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12 Abstract: A common reactor type in the chemical and process industry is the fixed-bed reactor.
13 Accurate modeling can be achieved with particle-resolved Computational Fluid Dynamic (CFD)
14 simulations. However, the underlying bed morphology plays a paramount role. Synthetic bed-
15 generation methods are much more flexible and faster than image-based approaches. In this study,

16 we look critically at the two different bed generation methods: Discrete Element Method (DEM) (in
17 the commercial software STAR-CCM+) and the rigid-body model (in the open-source software

18 Blender). The two approaches are compared in terms of synthetically generated beds with
19 experimental data of overall and radial porosity, particle orientation, as well as radial velocities.
20 Both models show accurate agreement for the porosity. However, only Blender shows similar
21 particle orientation than the experimental results. The main drawback of the DEM is the long
22 calculation time and the shape approximation with composite particles.

23

24
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26

27 1. Introduction

28 Fixed-bed reactors are frequently used in the chemical and process industry, e.g. in
29  heterogeneous catalysis, where the products are separated from the catalyst. Such catalytic fixed-bed
30  reactors can be described with conventional engineering models on several levels of detail ranging
31  from pseudo-homogeneous one-dimensional models to heterogeneous two-dimensional models [1,

32 2]. For reactor arrangements with a low tube-to-particle diameter ratio (dﬂ =N< 10), the effect of
P

33  the confining walls have a large impact on the flow field and hence on the pressure drop [3, 4], radial
34  heat transfer [5] and consequently on the reaction rates. Over the last two decades, experiments of
35  small N packed beds were accompanied with particle-resolved Computational Fluid Dynamic (CFD)
36  simulations in order to investigate the local interactions of transport phenomena, also in combination
37  with local reaction kinetics [6, 7].

38 In these particle-resolved CFD simulations, the fixed-bed morphology have to be as realistic as
39  possible, which leads to additional challenges. Image-based methods provide more or less direct
40  information of the bed morphology. For example, Wang et al. [8] conducted gamma-ray experiments
41  toreceive statistical information about a fixed bed consisting of Pall rings and evaluated them with a
42 reconstruction algorithm. In another study, magnetic resonance imaging (MRI) was utilized to
43 generate three-dimensional geometries for CFD simulations [9]. Similar to a two-dimensional image
44  consisting of pixels, these images consist of three-dimensional voxels, which have to be converted
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45  into a surface description of the particle bed. The downside of a real image of a packed bed is the
46  high expenditure of time and the special equipment required for scanning. In addition, the transition
47  between the solid particles and the free space is mapped without a clear boundary, requiring an
48  algorithm to precisely define the boundaries of the particle [10]. One possibility to create a random
49  structure is the Monte Carlo Method, where particles are randomly arranged in a container [11-13]. If
50  a certain stability criterion is met, the particle is kept at this position, otherwise it is deleted. This
51  process is repeated until a certain fixed-bed height is reached. Whereas the bed porosity is
52 satisfactorily reproduced by Monte Carlo algorithms, Caulkin et al. [14, 15] showed that the local
53  particle orientation was not in acceptable agreement with corresponding experiments.

54 The most widely used numerical method to generate synthetically packed-bed structures is the
55  Discrete Element Method (DEM), based on the original work of Cundall and Strack [16]. In the DEM,
56  the particles are filled into a container and the Newton’s equation of motion are solved for the
57  spherical particles. In the model, restitution and friction are taken into account. Furthermore, the
58  contact forces between the particles (and between particles and the wall) are considered. The DEM
59  has advantages over the Monte Carlo method, as it describes the physical process of filling more
60  accurately. Wehinger and Kraume [17] showed satisfactory agreement of radial porosity profiles
61  between packed beds of spheres and cylinders generated with DEM in comparison with experimental
62  data. One disadvantage of the DEM is the very high computing effort, since the contact forces for
63  each generated particle must be determined. In addition, the contact forces are modeled on the basis
64  of a sphere, so that the representation of non-spherical pellets results in composite pellet [18, 19].
65  Kodam et al. [20, 21] developed a sophisticated contact-detection algorithm for cylindrical particles.
66  Based on different contact scenarios, the authors proposed equations to calculate the overlap,
67  location, and normal vector of the contacts between two cylindrical particles and between the particle
68  and the wall. More recently, this approach was generalized and included into a more comprehensive
69  workflow [22].

70 Rigid body simulations, such as joints, motors, collisions and contacts with friction, are very
71 common in computer games, animation software and film production. Consequently over the last
72 two decades, powerful software tools have been developed to capture such actions as realistic as
73 possible [23]. One of them is Blender, an open source software, which has a physical library, Bullet
74  Physics Library, included [24]. Recently, several research groups have been working on the
75  possibility of using Blender for synthetic fixed-bed generation, see [25-29].

76 Boccardo et al. [25] firstly mentioned the application of Blender to generate packed beds of
77  different particle shapes. This possibility of the very fast and computationally efficient computer
78  graphics code to simulate complex particles represents the main advantage of Blender, while the
79  generated packings showed a realistic description. Later, Boccardo et al. [26] presented an open-
80  source workflow for the CFD simulation of packed bed reactors, where spheres, cylindrical beads,
81  and trilobes were tested. Partopour and Dixon [27] validated bed structures of different pellet shapes
82  generated with Blender with correlations from literature and experimental data from Giese et al. [30].
83  In addition, the authors compared the particle alignment of cylinders with experimental data from
84  Caulkin etal. [15]. They found a general agreement between simulations and experiments. However,
85  modeling details of the bed generation process and simulations times were not presented. Because of
86  the easy accessible and in Blender included Python scripting, the authors presented an own
87  automation script for packed-bed generation. Fernengel et al. [28] also used a Python script for a
88  workflow of CFD simulations for packed-bed reactors in OpenFOAM. Finally Pavlisi¢ et al. [29]
89  applied Blender for beds of spherical and arbitrary particles (cylinders, trilobes and quadrilobes) and
90  investigated with CFD simulations the pressure drop in packed beds. All these publications show
91  that Blender is an easy-to-use open source tool for the synthetic generation of fixed beds with a high
92  degree of automation.
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93 Many authors claim that Blender is a computational efficient tool to generate packed beds. So
94  far, no comparison of different generation times have been shown. In addition, many studies compare
95  the synthetically generated beds only with experimental data and not with alternative approaches.
96  In this study, two approaches are applied to generate packings, of different particle shapes, i.e. the
97  rigid body approach represented by Blender and the commonly used soft body DEM represented by
98  STAR-CCM+ from Siemens PLM to generate packed beds made of different particle shapes [31]. The
99  comparison between the two approaches involves accuracy with experimentally derived mean
100 porosity values, radial porosity profiles, particle-orientation distribution, generation time, as well as
101  CFD simulations based on the generated beds in terms of local velocity profiles. After a closer look
102 at the methods, the results are presented and discussed, and finally a conclusion with modeling
103  recommendations are given.

104 2. Methods

105 2.1 Packing Generation

106 In this study, the Discrete Element Method (DEM) is applied in the framework of the CAE
107  software STAR-CCM+ from Siemens PLM [31]. DEM is a Soft Body Approach that takes into account
108  the deformation of bodies under the influence of acting forces [16]. In Blender, on the contrary, the
109  objects are assumed rigid and not deformable (Rigid Body Approach) [32]. This simplification is
110  justified for most catalyst carriers, since they consist of ceramic materials, which do not show any
111  deformations under acting forces. They are characterized by a high shear modulus, ie. the
112 relationship between shear stress and shear strain. Typical shear modulus for ceramics are in the
113 order of 150 GPa, whereas deformable materials such as rubber show values in the order of 0.2 GPa
114 [33, 34]. In the following, the applied methods for both approaches are presented and the possibility
115  of adjustments will be discussed in more detail.

116 2.1.1 Discrete Element Method - Soft Body Approach in STAR-CCM+

117 The Discrete Element Method is a soft body approach based on the original work Cundall and
118  Strack [16]. It considers particles, in the original work spheres, as deformable bodies. Interactions
119  between the objects are calculated with the momentum balance equation (Newton's second law).

dvy

mp-E=FS+Fb

120 Where m,, and v, are the particle mass and velocity while ¢ is the time. Forces that are acting on

Q)

121 the particle surface are described as surface forces Fs and F, is the body force consisting of the
122 gravity force F; and the contact forces F..

F, =F,+F. )

©)

F. = Feontact + Feontact
neighbor particles neighbor walls

123 The contact forces between the objects are calculated using a spring-dashpot system. With its
124 repulsive forces, the spring ensures that the particles are pushed apart representing the elastic part
125  of a collision. The dashpot, on the other hand, represents the energy dissipation by reducing the
126  collision forces simulating inelastic impacts. The forces are distributed in different directions. The
127 normal force F, is represented by a parallel spring-dashpot system, while the force F; in tangential
128  direction to the contact surface is represented by a parallel spring-dashpot system connected in series
129  with a slider. The contact force between two spheres is calculated according to (4) as the sum of the
130  normal and tangential forces magnitudes and the unit normal vectors n and t.

Feontact = Fo -+ F - t 4)
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131 In this soft body approach, the deformation of the particles under acting forces is characterized by
132 allowing overlaps between each other. STAR-CCM+ offers various models for the calculation of these
133  individual forces: Hertz-Mindlin no-slip contact model, linear spring contact model, and Walton
134 Braun hysteretic contact model. The simplest model is the Linear Spring model, which assumes a
135  linear relationship between the contact force and overlaps. A comparison of different models can be
136  found elsewhere [35]. The description of the contact force in normal direction is given by a term for
137  the spring and the dashpot. It depends on the normal spring stiffness K,,, the damping N, , the
138  overlaps in normal direction d,, and the velocity at the contact point v,.

Fy=—Ky-dy— Ny vy )
139 Therefore the normal spring stiffness is calculated with the equivalent Radius R.q of the contacting
140 spheres, the maximum overlap 6y, and the equivalent Young’s modulus E¢g:

(6)

4 |8
Kn=3- Omax

‘R
Req eq e

q

141  In order to determine damping, the damping coefficient Ny_qamp is required, which is only
142 dependent on the set coefficient of restitution ey:

N ___—Inlew) @)
N-damp V% + In(ey)?

143  With this damping coefficient, as well as the normal spring stiffness Ky and the equivalent particle

144 mass M,q, the damping of the system in normal direction can be calculated:

eqs
8

Ny=2- NN—damp - |Kn - Meq ®)

145  The equations shown for the normal direction are also formulated equivalently for the tangential

146  direction. As a special feature, therefore, only the contact force in tangential direction F; should be
147  considered, since this depends on the condition shown in (9).

K- del < |Ki-dil - p )

148  The additional material property is the static friction coefficient u, which is an important factor in
149  fixed-bed filling processes. If the condition in (9) is fulfilled, (10) applies, otherwise (11) applies.

F,=—K,-d,— N, - v, (10)
_Kn-dyl - p-dy an
‘ |d|

150  For further information on the equations and other contact force models, please refer to the STAR-
151 CCM+ manual and relevant DEM literature, e.g. Di Renzo and Di Maio [35], Zhu et al. [36]. In the
152 equations above, the material property values are:

153 e Density (used for calculation of the equivalent particle mass (8)

154 ¢  Young's modulus E (6)

155 e Poisson ratio (calculation of equivalent Young's modulus) (6)

156 e Coefficient of restitution e (7)

157 e  Static friction factor u (9)((11)

158 The contact forces are calculated on the basis of a sphere. However, this consideration becomes

159  challenging, for non-spherical particles. The most frequently used method is the use of composite
160  particles. Complex particles are approximates with a user-defined number of spheres. These are
161  merged together in such a way that the shape of the composite particle approaches the original
162  particle shape. The outer surface of the spheres is used for contact detection and force modelling [18].
163~ With a higher number of spheres, the accuracy of particle description is increasing. It has to be
164 considered that a representation with few spheres allows faster simulations, but due to the inaccurate
165  representation of the particles with no sharp edges, the resulting solution might deviate largely. For
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further information please refer to Marigo and Stitt [19], where the effects of different shape
approximations are investigated for two configurations for a rotating drum. As examples, in Table 1
the composite particle description for different particles and different accuracy are shown.

Table 1. Different particle geometries and composite particle approximation.

& ¢
W W W W

of 100 spheres £ ‘ Q

}1‘ : &

£.0. 1 (oo )

( :r g: ;(3 ! ¢ ‘ // '# : ]A

LS “« ‘¢" o /
U ; ‘

L) ) }k‘

CAD-Geometry

Composite
maximum

'«

560 spheres 449 spheres 543 spheres 441 spheres

Remember that a higher number of spheres leads to a more exact approximation (e.g. sharper
edges), but also to higher simulation times. Therefore, the choice of the number of spheres represents
a compromise between accuracy and calculation time. For complex particle shapes with convex and
concave surfaces, even with a high number of spheres, the approximation is still far from the
Computer Aided Design (CAD) model. In order to keep the particles to be simulated as simple as
possible, cylindrical shapes with inner holes, such as Raschig rings or multi-hole cylinders, can be
described by a full cylinder [37, 38]. After the DEM simulation, the composite particle is transformed
back into the original CAD particle shape. This approach was used in these publications for lowering
of computational time, since the full-cylinder approximation is made by a fewer number of composite
DEM spheres. Since there is a difference in geometry and mass, there might be a difference in bed
structure resulting from this approximation. In the presented references, there was no comparison
made between the full-cylinder DEM approach and a DEM approximation of a hollow cylinder. For
a closer look at the influence of the approximation methods on the bed structure, in this work, a
Raschig ring shape was modeled based on a full-cylinder shape and an approximation of the hollow
cylinder as shown in Table 1. The differences of porosity and velocity profiles, as well as simulation
time will be presented later in the results section.

2.1.2 Blender - Rigid Body Approach in Blender

Blender has various methods with which fixed beds can be generated. In addition to the rigid
body simulation discussed here, it is also possible to consider a soft body approach. However, since
this method is very computationally intensive, only the rigid body simulation will be referred to in
the following. Rigid bodies are idealized bodies where the distance between each pair of points on
the surface of the body never changes, even when forces are applied [23]. While catalyst pellets are
from robust materials, it can be assumed that this approach of non-deformation is appropriate. For a
comparison between a rigid body and soft body simulation in Blender see [39]. The motion is
modeled using the Newton-Euler equations, a system of differential equations based on Newton's

d0i:10.20944/preprints201905.0089.v1
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laws [23]. The net force f acting on the body is equal to the change of the translation momentum

(m - v) with time (12):

_ dm-v) (12)
dt

For the description of the rotation movement, the net moment 7 is represented by the change of the
rotation moment (I - w) with time (13):

f

_dl-w) (13)
T =
dt
The force f is the vector sum of all forces acting on the body, while t is the vector sum of all
moments of all forces and pure moments. To describe point contacts between objects, the coulomb
friction model is used, which requires contact at a single point. The contact force f. is divided into a
normal component f, and two orthogonal components f, and f,. Similarly, the relative velocities

between the contact points are divided into normal and tangential components. A negative speed in
the normal direction v, is not allowed, since this would be accompanied by an overlap of the objects.
The coulomb model uses a Friction Cone, which can be described by (14). The contact force f,, islarger
than zero, because bodies only press against each other, but do not pull against.

F(fo,p) = p2f — 2 — 15 (14)

The force depends on the static friction factor u and the normal force f,, used in (15) and (16) to
calculate the tangential force components f; and f,.

f_—u'fn-vt (15)
= n

B
¢ _H ot (16)
° B

The other factors are the tangential velocity components v, and v, of velocity at the contact point,
which are also used to calculate the sliding speed § (17).

B = |vi+v? (17)

For further information on the theory of rigid body simulation in video-animation programs, see e.g.
[23].

In contrast to the DEM, where contact forces are calculated based on a sphere, in Blender the
contact between objects is calculated based on the actual faces. This leads to the possibility to use the
original three dimensional (3D) CAD model for the filling simulation. It has shown that simulation
time of Blender is scaling with the number of faces, so that a closer look on geometry approximation
is necessary. If the particle geometry comes from a 3D-CAD program, the triangulation of surface
mesh is very fine and leads to long simulation times. For this reason, the CAD surface has to be re-
meshed in view of the trade-off between exact geometry representation (fine surface mesh) and
computational cost (coarse surface mesh). A closer look at different surface triangulations of a sphere
gives Figure 1. A sphere generated in Blender shows a total number of 960 triangles (Figure 1 (a)).
With STAR-CCMH+, the sphere’s surface is approximated with 9,408 faces (Figure 1 (b)). Applying the
option Decimate Geometry in Blender transforms the STAR-CCM+ surface into what is shown in Figure
1 (c). This procedure can be also applied in Blender for non-spherical pellets, but might be also
performed with other CAD software.

d0i:10.20944/preprints201905.0089.v1
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MAV) 4
N

960 Faces 9408 Faces
227

228 Figure 1. Different surface triangulations of a sphere: (a) Blender, (b) STAR-CCM+, (c) using Blender
229 option Decimate Geometry on (b).

230 While the triangulated sphere from Blender in Figure 1 (a) and the 3D-CAD model sphere from
231  STAR-CCMH+ in Figure 1 (b) have an inhomogeneous mesh, where faces get smaller in the direction
232 of the pole, in the decimated geometry (Figure 1 (c)) the triangle faces are equally sized. Such a
233 distributed mesh is preferred, because otherwise the restitution and friction is not independent on
234  thelocation of contact. The difference of the methods in terms of friction and restitution are the phase
235  interaction approach in DEM and the object based approach in Blender. Friction and restitution can
236  be directly defined for every object created in a Blender scene. For collisions between two objects, the
237  static friction factor u is calculated by multiplying friction factors of the single objects ug. The factor
238 ug needs to be calculated from the static friction factor u, belonging to the considered phase
239  interaction. For the Blender object based friction factor of pellets pg_peyer and container pg_container
240 (18) and (19) were used:

HUB—pellet = +/ HPellet—Pellet (18)

__ Hcontainer—pellet __ Hcontainer—Pellet (19)
HB-container = -
HB—Pellet v/ Hpellet-Pellet

241  In analogy, the coefficient of restitution e is defined in DEM for phase interactions and in Blender
242 for single objects with the (20) and (21):

€B—Pellet — 4/ EPellet—Pellet (20)

__ €container—Pellet __ €Container—Pellet (21)
€B-—Container — e -
B-Pellet +/ €Pellet—Pellet
243 The formulation in Blender makes it difficult to map more complex systems with more than two

244  materials. The fixed-bed filling process, which only consists of two materials (container and pellets),
245  can be simulated with the help of (20) and (21). A further setting in Blender is the collision margin,
246  which indicates the distance to the object at which the collision should occur. In order to correctly
247  map the collisions between the particles and between particles and the wall, this value must be set to
248  zero, as mentioned from Partopour et al. [27]. Otherwise, the collision does not occur at the surfaces
249 of the bodies. The recommended value in Blender is 40 mm, since the best results were achieved with
250  values greater than zero [40]. In contrast to packed bed-filling processes, collision simulations in
251  typical Blender applications take place at much larger dimensions.

252

253

254

255
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256 22 CFD
257  2.2.1 Governing Equations
258 Computational fluid dynamics are based on the well-known conservation equations of mass,

259 momentum, energy, and species mass. For details on CFD modeling for fixed-bed reactors, see e.g.
260  Dixon et al. [6] and Jurtz et al. [7]. In this study, only steady-state cold flow CFD simulations were
261  carried out. The conservation of mass is given by:

V(p-v)=0 (22)

262  where p is the fluid density and v is the velocity vector. Furthermore, the conservation of
263 ~ momentum reads:

V-(p-v:-v)=VT (23)
264  with T as the stress tensor described by:

2
265 and p as the mixture viscosity and I as the unit tensor, p being the pressure, and D is the
266  deformation tensor:

D= % Vv + (WW)T] (25)

267  2.2.2 Meshing and Solving

268 For analysis of the porosity and local velocity fields all synthetic packed beds are meshed with
269  STAR-CCM+. The Blender generated beds are imported as Standard Triangulation Language (STL)
270  files, a common file format for triangulated surfaces in CAD. The applied mesh properties of STAR-
271  CCM+ are listed in Table 2, using the Base Size as reference for several relative size controls.

272 Table 2. Meshing properties in STAR-CCM+.
Base Size dp
Target Surface Size 50% of Base Size
Minimum Surface Size 4% of Base Size
Prism Layer Total Thickness 6p1(26)
273

274 The Target Surface Size is the face size, which the mesher achieves, when no controls for a smaller
275  mesh are set. In order to capture complex features and allow more refinement, the minimum surface
276  size should be decreased in comparison to the target size.

277  The boundary layer thickness g, is calculated according to (26) [41] with the highest simulated
278  particle Reynolds-Number Re, (27):

(SBL =1.13- Rego's . dp (26)
Re. = P00 (27)
P U

279  In order to prevent bad cells in contact regions, local flattening of point, line, and face contacts was
280  applied, as described in earlier works for spheres [42] and for non-spherical particles [38]. A typical
281  mesh of a bed of spheres is shown in Figure 2.
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L Inlet region =L Packed bed J: Outlet region

282

283 Figure 2. Mesh for radial porosity profiles and CFD simulations.

284  2.2.3 Local Porosity Determination

285 The porosity calculation is based on the generated volume mesh. The overall porosity of the
286  packed bed is the ratio of the free volume Ve, which is interstitial region and likewise the sum of all
287  computational cells, and the volume of the cylindrical container:

Vfree (28)
m-R%- hCylinder

288 Experimental data from Giese et al. [30] were used for the validation. The overall porosity & was
289  extracted from the radial porosity profiles:

290
= Z Ai(r) o (29)
Gese T LA

291 The theoretical overall porosity was calculated with the equations from Dixon [43]. For the

292  determination of the radial porosity profiles of the simulations, a number of 100 cylindrical planes
293  were placed in the container with equal distances, as seen in Figure 3. The porosity at the radial
294  position r results from the ratio of the free surface Agee to the total surface of the cylinder Aigtq,
295  which is calculated with the height of the cylindrical plane hcyiinder piane :

8(7") Afree _ Afree (30)
Atotal 2 TeT hCylinder Plane

296
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Cylinder plane 1

297 Cylinder plane 84
298 Figure 3. Cylindrical planes for calculation of radial porosity and velocity profiles.
299  2.2.4 Local Velocity Profiles
300 The same cylindrical planes were used to determine the specific radial velocity profiles
301 vspecific(r):

v, (r) - e(r) (31)

Vspecific (r) = "
0

302 , where 7,(r) is the velocity component in z-direction averaged over the cylindrical planes, £(r) is
303  theradial porosity profile and v, is the inlet superficial velocity.

304 3. Numerical Setup

305 In Table 3 the settings of the DEM and rigid body simulations are summarized. As can be seen,
306  not all of the sophisticated DEM models are implemented in Blender. Table 4 shows the geometric
307  dimensions of all generated fixed beds as well as the boundary conditions. Finally, the solver settings
308  are shown in Table 5. The Blender mesh method will be discussed in more detail later on.

309
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310 Table 3. Comparison of DEM and Rigid Body settings.
Method DEM Rigid Body
Software STAR-CCM+ Blender

Solver settings

Timestep At

Inner Iterations

Maximum Physical Time tp,ax

Steps per Second with At =
1

Steps per Second

Solver Iterations

Endframe with t,,x =
Endframe
24 Fra;nes

Friction Coefficient of friction u Coefficient of friction ug
Adjustable for phase interaction Conversion with (18 and (19
- More than two materials More than two materials only
possible possible with compromises
Restitution Coefficient of restitution e Coefficient of restitution eg

"Normal" and "tangential”
direction

Adjustable for phase interaction
- More than two materials
possible

Conversion with (20 and (21
More than two materials only
possible with compromises

Collision margin

Not applied

Set to dCollision =0 for no gaps
Default setting: dconision = 40
mm

Damping

Part of the spring-dashpot model

Amount of speed that is lost
over time

Values for linear and rotational
speed adjustable

Density

Density p

Density p for automatic
calculation particle mass
Direct input of the mass m of
the particles

Young’s modulus

Young's modulus E

Not applied

Poisson-Number

Poisson-Number v

Not applied

Particle shape

Spheres
For non-spherical particles:
composite particle

In principle all shapes possible
Selection of a suitable collision
shape
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312 Table 4. Boundary conditions of all simulations.
Source Particle Dimension Boundary Conditions
Giese et al. [30] Sphere dp = 8.6 mm Kpellet-Pellet = Hcylinder—Pellet = 0.9
D =80 mm €pellet—Pellet = €Cylinder—Pellet — 0.67
Cylinder d, =8 mm
h, = 8 mm
D = 80 mm
Raschig ring  dyyter = 8 mm
dinper = 6 mm
h, = 8 mm
D = 80 mm
Caulkin et al. [15] Cylinder dp, = 3.42 mm Upellet-Pellet = Hcylinder—pellet = 0.7
hp = 3.46 mm €pellet—Pellet = €Cylinder—Pellet — 0.7
D = 44.5mm
Raschig ring  dyyter = 4.6 mm Upellet—Pellet = Hcylinder—pellet = 0.9
dipner = 2.5 mm €pellet—Pellet — €Cylinder—Pellet — 0.67
h, = 5mm
Diop = 28 mm
Dyottom = 24 mm
No reference Complex d, = 10 mm Hpeliet-pellet = Hcylinder—pellet = 0.7
Particles Tiny = 0.568 mm  €pellet—pellet = €Cylinder—pellet = 0-7
Tepy = 1 mm
D = 80 mm
313
314 Table 5. Solver Settings for packing generation.
Source Particle Packing Generation
Time Step Solver Itterations  Number of Particles
Giese et al. [30] Sphere At = 0.001s 2 1000
Cylinder
Raschig Ring
Caulkin et al. [15] Cylinder At = 0.001s 2 1500
Raschig Ring 310
No reference Complex At = 0.001s 2 1000

Particles Blender Mesh: Blender Mesh:
At = 0.00025s 10

315
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316 4. Results
317 4.1 Qverall Porosity
318 The porosity for different particle shapes is compared between simulations, experimental data

319  from Giese et al. [30] and correlations from Dixon [43], see Figure 4. The overall agreement between
320  experimental data and simulation is satisfactory. DEM shows in general a slightly smaller porosity
321  than Blender, with a pronounced difference for beds made of cylinders.

0.8
Exp. Giese etdl. (1995) I
Blender Sim [N
0.7 H DEM. Sim [N
Eq. Dixon (1988)
0.6 -
- 0.5
w
)
= 0.4
<
o
A~ 03
0.2
0.1
0
Spheres Cylinders Raschig Rings deformed Spheres
322
323 Figure 4. Overall porosity of fixed beds made of different particle shapes. Experiments from Giese et
324 al. [30]. Equations from Dixon [43].
325 4.2 Spheres
326 A packed bed of 1,000 spheres was generated with STAR-CCM+ and Blender. Both beds were

327  meshed in STAR-CCM+ with equal properties for calculation of radial porosity and CFD simulations.
328  The injection method for both approaches however was slightly different. For DEM spheres were
329  injected at a single point with a frequency of 100 s and a velocity in z-direction of 1 m s. This is
330  more or less similar to the injection method in Blender. All particles were lined up at the beginning
331  of the simulation above the cylindrical container. The Blender simulation also needed a physical time
332  of 10s for all particles to inject. Since glass beads were used in the original experiments, the
333  corresponding physical properties were set in Blender and STAR-CCM+, see Table 4. The obtained
334  packed beds are shown in Figure 5 (a) as 3D CAD model and in (b) in terms of the radial porosity
335  and (c) radial velocity profiles.
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Figure 5. (a) Comparison between synthetic generated packings of spheres, (b) radial porosity
profiles, and (c) velocity profiles. Experiments from Giese et al. [30].

Both generated beds have an optical consistency with the same bed height. The overall porosity
in Figure 4 shows a good agreement for the two synthetic packing methods, which result in a porosity
lower than the experimental data but higher than in the theoretical equations. The radial porosity
profile on Figure 5 (b) of both methods are in excellent agreement with the experimental data from
Giese et al. [30]. This can be shown with the coefficient of determination R? for the parity chart as a
comparison between simulation data from both methods and experimental data. The coefficients of
determination Rjjenger = 0.92 and Rjpy = 0.91 are similar and show good agreement with the
data. The velocity profiles (Figure 5 (c)) follow the porosity profiles. Since the Blender bed is slightly
looser, the near-wall maximum velocity (wall channeling) is slightly smaller than for the DEM bed.

4.3 Cylinders

Non-spherical pellets are widely used in industrial applications. Among those, the most simple
shape is a cylinder. Based on two different experimental studies, beds made from cylinders were
investigated with both generation methods. Firstly, experiments from Giese et al. [30] were
reproduced synthetically with the same number of cylinders, see Figure 6 (a) for a visual comparison
between Blender and STAR-CCM+. The DEM bed shows a lower height than the Blender bed. This
is also reflected in the lower overall porosity in Figure 4. It can be also seen that the radial porosity of
the DEM bed is constantly below the Blender-generated bed (Figure 6 (b)). Consequently, the velocity
of the CFD simulation of DEM bed is higher in the near-wall region. One explanation of the overall
lower porosity is the approximation of the cylinder shape in the DEM with the composite particle
approach. This approximation leads to a deviation in comparison to the CAD particle especially at
the edges of the cylinder. A closer look at this phenomenon gives Figure 7. Although in the DEM bed
there are no overlaps of the composite particles, the transformation back to the CAD particles leads
to overlaps in the STL file. This leads to a denser bed than in the Blender case, where there are no
overlaps detected in the bed generation simulation, see Figure 7 right-hand side. These overlaps can
be treated with the unite method or the caps method as was described in detail in Ref. [44].
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365 Figure 6. (a) Comparison between synthetic generated packing’s of cylinders, (b) radial porosity
366 profiles, and (c) velocity profiles. Experiments from Giese et al. [30].
DEM Blender
,'N’
Packing
generation
CAD
Particles
Meshed
Particles
367
368 Figure 7. Bed generation with DEM (left) and rigid body (right), CAD particle transformation, and
369 resulting mesh.
370 At this point, the results show that the rigid body approach has advantages over DEM for the

371  simulation of complex particle geometries. In addition, the agreement of the Blender simulation can
372 be expressed by the coefficient of determination for the local porosity profile R3jenqer = 0.41, which
373  is larger than for the generated bed from DEM R3gy = 0.29.There is a slight shift of the oscillating
374  porosity profile of the simulations compared to the experimental data. This is one reason why the
375  R%values are lower than for spheres, cf. Figure 6 (b). Nevertheless, the porosity profile maxima and
376  minima are in a similar range. Another important aspect of packed bed morphology is the particle
377  orientation. Particle-orientation distribution was evaluated experimentally with computer
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tomography (CT) data by Caulkin et al. [15]. This data set is compared with synthetically generated
beds of Blender and STAR-CCM+ in Figure 8.

Blender Sim. ——
DEM Sim, =—
Exp. Caulkin et al. (2009) =——

Cylinders, dp =342 mm, hy = 3.46 mm

Porosity € [-]

(Rer)/dy [

H=48 mm

Frequency [%]

Particle Alignment: 0°

Particle Alignment: 90°

0-10 1020 20-30 30-40 4050 5060 60-70 70-80 80-90
Angle range (degrees)

Blender

Figure 8. (a) Comparison between synthetic generated packing’s of cylinders, (b) radial density
distribution, and (c) particle alignment. Experiments from Caulkin et al. [15].

The optical height of the generated beds in Figure 8 (a) is not exactly similar, however the near-
wall particles show different orientations. In the Blender bed the cylinders stack over each other,
while in the DEM bed most of the cylinders are inclined. The porosity profile of the Blender bed is
more pronounced than the DEM bed and furthermore lower than the DEM bed (Figure 8 (b)). This is
different to the observation of the particle bed in Figure 6 (b) where Blender has a higher porosity
than the DEM bed. The particle arrangement in Figure 8 (c) shows differences between the two
synthetic methods. The angle range is calculated for an angle in comparison to the normal z-direction.
An angle of 0° is a standing cylinder, while 90° is a horizontally oriented cylinder. The Blender bed
is characterized by a higher frequency of stacked particles, as already noticed in Figure 8 (a). In
addition, the alignment of DEM particles shows a higher frequency for particles from 40° to 70°. The
comparison with experimental data from Caulkin et al. [15] shows an acceptable agreement with the
Blender bed (Figure 8 (c)). For many applications, the near-wall region is of great interest, e.g. due to
critical radial heat transfer from the wall to the gas etc. Therefore, a closer look at the bed morphology
in this region is crucial. Figure 9 (a) shows one layer of particles close to the container wall for a
Blender bed and a STAR-CCM+ bed. The Blender particles arrange either standing or lying resulting
in more particles fitting into the outer ring. On the contrary, the DEM bed is characterized by a looser
morphology and therefore more particles with angles in the mid-range, cf. Figure 9 (b). The alignment
of the Blender cylinders shows a significantly higher frequency in the range up to 30 degrees than
with the DEM. This observation shows why the fixed bed from Blender has a lower bed height and a
lower porosity than the DEM bed (Figure 8 (a)), despite the fact of overlapping particles.

d0i:10.20944/preprints201905.0089.v1
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Figure 9. (a) One layer of cylinders touching the container wall. (b) Orientation distribution of near-
wall cylinders.

4.4 Raschig Rings

Another frequently used particle shape is the Raschig ring. In this study, the approximation of
a Raschig ring with the composite approach is compared against a full cylinder, as well as the rigid
approach. The advantage of the full cylinder approximation is that a smaller amount of composite
spheres is needed, cf. Table 1. The number of spheres can be reduced from 449 to only 100 per particle.
By using a full cylinder, it is possible to generate with only one DEM simulation a certain amount of
different particle shapes by transforming the cylinders into rings or more hole cylinders [37, 38]. It
can be doubted that the different ballistics of a full cylinder and a one-hole cylinder give similar bed
morphologies. In addition, the packing density between these methods might be different, because
the additional free space inside the hollow cylinders can be filled with edges of other particles. In
Figure 10 the comparison between Blender, full cylinder DEM, and “ring” DEM, as shown in Table
1, against experimental data is shown. In Figure 10 (a) only the Blender bed and ring DEM is shown
for brevity reasons. Again, the two differently generated beds show similar heights, but different
particle orientation.
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Ring DEM Sim. ——
Cylinder DEM Sim. ———
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Figure 10. (a) Comparison between synthetic generated packing’s of Raschig Rings, (b) radial porosity
profiles, and (c) velocity profiles. Experiments from Giese et al. [30].

It can be seen, that the Blender Bed porosity in the near wall region shows a low deviation from
experimental data (Figure 10 (b)). Reasons for this will be presented later, where different Blender
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simulation methods will be presented. In addition, the ring DEM has lower maxima and minima and
represents the experimental data in near-wall regions rather well. A difference in experimental data
and all three simulations can be seen at a wall distance of z = 2, where the results of experiments are
larger than simulation predictions. The values of determination for this case are Rjopger = 0.40 for
Blender Simulation, Rfjjingerpem = 0-22 and REingpem = 0.11. One of the reasons for the large
deviation is also the wide scattering of the experimental data as shown in Figure 10 (b). For the fluid
simulation (Figure 10 (c)), a large difference between the three methods can be noticed especially in
the near-wall region. This leads to assumption that the particle orientation have to be different.

An additional bed setup from Caulkin et al. [15] was used to evaluate the orientation of the
particles. Notice that the dimensions are different. Again, synthetic beds with Blender and the two
DEM methods were generated and compared. In Figure 11 (a) the Blender and DEM bed are shown
for illustrative comparison.
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Figure 11. (a) Comparison between synthetic generated packing’s of Rachig Rings, (b) radial density
distribution, and (c) particle alignment. Experiments from Caulkin et al. [15].

The radial porosity profile (Figure 11 (b)) shows that the data from Blender and the DEM ring
simulation have a small deviation from the experimental data. The DEM generated with the full
cylinder composite particles shows a strong deviation in the value at the minimum atz =1. In
addition, the porosity of this bed is steadily higher than the data of the others. A glance at the
alignment of the particles in Figure 11 (c) shows that the general trend is well captured by the
simulations. This time the Blender and ring DEM bed shows similar particle orientation to the
experiments. The data of the cylinder DEM, on the other hand, show a strong deviation in which the
majority of the particles have an angle between 40° and 50°. The coefficients of determination are
listed in Table 6 for the different particle shapes and as summarized as a total value over all Blender
and DEM simulations.

Table 6. Coefficients of determination

R2

Blender DEM
Spheres 0.92 091
Cylinders 0.41 0.29
Raschig rings  0.40 0.22%, 0.11*
Total 0.87 0.79

‘Cylinder DEM, *Ring DEM
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4.5 Complex Particles

The filling process of complex particles is challenging due to the difficult particle approximation
for the DEM composite approach and due to collision detection. A further comparison between
Blender and the DEM is conducted with a complex particle shape. For this purpose, a previously
unmentioned setting within Blender will be discussed at first. In Blender's rigid body approach,
different collision shapes can be selected, which affects the detection of the collision. Commonly in
Blender, the convex hull method is applied. With this option, a convex approximation is drawn
around the particle for collision detection. Advantage of this method is the high performance and
simulation stability. However, the convex hull method cannot be used to represent a cylinder with
curved outer surface. As shown in Figure 12 (a), a small object will collide with the pellet at the dashed
position for the convex hull method. Another collision shape in Blender is the mesh method, which
is based on the real shape of object [40]. For the mesh method in Figure 12 (b), the collision detection
takes place at the correct surface of the particle.

(b)

, a
-

Figure 12. Different collision shapes in Blender. (a) Convex Hull Method and (b) Mesh Method.

Since the complex particle shown in Table 1 has a more complex shape, a simulation based on
the mesh collision method should be considered. However, the disadvantage of this method is the
much longer simulation time and the instability of the solution [40]. In order to consider the
differences, synthetic beds with both Blender methods and with the DEM are presented. The
composite particle method used in the DEM corresponds to the composite maximum shown in Table
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Figure 13. (a) Comparison between synthetic generated packing’s of complex particles, (b) radial
porosity profiles, and (c) velocity profiles.

The resulting beds in Figure 13 show different heights. The convex hull method yields a
significantly higher bed than the mesh method. The reason for this is that the gearwheel-shaped
pellets can interlock. The bed generated with DEM, on the other hand, has only a minimally larger
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481  height. This optical observation is proven with the radial porosity profile shown in Figure 13 (b). The
482  convex hull method profile shows a difference in velocity for the near-wall region. The results
483  highlight that the convex hull method applied for such complex particles leads to unrealistic loose
484  packings. However, the solution stability is more robust than for the mesh collision method.

485 4.6 Simulation Time

486 A further criterion for the selection of synthetic packed bed generation is the total simulation
487  time. Since the DEM scales with the number of spheres for the composite particle, the simulation time
488  is in general longer for particles that are more complex. Figure 14 summarizes the calculation time
489  on one CPU (Intel Xeon x5660) of all simulations. In general, Blender shows shorter simulation times
490  in comparison to DEM. While the time increases with the DEM when changing from spheres to
491  cylinders, it decreases with Blender. This can be explained by the fact that Blender scales with the
492  number of surfaces of the particles. Since more surfaces are required for a sphere than for a cylinder,
493  the simulation time is shorter. The time of Raschig rings is shown for ring DEM. Time savings are
494  possible by using a simple cylinder, leading to the same simulation time as the shown cylinders. In
495  Figure 14 (a) it can be seen that the time advantage of Blender is getting higher with the complexity
496  of the particle shape. While for spheres the DEM time is nearly doubled, for Raschig rings it is 26
497  times larger than Blender. Due to the stable and fast simulation, the Blender method convex hull
498  method was used for the particles shown on the left. Since this method is no longer suitable for
499  complex particles, the slower mesh method was shown here. Nevertheless, for these complex
500  particles, which are difficult to represent, the Blender Mesh simulation is clearly 13 times faster than
501  STAR-CCM+.

(a) (b)

30
Blender Sim. N 180 H Blender Convex Hull Sim. I 192:06 h
DEM Sim. N Blender Mesh Sim.
25 - - 160 DEM Sim. I
= 140
o 20 @
g g120
515 §100
5 = 80f
g10 2 eof
@ )
40 -
5
201 14:37 h
0 1:03 h
502 Spheres Cylinders Raschig Rings Complex Particles
503 Figure 14. Simulation Time of Blender and DEM for different particle shapes.
504 5. Conclusion
505 In particle-resolved CFD simulations of fixed-bed reactors, the underlying bed morphology

506  plays a paramount role. Synthetic bed-generation methods are much more flexible and faster than
507  image-based approaches. Typical decision aspects for synthetic bed generators are: realistic bed
508  structure generation (accuracy against experimental data), easy-to-handle use, exportability of bed
509  structure, flexibility for different shapes, physically relevant models, and finally low computational
510  costs. In this study, we looked critically at the commonly used DEM approach and compared the
511  resulting bed morphology with the more recently presented rigid-body method incorporated into the
512 Blender software.
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Both methods show a large flexibility for different particle shapes originating from an external
CAD modeler and the option to export the particle bed via the STL format. In addition, both methods
come with a graphical user interface, which is easy-to-use and furthermore automation processes can
be included, i.e. python for Blender and Java scripting for STAR-CCM+. Whereas the commercially
available STAR-CCM+ software is well documented in the own user guide and own internet forum,
the documentation of the open-source bullet physics is rather vague. However, both methods show
physically meaningful models to simulate the filling process of fixed-bed reactors, whereas the soft-
body approach in STAR-CCM+ is more sophisticated than the rigid-body model. In terms of accuracy,
the picture is less clear. Both models can predict experimental porosity profiles with satisfactory
accuracy, cf. Table 6 for R? values between synthetically generated beds and experimental data.
Particle orientation is captured more accurately with Blender. However, the experimental data basis
is rather scarce. The main disadvantage of the DEM is the approximation of non-spherical particles
with the composite particle approach. This approximation can lead in general to denser beds and to
overlaps of particles, which in turn results in meshing challenges. Additionally, it was shown that
the use of a full-cylinder DEM approximating a Raschig ring leads to differences in the bed structure
and the velocity profile, especially due to different pellet orientation. For more complex particle
shapes, the fast but simple convex hull collision method in Blender clearly shows its limits. The mesh
collision method in Blender resolves the actual particle shape, which requires additional
computational costs. Still, Blender is in general clearly faster for the bed generation process,
especially, when the complexity of the particle is high, cf. Figure 14.

Future studies should incorporate experimental data from complex particle shapes in order to
judge on the accuracy of the different collision methods in Blender. In addition, special attention
should be drawn to the damping forces applied to the moving particles, since this can violate the law
of conservation of linear and angular momentum and energy over each time.
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Greek Letters

area
overlaps

particle diameter

tube diameter

deformation tensor
coefficient of restitution
equivalent Young’s modulus
force (rigid body approach)
force (soft body approach)
body force

contact force

gravity force

surface force

height

moment of inertia

unit tensor

spring stiffness

mass

equivalent particle mass
unit normal vector
tube-to-particle-diameter ratio
damping

damping coefficient
pressure

radius

coefficient of determination
Reynolds number
equivalent radius

radius of radial position
unit normal vector

time

stress tensor

velocity

velocity

volume

sliding speed

Boundary layer thickness
maximum overlap
porosity

dynamic viscosity

static friction coefficient
density

net moment

angular velocity
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(m?)
(m)
(m)
(m)

)
(Pa)
(N)
(N)
(N)
(N)
(N)
(N)
(m)
(kg - m?)
)
(kg/s?)
(kg)
(kg)

(m/s)
(m)

(m)

)
(Pa-s)

)
(kg/m?)
(N - m/rad)
(rad/s)
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543 Subscripts

0 inlet

Blender data obtained by the use of Blender

B — Pellet Blender object based pellet interaction

B — Container Blender object based container interaction
Container — Pellet Phase based container-pellet interaction
Cylinder part: Cylinder

Cylinder Plane part: Cylinder Plane

DEM Data obtained by the use of DEM

free amount of free space or volume

Giese experimental data taken from Giese et al. (1998)
Pellet — Pellet phase based pellet interaction

n normal direction

t tangential direction

total amount of total space or volume

p particle

) additional tangential direction

specific specific radial velocity

544

545 Abbreviations

3D 3-dimensional

DEM Discrete Element Method

CAD Computer Aided Design

CFD Computational Fluid Dynamics
CT Computer Tomography

MRI Magnetic Resonance Imaging
STL Standard Triangulation Language

546
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