] in 0° configurations and to [0, 1, 0] in 90° configurations.
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(a) spherocylinders, 0°
-

(c) cylinders, 0° (d) cylinders, 90°

Figure 18. Configurations used for comparison of drag force in assemblies of sphero-
cylinders and cylinders. Each domain contains 200 particles of aspect ratio 4. Solid
fraction is 0.2. Inlet velocity is parallel to the z-axis.

As in the previous test cases, we define the relevant quantities following the reference work [22]. These
are summarized in Tab. 3, while Tab. 4 summarizes parameters that are kept constant in our simulations.

Table 3. Definitions of relevant parameters used in simulations of spherocylindrical
particles according to [22]

Parameter Spherocylinders Cylinders
Diameter of a volume- D4 = D\3/3A—§_1 Deq = Di/#
equivalent sphere

Reynolds number Re = pDeg|v]/u
Dimensionless drag force Fp=fo (1= ¢s)/ (37puDequy)

Table 4. Simulation parameters for spherocylindrical and cylindrical particles

Parameter Value
Particle diameter D 1m
Particle aspect ratio AR 4
Solid fraction ¢ 0.2
Number of particles NV, 200
Fluid density p 1 %
Dynamic viscosity p 1 Pas

The mesh resolution is specified by setting the background mesh size to 6 cells per particle diameter,
surface refinement level to 3 and edge refinement level to 4. This leads to at least 46 cells per particle
diameter. The final mesh contains around 15 million cells for spherocylinders and around 29.5 million
cells for cylinders. The finer resolution for cylinders is partially due to the presence of sharp edges, which
increases the number of cells, but also due to the larger domain needed to achieve the same solid fraction.
To avoid meshing errors, the minimum distance between the particles is set to 30% of particle radius,
minimum distance from the boundaries is set to 10% of the radius, and minimum allowed overlap with a
boundary is set to 25% of the radius.
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While the initialization of particle assemblies took around 2 s, the meshing on average took less than
30 min for spherocylinders and less than 45 min for cylinders. The average convergence time for the
slowest simulation (Re = 100) is around 2 h for spherocylinders and 5 h for cylinders (Tab. 5). We used

Intel®Xeon@®)Gold 6126 CPU @ 2.60GHz processor with 24 cores.

Table 5. Execution times using Intel®Xeon®Gold 6126 CPU @ 2.60GHz processor

with 24 cores

Case assembly meshing Re=1 Re =100
generation
spherocylinders, 0°, run 1 1.58 s 28 min 103 min 130 min
spherocylinders, 0°, run 2 14s 25 min 98 min 114 min
spherocylinders, 0°, run 3 1.38 s 27 min 96 min 110 min
spherocylinders, 90°, run 1 1.97 s 27 min 113 min 140 min
spherocylinders, 90°, run 2 1.51s 27 min 105 min 123 min
spherocylinders, 90°, run 3 1.84 s 26 min 119 min 155 min
cylinders, 0°, run 1 1.04 s 46 min 199 min 250 min
cylinders, 0°, run 2 1.07 s 47 min 203 min 256 min
cylinders, 0°, run 3 1.53 s 39 min 209 min 246 min
cylinders, 90°, run 1 1.3 s 38 min 171 min 246 min
cylinders, 90°, run 2 1.24 s 40 min 191 min 256 min
cylinders, 90°, run 3 1.17 s 45 min 171 min 246 min

The results are shown in Fig. 19. The dimensionless drag force is based on the mean force acting on an
individual particle. Three runs are performed for each configuration. The maximum relative deviations
between the runs—due to the differences in random configurations—are 2.56% for spherocylinders and
4.35% for cylinders. Comparing to the drag fit for spherocylinders from [22,77], the average relative
difference is 1.9% for 0° and 4.7% for 90° configuration. The maximum deviation of 5.72% is found for

90° configuration at Re = 100.

]
t
L

20

104

dimensionless drag force Fp, [—]
—
wt

Figure 19. Drag force in uniaxial random assemblies of spherocylinders and cylinders
with aspect ratio 4 and solid fraction 0.2. Simulation data is based on the mean force
acting on an individual particle in tri-periodic assemblies with 200 particles. Three inde-
pendent runs were performed for each configuration. Reference data for spherocylinders

is taken from [22].

- Sanjeevi & Padding (2020)
o cylinders
o spherocylinders

80

100

After verifying the simulation, we can move on to the comparison of spherocylindrical and cylindrical
particles. As expected, the cylinders experience higher drag due to their blunt shape [24,25]. As shown
in Figs. 20 and 21, the sharp edges of the cylinders cause flow separation. This induces higher pressure
fluctuations and therefore higher drag. On the other hand, spherocylinders are more streamlined, and
therefore experience less drag. Specifically, the offset of the simulation results for cylinders and sphero-
cylinders stays around 13% (Fig. 19). This finding suggest that, for particles of aspect ratio 4, the drag
fit for spherocylinders could also be used for cylinders if amended with a correction factor.
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(a) spherocylinders (b) cylinders

Figure 20. Detail of the dimensionless velocity field (Re) for the average Re = 60.
Snapshots of a smaller test case with 40 particles.

uctuations, [
uctuations, [

2,00 = -2.00 =
2 2
400 2 4.00 2

(a) spherocylinders (b) cylinders

Figure 21. Detail of the dimensionless pressure fluctuation field for the average Re =
2

60. Pressure fluctuations are normalized as: (p— Ap- %)/ (%), where Ap is the

pressure jump between boundaries [Pa m®/kg] and x the distance. Snapshots of a smaller

test case with 40 particles.

3.4. Stresslet verification. Last, to test our calculation of the stresslet, we use the analytical solution
for a single sphere in simple shear flow [14].

The test case consists of a sphere placed at the centre of a cubic domain (Fig. 22a). Velocities of equal
magnitudes, but of opposite directions, are imposed at the boundaries normal to the y-axis, such that
the field far away from the sphere is:

u*=1[y 0 0]. (46)
No-slip velocity constraint is set at the surface of the sphere, while cyclic constraint is imposed at the
remaining boundaries. Meshing is similar as in the previous cases, i.e.: there are 6 cells across the sphere
diameter in the background mesh, and the surface refinement level is set to 3.
Under the assumption of Stokes flow, the motion can be decomposed into straining and rotation, both
of equal magnitudes. Since we are interested in the stresslet, we focus only on the rate-of-strain tensor:
1 [/ 0u; = Ouy
E® = : L. 47
K 2 (813] + 611 ( )
Using Eqn. 46, the only non-zero components of the above tensor are E2) = Ej2 = 0.5.
As shown in [14], the stresslet components can be found from:

20m o
Sij = THT3Eij ) (48)
where r is the sphere radius. For the rest of the parameters—similar as in [78]—we use a dynamic
viscosity of 4 = 1 Pas and a total length of the domain edge of I = 2 m. The sphere size varies according
to the imposed solid fraction.
Comparison of the simulation results and Eqn. 47 is shown in Fig. 22b. The graph shows the non-zero

stresslet components in relation to the particle radius. In the range of tested solid fractions (0.001 to
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0.08), the mean relative deviation from the analytical solution is 3.17%. For small particles (r < 0.4 m,
i.e., ¢s < 0.04), the deviation stays below 2%. Maximum error of 9.04% is found for the largest particle.
This is expected since the influence of the boundary layer around the larger spheres reaches the domain
boundaries and invalidates the simple shear assumption. Nonetheless, excellent agreement found for the
small particles verifies the correctness of our stresslet calculation.
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(a) Steady-state flow field for solid frac- (b) Comparison of the analytical solution for the
tion 0.02 stresslet [14] and the simulation results

Figure 22. Single sphere in simple shear flow

4. Conclusion

We developed an OpenFOAM® workflow for automatic pre- and post-processing for body-fitted DNS
of flows through assemblies of spheres, cylinders or spherocylinders. The workflow allows for a fast gen-
eration of moderately dense assemblies (¢; < 0.3) of non-overlapping particles, featuring periodicity, size
distribution, and random positions and orientations. Common meshing errors are minimized through
controlling the distance between the particles, eliminating the tangentiality to the boundaries, and ex-
plicitly defining the edge meshes. We improve the accuracy of the force calculation with an iterative
pressure boundary condition. This boundary condition enforces a pressure jump such that the target
mean velocity is established in the domain. Post-processing is expanded to include all components of the
first moment of the force.

Our method is carefully verified against available numerical data, showing excellent agreement with
the results from LBM, IBM and FDM simulations. Additionally, we show a direct comparison between
the drag force in uniaxial random assemblies of cylinders and spherocylinders of aspect ratio 4 and solid
fraction 0.2. The less streamlined shape of a cylinder leads to around 13% greater mean drag force
compared to a spherocylinder of the same aspect ratio. While this finding suggests that both types
of particles could be described using a similar closure law, more research needs to be done in order to
expand the range of studied solid fractions, aspect ratios and Reynolds numbers. Taking into account
the efficiency of OpenFOAM® for this type of simulations—geometry generation typically takes a few
seconds, meshing takes less than an hour and simulation converges in a few hours—it is feasible to
undertake such a study with a relatively low computational effort.

In the future, the following aspects of our work could be improved:

e A more advanced algorithm should be implemented to allow generation of dense packings;

e For dense packings, meshing of particles in contact needs to be addressed;

e New classes representing other particles shapes could be added, as well as classes that would
enable representing a mixture of particle shapes;

e Efficiency of the algorithm could be further improved by parallelization.

The numerical methodology presented in this work will be applied in future studies to close the averaged
equations of motion for systems involving non-spherical particles. Such particles are commonly used in
industrial processes. However, their irregular geometries—particularly when elongated or flattened—
pose challenges in operations such as pneumatic conveying. To better understand the hydrodynamic
behaviour of these materials, we will conduct direct numerical simulations of fluid flow through assemblies
of randomly oriented cylindrical particles. Additionally, the current methodology enables investigation
into the inertial rheology of the bulk phase. In particular, it allows for the computation of terms such
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as stresslet, which are needed in determining the bulk stress in particle suspensions. Beyond that, the
workflow can be applied to similar analyses of spherical and spherocylindrical particles, as well as of
polydisperse systems.
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Appendix A. Collision between spherocylinders

Here we briefly describe the collision algorithm for spherocylindrical particles. The collision check is
based on an algorithm for finding the shortest distance between two rods [61], adapted for spherocylinders
in [62].

In the first step, the following quantities are calculated for two non-parallel spherocylinders with centres
c; and c;:

a=a;*a,, (49)
b= —a,;-a,, (50)
c=a;*aj, (51)
d=a;* (c; —cj), (52)
e=—a;*(c; —cj), (53)
f=ac—0b-b, (54)

where a = % (L — D) e is the half-length of the shaft of the spherocylinder. Using the above expressions,
quantities T', t, S and s are found:
T bd — ae7 (55)
f
t=F(T), (56)
bt —d
S = 57
<, (57)
s=F(9), (58)

where:
-1, forx < -1,
F(x)=41, forz>1, (59)
T, for —1<x<1,
If s # 5, T and ¢t need to be re-evaluated using:

—bs—e

T=—— 60
=<, (60)
and Eqn. 56.
Next, vectors s; and s; follow from:

s; = ¢; + sa,, (61)
S; = Cj + taj. (62)

Finally, the collision is evaluated using:
‘Si—Sjl <r;+rj+te (63)

where the minimum allowed distance € is defined as Eqn. 13.
Collision of two parallel spherocylinders is tested using Eqn. 12.
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Appendix B. Selection of optimal parameters for meshing

To minimize meshing errors, we introduced parameters that control the minimum distance between
the particles A,_,, as well as parameters that control minimum distance and overlap in relation to the
boundaries, A,,, and A,,qs. As described in subsubsection 2.1.5 and subsubsection 2.1.4, these values
are defined relative to the particle size. For example, for spheres, these values represent a fraction of the
radius. The optimal parameters for the mesh will highly depend on the considered case. Nonetheless, as
a general starting point, we recommend the following procedure:

(1) Decide on the minimum cell size according to the target Reynolds number: there should be at
least 3 cells in the boundary layer, and the boundary layer thickness is proportional to D/ VRe [9].
Additionally, even in the creeping flow regime, it is recommended to have at least 40 cells across
the particle diameter D [9].

(2) Set the distance between the particles A,_, (as well as the distance between particles and bound-
aries A,,4) such that there are at least 7 cells in-between.

(3) Ensure that maxGlobalCells in snappyHexMeshDict is sufficiently large to cover the overall
target number of cells (this depends on the number of particles and the imposed refinement
levels).

For relatively coarse meshes, we recommend large A,_,, i.e., from 0.1 to 0.3. In subsection 3.3 we
achieved good agreement with the reference data [22] using A,_, = 0.3. However, we advise against in-
creasing A,_, beyond 0.3 as it might adversely influence the microstructure. Microstructure of granular
media can be characterized using pair distribution function g () [14,79]. The pair distribution function
indicates likelihood of finding another particle at a radial distance r, from the reference particle. Ac-
cording to the hard sphere assumption [14,79], the value of g () is 0 at r, < D and 1 at r, > D. Such
a distribution is valid for particles which interact with an infinite potential when colliding. As shown
in Fig. 23a, using A,_, = 0.1 produces a similar pair distribution function as the hard sphere theory.
However, it is important to note that increasing A,_, also increases the range of g (r,) = 0 (Fig. 23b)
causing a larger departure from the hard sphere assumption.

It is important to note that the effects of the microstructure on the average flow properties are poorly
understood. For example, the procedure for finding the pair distribution of cylindrical and spherocylin-
drical particles is, to the best of our knowledge, currently unavailable, although a similar procedure does
exist for ellipsoids [80].
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Figure 23. Influence of solid fraction ¢, and imposed interparticle distance A,_, on
the pair distribution function. Examples shown for monodisperse assembly with 1000
spheres.

For the minimum distance from the boundary A,,q, we recommend selecting a value similar to A,_,.
It is more difficult to devise a procedure for the minimum overlap with the boundary A,,,. Based on
experience, we recommend using A,,, = 0.25, at least for grid sizes comparable to cases in subsection 3.3.
One thing to consider is that some overlap needs to be allowed for tri-periodic systems. No overlap and a
large minimum distance from the boundary will produce a non-uniform solid fraction, with a dense region
in the centre of the domain and a dilute region near the boundaries. In turn, this leads to inaccurate
mean forces based on the overall solid fraction.
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Appendix C. On the necessity for a pressure jump boundary condition

In subsection 2.3, we introduce an iterative boundary condition for the pressure jump between the peri-
odic boundaries. The purpose of this boundary condition is to enforce the flow through a periodic domain.
Alternatively, it is reported [69,70] that the flow can be established using a source term in the momen-
tum equation. This is achieved by setting the desired mean velocity with the patchMeanVelocityForce
function object, while imposing the cyclic boundary condition for the pressure.

While the approach with the momentum source appears to yield correct results for some types of
periodic problems [69,70], we find it to be inaccurate when applied to force calculation. We demonstrate
this with the previously described test cases for spheres (subsection 3.1) and cylinders (subsection 3.2).
All parameters are kept as before, except now the flow is enforced using a momentum source.

First, we consider the simple cubic array of spheres in full and half configuration (Fig. 24). As seen
in Fig. 25, the difference in the drag force for a sphere fully enclosed within the boundaries is minimal,
around 1.6%. However, the average relative difference between the two methods for the half-sphere is
42%. This large deviation is due to the force imbalance which occurs when summing up the contributions
from periodic neighbours.

While the force imbalance can be rectified by adding a pressure correction to one of the periodic
neighbours (see subsubsection 2.4.1), there is currently no obvious way to do so for the momentum

source approach since the cyclic constraint equalizes the pressure at the inlet and outlet boundaries
(Fig. 24).
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(a) full sphere, pressure (b) full sphere, momen- (c¢) half sphere, pressure (d) half sphere, momen-
jump tum source jump tum source

Figure 24. Snapshots of non-dimensionalized pressure field at Re = 100
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Figure 25. Comparison between the two approaches of establishing flow in a periodic
domain: pressure jump boundary condition and source term in the momentum equation.
OpenFOAM® results are compared to the numerical data from Hill et al. [8], Tenneti
et al. [9] and Das et al. [50].

Next, we calculate the difference from the PeliGRIFF simulation for cylindrical particles. While the
mean difference for the drag force was less than 2% when using the pressure jump boundary condition
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(subsection 3.2), now, with the momentum source approach, the difference increased to 10.9%. Even
when excluding the cylinders that need pressure jump correction (cylinders 3 and 7), the results are still
noticeably less accurate, with the mean error of 9% and maximum error of 17%. Similar trends can be
observed also for the other components of hydrodynamic force and torque. However, for brevity, we here
show only the results for the drag force in Fig. 26.

51 HEEE OpenFOAM (momentum source)
I PeliGRIFF

0 02 4 6 8 10 12 14
cylinder index, [-]

Figure 26. Drag force acting on cylinders (subsection 3.2).  Comparison of
OpenFOAM® simulation with momentum source and PeliGRIFF simulation.

Appendix D. Initial pressure jump selection

This section helps the user define the initial pressure jump (Ap),,,; needed for the pressure jump
boundary condition (subsection 2.3). To show how the initial pressure jump guess affects the convergence,
we use the simple cubic array test case in full sphere configuration (subsection 3.1, Fig. 12a). As shown in
Fig. 27a, we compare three different cases for (Ap),,,,;- In the first case (red line), (Ap),,,., is set simply
to unity. In the second case (blue line), (Ap),,,;, is calculated according to the Ergun’s pressure drop [72]:

15001

o2 L5, 6
(AP)iir = v |V|2

D e T D M e

where [ is the length of the cubic domain, v kinematic viscosity, D particle diameter, v superficial velocity,
and ¢, solid fraction. The equation is normalized with fluid density, as usual for incompressible solvers
like simpleFoam. In the third case (black line), we use the converged value of the pressure jump as the
initial value. Additionally, we test two values for the relaxation factor a (Eqn. 35): 0.2 and 1.

As seen in Fig. 27b, if the initial guess for (Ap), ., is close to the final pressure jump, the number of
iterations until convergence will be reduced. However, this reduction is not dramatic and a reasonable
time until convergence can be expected even with (A,), .. set to an arbitrary value.
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Figure 27. Influence of initial pressure jump selection on the convergence. Example
shown for simple cubic array in full sphere configuration at ¢s = 0.201.
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Appendix E. Using the workflow with transient solvers

In our present study, we focus on steady state flows, which can be efficiently handled with simpleFoam.
However, since transient effects are important in many applications, we also briefly discuss how to use
the workflow in such cases. The main difficulty is that the pressure boundary condition (subsection 2.3)
requires an iterative solver and is therefore incompatible with non-iterative transient flow algorithms such
as PISO [81]. Nonetheless, the boundary condition works with transient solvers such as pimpleFoam,
which allow for iterations between the time steps [82]. Alternatively, the workflow can be used even with
non-iterative solvers if a different boundary condition is applied, e.g., uniformJumpAMI. In this case, user
specifies a constant pressure jump as the means to drive the flow. To solve the force imbalance over the
periodic neighbours (see Appendix C), the pressure jump correction needs also to be explicitly assigned
in searchableSurfacesDict (as shown in the related case files). As the input pressure jump value
for uniformJumpAMI boundary condition, we used the final Ap/™ obtained with the iterative pressure
boundary condition.

Next, we test the two aforementioned boundary conditions with pimpleFoam, using the simple cubic
array case in full- and half-sphere configuration (subsection 3.1) at solid fraction 0.201 and with imposed
Reynolds number of 300. It is important to mention that we were unable to reach convergence for
Re = 300 with simpleFoam and the iterative pressure boundary condition. Nonetheless, pimpleFoam
with 100 iterations per time step (i.e., nOuterCorrectors) and a time step of 0.001 s (mean Courant
number of ~ 15) reached steady state at the time of approximately 0.1 s. The resulting dimensionless
drag forces in Tab. 1 were sampled at the time 0.3 s. The final pressure jump obtained with the iterative
pressure boundary condition (subsection 2.3) was used as the input for the cases with constant pressure
jump boundary condition (i.e., uniformJumpAMI). Both boundary conditions produced nearly identical
dimensionless drag forces Fp (Tab. 6), as well as final velocity (Fig. 28) and pressure fields (Fig. 29).

The highest Re considered in literature [50] is 280, with the reported dimensionless drag force of 9.65.
The solutions in Tab. 6 deviate from this at most by 1.15%. This additionally verifies the applicability
of the workflow to pimpleFoam.

Table 6. Final dimensionless drag force sampled at time ¢t = 0.3 s for simple cubic array
test case at Re = 300. Solutions computed with pimpleFoam and with an iterative and a
constant pressure jump boundary condition. The final pressure jump Apf% obtained
with the iterative pressure boundary condition is imposed as the input for the constant
pressure jump boundary condition.

full sphere, iterative full sphere, constant half sphere, iterative half sphere, constant

pressure jump pressure jump pressure jump pressure jump
Fp 9.66, [—] 9.64, [—] 9.76, [—] 9.75, [-]
Apf inal
Re, [-] Re, [-] Re, [-] Re, [-]
0.00 50.0 100. 150. 200. 250. 300. 0.00 50.0 100. 150. 200. 250. 300. 0.00 50.0 100. 150. 200. 250. 300. 0.00 50.0 100. 150. 200. 250. 300.

(a) full sphere, iterative (b) full sphere, constant (c) half sphere, iterative (d) half sphere, constant
pressure jump pressure jump pressure jump pressure jump

Figure 28. Snapshots of dimensionless velocity field for Re = 300 at ¢t = 0.3 s. Sim-
ulations run using pimpleFoam with an iterative pressure boundary condition (subsec-
tion 2.3) and a constant pressure jump boundary condition (uniformJumpAMI).
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Figure 29. Snapshots of dimensionless pressure fluctuations field for Re = 300 at t = 0.3

s. Pressure fluctuations are normalized as: (p — Ap/inel. 2}/ (l"zl ) where Apfinal i

the pressure jump between the boundaries [Pa m?/kg] and z the distance. Simulations
run using pimpleFoam with an iterative pressure boundary condition (subsection 2.3)
and a constant pressure jump boundary condition (uniformJumpAMI).
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