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Abstract: Packed bed reactors play a crucial role in various industrial applications. This paper uti-
lizes the Discrete Element Method (DEM), an efficient numerical technique for simulating the be-
havior of packed beds of particles as discrete phases. The focus is on generating densely packed
particle beds. To ensure the model accuracy, specific DEM parameters were studied, including sub-
step and rolling resistance. The analysis of the packed bed model extended to a detailed exploration
of void fraction distribution along axial and vertical directions, considering the impact of wall in-
teractions. Three different samples, spanning particle sizes from 0.3 mm to 6 mm, were used. Results
indicated that the number of sub-steps significantly influences void fraction precision, a key crite-
rion for comparing simulations with experimental results. Additionally, the study found that both
loosely and densely packed beds of particles could be accurately represented by incorporating ap-
propriate values for rolling friction. This value serves as an indicator of both inter-particle friction
and friction between particles and the walls. An optimal rolling friction coefficient was 10”-5 for the
precise representation for the densely packed bed of char particles.

Keywords: Packed Bed; Discrete Element Method; Rolling Friction; Void Fraction; Sub-steps; Wall
Effect

1. Introduction

Packed beds, also called fixed beds, of uniform and non-uniform solid particles have
been widely utilized in chemical and process industries in various particle-based applica-
tions, from catalytic reactions and wastewater treatment to gasification/pyrolysis, iron
making, absorption/desorption, cooling, and energy storage. Packed beds are randomly
filled beds of particles with porous structures that ensure low flow resistance while en-
hancing heat and mass transfer due to a high surface area-to-volume ratio [1]. To maxim-
ize the advantages, it is crucial to design packed beds with a detailed understanding of
the porous bed structure and its effect on the transport phenomena. In this regard, CFD
(Computational Fluid Dynamics) simulations have come to help experimental analysis
[2]. However, the conventional porous media approach does not consider the solid phase
as discrete particles and requires models for void fraction and transport parameters to
describe the effect of particle packing [3], i.e., continuum approach. Therefore, prior to
CFD simulations, a realistic packed bed of particles should be generated in a way that
gives detailed information about the nature of the bed and the arrangements of the parti-
cles [4]. Especially, the influence of particle shapes and size as well as the size distribution
requires a more physical approach, i.e., beds of particles as discrete phases, to give a better
understanding of the transport phenomenon within packed beds.

Among numerical methods to computationally generate randomly packed beds of
particles, the discrete element method (DEM), based on the original work of Cundall and
Strack is the most popular one [2]. DEM is a numerical modeling approach to simulate
the behavior of discrete systems where the interactions between individual particles are
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considered for the dynamic behavior of the system [5]. It makes it possible to model the
flow of fluids through packed beds and predict the performance of the porous media. The
CFD-DEM coupling has also been recently used for evaluating the flow characteristics
through the packed beds [6].

For considering the particle-particle and particle-wall contact, Hertz-Mindlin contact
model has been used [7] which is the most widely used approach for modeling the discrete
phases. It takes into account both normal and tangential forces between particles, allowing
for sliding or even rolling surfaces. On this regard, Lin et al. [8] discussed that the Hertz—-
Mindlin model could best describe a bed of under-compacted spherical rock particles.

There are several parameters that can influence the generation of a packed bed using
DEM and a few studies in the literature have focused on parameters of bed generation
with DEM in commercial software. Tangri et al. [5] has focused on the effect of particles
drop height and intensity as well as friction and restitution coefficients on generation of
packed beds of particles. They have also realized that the Hertz-Mindlin contact model
could over-predict the packing density unless a proper rolling friction coefficient could be
included. Moreover, Bester et al. [9] has studied the effect of Young’s modulus of particles
on bed generation.

One of the parameters that affects the accuracy of the DEM simulations for generat-
ing packed beds of particles is rolling friction between the particles and the particles and
the wall. Rolling friction is a momentum induced to the contact point between two dis-
crete elements that could mimic the rolling behavior of two complex shaped particles [10].
Wang et al. [11] found that by selecting proper rolling friction the DEM simulation with
sphere particles can realistically represent the beds of non-spherical ones albeit finding
the optimized value for this key parameter could be challenging. They have focused on
the effect of rolling friction of particles on packing the beds and analyzed the effects of the
rolling friction on the morphology and porosity using lignin particles. Gonive et al. [12]
also showed that the CFD-DEM simulations results would be improved to a great extent
only by applying a proper rolling friction model.

In DEM simulations in commercial software, it is also crucial to find the optimum
number of sub-steps for generating the packed beds. A sub-step is a smaller increment in
time within the larger solver time step and helps the rapid changes of particles interactions
be captured more accurately. During each sub-step, the DEM solver calculates the forces
and interactions between particles and the transient behavior of particle interactions can
therefore be more accurately predicted. It should be noted that smaller number of DEM
sub-steps while generating the packed bed could lead to an under-resolution of the inter-
actions between the particles, which can result in an inaccurate simulation of the packed
bed and, consequently, an overestimation of the bed void fraction. However, larger num-
bers of sub-steps could increase the computational time and cost of DEM simulations.

When considering the bulk density and void fraction of packed beds in practice, two
distinct modes of packing, loosely and densely packed, exist. Loosely packed beds repre-
sent arbitrarily formed beds with the gravity working on particles, while densely packed
beds are formed after loosely packed beds are compacted further with vibration or exter-
nal forces. In the experiments explained in Ref. [13], the crucible was lightly tapped 10
times on the table, following European Biochar Certificate recommendation [14]. Mean-
while, ISO 17828:2015 (Solid biofuels — Determination of bulk density) recommends three
shock exposures by dropping the container from 150 mm of height. The difference be-
tween the densely packed beds and loosely packed ones is the extent to which the particles
fill the gaps and void fraction becomes smaller. In case of the densely packed beds, the
contact surface area between the particles increases and the heat and mass transfer could
be facilitated compared to loosely packed beds. In order for the DEM-generated packed
beds to describe the reality of densely packed beds and to estimate packing properties
(e.g., void fraction) accurately, a specific set of numerical parameters shall be utilized in
DEM simulations, such as rolling friction, Young’s modulus, and time steps. Moreover, it
is important to elucidate if the shape of particles would affect the representation of packed
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bed. However, no study could be found in the literature that has studied the role of these 99
parameters to accurately describe densely packed beds consisting of densified, irregular- 100
shaped biochar particles. 101
The objective of this study is to investigate the influence of independent parameters 102
used in DEM on realistically generating the densely packed beds. The sensitivity of the 103
generated packed beds void fraction has been analyzed based on different rolling friction 104
values and the numbers of sub-step for conditions similar to experiments mentioned in 105
[13]. Moreover, the influence of particles shapes has been investigated on the void fraction 106
of packed beds in the form of particles with different aspect ratios. STAR CCM+ was used 107
for the implementation of DEM simulations and the workflow has been validated for a 108

wide range of particle sizes. 109
2. Materials and Methods 110
2.1. Packed Bed Generation by Using Discrete Element Method (DEM) 111

In this study, STAR-CCM+ is employed for generation of packed beds of char parti- 112
cles using Discrete Element Method (DEM). The DEM solver in STAR-CCM+ employs a 113
time-stepping algorithm to solve the equations of motion for each particle in the domain 114
[15]. 115
This contact model is based on the Hertz-Mindlin contact theory [16] where the the- 116
ories of Hertz and Mindlin are used to model the normal and the tangential force-dis- 117

placement relationships [5]. 118

According to this model, the contact forces between elastic particles A and B could 119

be described by [15]: 120
Feontace = Fan + Ft, 1)

where Fn and F: are the normal and tangential components of the contact force, and nand 121
t are the vectors normal and tangential to the contact surface. The normal component 122
could be defined as: 123

Fy = =Kndn — Nyvy, (2)

where dh is the particle overlaps in the directions normal to the contact point and vnisslip 124
velocity of the contact point. Kn and Nn are normal spring stiffness and normal damping, 125

respectively and can be obtained by: 126
4
K, = gEeq aneQ/ (3)
and, 127
N, = (SKnMeq)Nn,damping/ (4)
Meq, Req and Eeq are the equivalent particle mass, radius, and Young’s modulus, respec- 128
tively and can be obtained as: 129
1
Meq =1 = ©)
My Mp
R = 1
“=T 1 ©
Ry~ Rp

and, 130
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eq_l—vAZ_l_l—sz’ (7)
Ey Eg

E

131

where Ma and Ms are masses of particles A and B, Ra and Rs are the radii of the particles, 132
Ea and Es are the Young’s modulus of the particles and va and vs are the Poisson's ratios. 133
Nn,damping is the normal damping coefficient and is calculated by: 134

_ - ln(Cn,rest)

Nn,damping - 2 Y (8)
4 +In(Cp rest)

Here, Curest is the normal coefficient of restitution, which refers to the characteristics 135
of collision behavior of particles. When particles collide in DEM simulations, this param- 136
eter determines the amount of energy lost or gained during the collision. The values of 137
normal and tangential restitution coefficients typically range between 0 (perfectly inelastic 138
collision) and 1 (perfectly elastic collision) and the values are between 0 and 1 for most 139
materials in practice, which indicates a partially elastic collision where some energy is 140

dissipated. 141
Similar to the normal component of contact force, the tangential component related 142
to the surface friction between the particles could be obtained as: 143
Kndn|Crsd
Ff = min (_def - NtUt, %), (9)
t

where Cs is the static friction coefficient, vt is slip velocity of the contact point, and deis 144
the length of particle overlap in the directions tangential to the contact point. 145
Similar to normal force components, the tangential spring stiffness, Ki, and the tan- 146
gential damping, N, could be obtained as: 147

Ki = 8Geq+/d¢Req, (10)
and, 148

N, = (SKtMeq)Nt,damping/ (11)

where Nidamping is the tangential damping coefficient and Geq is the equivalent shear mod- 149

ulus. They could be obtained as: 150
N 4 . _ _ln(ct,rest)
t, - 7
e m2+In(Ce,rest)? (12)
and, 151
G _ 1
eq — 2@-vp)+vy) 2G-vp)A+vpy (13)
Eg ' Epg

where Chirest is the tangential restitution coefficient. To consider the particle-wall interac- 152
tion, the wall radius and mass should be assumed to be Rwai= Mwali= oo; therefore, the 153
equivalent radius and mass will be Req=Rparticle and Meq=Mparticle, respectively. 154

In the case —K,d; — Nv; > %, and the particles have already started sliding 155
on each other, the tangential component of the contact force is then defined by F, = 156
%, and the static friction coefficient is then replaced by the rolling friction coeffi- 157
cient, ur [17]. 158

As apparent from the equations above, the normal component of the contact force, 159
Fr, is dependent on particle properties (Meq, Req, Eeq, and Cnrest) and temporary relative 160
velocity and position (dn and vn). Among these parameters, Eeq, and Cnrest are the 161
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independent parameters related to the material properties that are common for all the
particles in the simulation domain. Similarly, the tangential component of the contact
force, Fy, is dependent on the material properties, Geq, Cirest, and pir, among which Geq and
Chrest are dependent to material properties. Therefore, the results of the DEM simulation,
apart from case specific parameters such as density, particle size distribution, should be
highly dependent on these parameters, together with the number of sub-steps. Mean-
while, these parameters are difficult to estimate based on first principle approaches, which
motivate the exploration of these parameters in this study.

2.2. Simulation Conditions

Three different packed beds have been analyzed in this study with particles sizes
covering a wide range of diameters from 315 um to 6 mm. Table 1 specifies the minimum
and maximum particle size and the parameters for the log-normal distribution of particle
size followed by the distribution graph in Figure 1.

Table 1. Particles size distribution of the samples used in this study (parameters are based on log-
normal distribution based on particle mass)

Sample Dmin [um] Dmax [um] Dmean [um] Standard Deviation [-]
Dp3 315 400 355.6 0.0217
Dp6 2000 3150 2526 0.293
Dp7 4000 6300 5053 0.587
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Figure 1. Log-normal distribution of the particle sizes in three studied samples: DP3(Left), DP6(Mid-
dle) and DP7(Right).

Table 2. Properties of the char particles

Property Value used in this work
Particle Apparent Density 783 kg m3 [13]
Young’s Modulus 6.8 GPa [18]
Poisson’s Ratio 0.33 [19]

The biomass char employed as the packed bed material is from dried spruce chips
[13] and its intrinsic properties have been mentioned in Table 2. As mentioned earlier,
Young’s modulus and Poisson’s ratio of biochar particles are considered as intrinsic prop-
erties of the material for which a range of experimental values exist in the literature and
the values mentioned in Table 2 has been selected according to the properties of the
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respective biochar. However, it is also worth mentioning that the generated packed beds 185
have not exhibited any significance variance in the void fraction or densification upon the 186
sensitivity study applying different values of Young’'s modulus and Poisson’s ratio within =~ 187
the range available in the literature (see supplementary figures S1 and S2). 188

In addition, the normal and tangential restitution coefficients ((Cnrest, Crest) have been 189
0.3, according to the shape of particles, the dropping angle of particles in the crucible and 190
the material properties [20]. 191

The geometry of the bed has been selected according to [13], which is a cylindrical 192
crucible with diameter of 20 mm and height of 18 mm in order to validate the numerical 193
data. 194

In order to capture the particle-particle interactions more accurately, the mesh size 195
used in DEM should be as large as the largest particle, which will be coarser than typical 196
CFD simulations. This is because the DEM solver models each particle as an individual 197
entity and the performance of the bed is highly dependent on the size and shape of parti- 198
cles. If a large particle is assigned to a cell that is smaller than its diameter, it can lead to 199
higher void fractions in the simulation than the reality. Large particles might not have 200
enough space to properly interact with its neighboring particles, leading to a distorted 201
representation of the packing arrangement [15]. 202

For the samples modeled in this study, the mesh has been selected to be polyhedral 203
and the mesh base size has been 2 mm for the samples Dp6 and Dp7 and 0.5 mm for Dp3. 204
It should be noted that the DEM mesh base size is for the purpose of generating the packed 205
bed of particles. For further simulation of fluid flow or heat and mass transfer, the mesh 206
size shall be adjusted to match the requirements from each application. 207

The surface injector has been implemented at the top surface of the crucible to intro- 208
duce particles into the simulation domain. Particle injection settings, i.e., injectionrate and 209
time, have been adjusted by observing the DEM simulation. Injection rate has been set to 210
the maximum physical limit that avoids overlaps among the particles at the injection sur- 211
face. Meanwhile, injection time has been adjusted to make the final volume of the packed 212
beds be equal to the one in Ref. [13], i.e., 6500 mm?. 213

2.3. Calculation of the Void Fraction 214

The DEM-generated packed bed has been analyzed in terms of the bed-scale volume- 215
averaged void fraction together with the local area-based void fraction. The general defi- 216
nition of the volume-averaged void fraction (£,,4) is the ratio of the volume space between 217
the particles (Vvoid) to the overall volume of the bed containing the particles (Vbed). This 218
could be expressed as: 219

_ Voo
€bed = #(::/ (14)

In addition, radial and vertical distributions of area-based void fractions have been 220
computed. For the radial profile, cylindrical sectional planes have been taken starting 221
from the center of the cylinder and extending towards the wall. The area-based void frac- 222
tion has then been calculated at regular intervals of 0.2 mm along these section planes. 223
Similarly, for the vertical profiles, cross section planes parallel to the base have been taken 224
along the height of the cylinder, starting from the bottom upwards. The area-based void 225
fraction has been computed at increments of 0.2 mm. Figure 2 displays a schematic of the 226
section planes over which the radial and vertical distributions of void fraction have been 227
computed. The definition of area-based volume fraction can be expressed with the area of 228

respective plane (Aplane) and the area of void in the plane (Avoid) as: 229
— Ayoid
‘gbed,area - Aplane, (15)

230
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(a)

() (d)

Figure 2. The schematic of section planes over which the area-based void fractions have been = 231
computed (a) along the radius and (c) along the height. The schematic of the pore space has been 232
shown in the (b) radial section and (d) vertical one. White spherical areas depict particles and black 233
areas represent the void between particles. 234

235

In STAR-CCM+, the "Packed Bed Void Fraction" is a field function used to calculate 236
the void fraction in a packed bed of particles, defined as the ratio of the volume of the 237
voids to the total volume of the packed bed [15]. This field function shall be accurate since 238
it can be applied to further simulations of the packed bed and its correctness affects its 239
overall performance. To get this built-in function in STAR-CCM+ as close to the real values 240
as possible, the number of DEM sub-steps has significant influence. Using coarse sub- 241
steps cannot capture the variation of void faction close to center of the cylinder and pre- 242
dicts the quite constant void fraction. This is due to the fact that coarser sub-stepsin STAR- 243
CCM+ indicates lower resolution of the DEM particles and consequently less capability of 244
capturing the space between particles. It would be preferred to use smaller sub-steps but 245
due to computational cost, especially for industrial applications where the bed size is 246

larger, one shall find a trade-off between number of sub-steps and accuracy. 247
3. Results and Discussions 248
3.1. Validation of the Numerical Model for Different Particle Sizes 249

As mentioned earlier, the number of sub-steps is an important parameter in genera- 250
tion of realistic packed beds of particles in DEM method. To find the optimum value, dif- 251
ferent number of sub-steps have been used for generating packed beds and the void frac- 252
tion of the generated beds have been compared with the experimental values in Ref. [13]. 253
For this step, sample DP6 (characteristics mentioned in Table 2) has been employed. The 254
analysis has been implemented for the surface-averaged void fraction on the mid- plane 255
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for the sample mentioned in the materials and method section. Figure 3 presents the bed 256
void fraction for different number of sub-steps. 257
258

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Bed void fraction [-]

0.2

0.1

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
Number of sub-steps

Figure 3. Bed void fraction versus the number of DEM sub-steps 259

260

According to Figure 3, the minimum number of sub-steps is 25000 since the bed void 261
fraction is constant for sub-steps larger than 25000. The larger the number of sub-stepsis, 262
the higher the simulation time and cost are. For the small-scale application of this study, 263
it might not be significant to lower the time and cost; however, it is crucial for industrial 264
and large-scale applications to make a trade-off between the accuracy of the results and 265
the computational time and cost. Table 3 presents the computational time and cost for 266
generating packed beds with different number of sub-steps. It shall be noted that all sim- 267
ulations have been running with 16 CPU of Intel(R) Xeon(R) Silver (2.10 GHz) and 144 GB ~ 268
of DDR4 RAM memory. For large scale problems, it is recommended that the injection 269
and packing of the bed be done in smallest number of sub-steps possible (e.g., 500 or 1000) 270
and after the bed is completely packed, simulation runs for some time with the optimum 271
number of sub-steps to obtain the realistic value of the void fraction and the built-in func- 272
tion of the void fraction in STAR-CCM+. As of this combination, the computational time 273
decreased to 350 minutes, which is almost 10 times smaller than running the whole simu- 274
lation with 25000 sub-steps from the beginning, while the bed void fraction ends up the 275

same value. 276
Table 3. Computational time for packed bed generation with respect to number of sub-steps 277
Number of Sub-steps Computational Time (min) Bed Void Fraction
5000 90 0.88
10000 200 0.78
15000 320 0.62
25000 3500 0.38

Using the abovementioned approach for the other two samples, DP3 and DP7, Figure 278

4 displays the comparison between the bed void obtained from experimental data and 279
DEM-generated beds in STAR- CCM+. The samples have been selected the way that they 280
could cover a wide range of particle sizes, which in turn represent a wide range of R/dp 281
(3.9, 7.8, and 55.9). 282
283

284
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Figure 4. Comparison between the bed void fraction from the experiment and the numerical 286
model 287

According to Figure 4, the prediction of the volume-averaged bed void fraction by 288
the DEM model has been in good agreement with the experimental data. The error range 289
between 5% and 7% could be due to the fact that the real char particles are not perfectly 290
sphere unlike in the DEM model, and this shape difference could affect the packing and 291
the bed void fraction accordingly. Nevertheless, the DEM model correctly captured the 292
effect of small vessel diameter (low R/dp ratio) as evident from the predicted trend (in- 293
crease in volume fraction). 294

3.2. The Detailed Particle Distribution Inside the Packed Bed 295

Figure 5 shows a visualization of particles in the DEM-generated packed bed (a) and 296

the void fraction distribution throughout the vertical middle plane of the domain (b). As 297
Figure 5 presents, larger values of void fraction could be seen near the walls and at the 298
top of the bed. At the top of the bed, the random injection of particles leads to some empty =~ 299
space above the last row of particles (as can be seen in Figure 5(a)) which leads to larger 300
void fractions at the top of Figure 5(b). Furthermore, close to the walls, the particles are 301
aligned to the wall surface and inevitable gaps are then formed. This wall effect can be the 302
cause of slightly higher void fractions near the walls and at the bottom of the crucible. 303
304

Particle Diameter (m; Void Fraction

I°‘°°312 f -

0.00256 0586

IOOOZ

(a (b)
Figure 5. The DEM-generated packed bed (a) and the void fraction distribution throughout 305
the middle plane of the packed bed (b). 306

0.321
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Figure 6 shows the radial distribution of void fraction along the cylinder. The x axis 307
is the distance from the wall normalized by mean particle diameter, (R-r)/dp, where Ris 308
the radius of cylinder, r is the radius of each cylindrical section and dy is the average par- 309
ticle diameter (2.5 mm in case of DP6). The void fraction values far from the wall (larger 310
values of (R-r)/dp)) fluctuate slightly around 0.4 (close to the experimental value of the 311
volume based void fraction) and the fluctuation increases as approaching the wall (Ratios 312
closer to zero). Since the particles are aligned adjacent to the walls, the first large porosity = 313
drop near the wall could be observed at (R-r)/dp=0.5, which is equal to half of the mean 314
particle diameter. 315

Void Fraction [-]
o o o o

0 0.5 1 15 2 25 3 3.5 4
(R-r)/dp [-]

Figure 6. Radial distribution of the void fraction along radius of the packed bed 316

Similarly, Figure 7 depicts the void fraction distribution along the height of the 317
packed bed. To do so, the area-based void fraction has been calculated on the cross sec- 318
tions at every 0.2 mm distance from the bottom plane. 319

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3

Void Fraction [-]

0.2
0.1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Height [m]

Figure 7. Vertical distribution of void fraction along the height of the packed bed. 320

At the bottom of the bed, void fraction was one due to the wall effect and the spher- 321
ical shape of the particle. It is noticeable that the change of bed void fraction at the bottom 322
of the bed is sharper, and this could be because the particles are aligned at the bottom. Up 323
until 1.2-1.4 mm (half of the smallest particle diameter) the value of the void fraction goes 324
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down from unity to a minimum and then oscillates for a length of two particle diameters 325
until it approaches towards the mean value. 326

As per Figure 6 and Figure 7, it is apparent that the fluctuations of bed void fraction 327
are considerable adjacent to the walls of the domain. For better understanding of the wall ~ 328
effects, the simulations have been carried out for a series of domains with R/dp ratios of 6, 329
8, 10, 12 and 16, among which the ratio equal to 8 is the original crucible size. Figure 8 330
demonstrates the void fraction distribution with respect to the normalized distance from 331
crucible surface. It is observed that for the first half diameter of particle (R-r)/dp=0.5, the 332
wall effect is similar except small difference which could be result of random filling of the 333
pack bed. Regardless of the magnitudes of the R/dp ratios, the oscillation with the fre- 334
quency of the mean particle diameter became insignificant after two particle diameters 335
and was replaced by random fluctuation around mean void fraction. In other words, the 336
inner domains would simulate the conditions of a densely packed bed. 337

0.9
0.8
: 0.7
g 06
,8 : —R/dp:6
§ 0.5 'R/dp=8
(=i
5 0.4 R/dp=10
o _
> 03 R/dp=12
R /dp=16
0.2
0.1
0

0051152253354455556657 758859 9510
(R-r)/dp [-]

Figure 8. Radial distribution of the void fraction along radius of the packed beds with R/dp=6, 8, 10, ~ 338
12, 16, and 20. 339

3.3. Influence of Rolling Friction Coefficient on the Bed Void Fraction 340

As mentioned before, one of the crucial parameters in packing the particles is rolling 341
friction between particles as well as the particles with the wall. For better understanding 342
the role of rolling friction of particles, it is helpful to analogize it to the tapping of the 343
container in order to redistribute the particles and decrease the void space between them. 344
As mentioned before, the loosely and densely packed beds are different in sense of void 345
fraction as well as from one material to another. Here, rolling friction coefficient shall be 346
adjusted accordingly. Figure 9 demonstrates the volume-averaged void fraction of the 347
packed beds in different values of rolling friction coefficient. Rolling friction coefficients 348
smaller than 10 seem to represent the void fraction values close to the expected one for 349
densely packed bed. At higher rolling friction coefficients, especially above 0.1, the void 350
fraction increases along with rolling friction coefficients. The values become much larger 351
than those for densely packed bed, and approach toward those for loosely packed bed. 352

353
354
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Figure 9. The volume-averaged void fraction of the beds generated with respect to different rolling 355
friction coefficients. 356

In order to investigate the differences of packing in detail, Figure 10 and Figure 11 357
show the influence of rolling friction on the void fraction distribution along the height of 358
the packed bed and along the normalized distance from the wall, (R-r)/dp, respectively. 359
The void fraction has a variation and oscillation especially near the wall as discussed ear- 360
lier. The void fraction has a variation and oscillation especially near the wall as discussed 361
earlier. When comparing different rolling resistance coefficients, it is noticed that void 362
fractions remain fairly consistent when the rolling resistance coefficient is smaller than 363
0.01. Moreover, the difference is more noticeable at the bottom of the packed bed than on 364
the side walls. However, when we use larger rolling resistance coefficients, the simula- 365
tions overestimate the values of void fractions compared to the experimental data. This 366
overestimation gets more significant in vicinity of the walls. 367

The results from the volume-averaged void fraction as well as the respective radial 368
and vertical distributions (Figure 9, Figure 10 and Figure 11) indicate that rolling friction 369
coefficients below 10 are generally recommended for the DEM simulation of densely 370
packed bed. Meanwhile, the void fraction of loosely packed bed is sensitive to the surface 371
properties of materials and the selection of the rolling friction coefficients becomes im- 372
portant to reproduce loosely packed bed accurately. 373
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Figure 10. The influence of rolling friction coefficient of particles on the vertical distribution of void ~ 374
fraction 375
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Figure 11. The influence of rolling friction coefficient of particles on the radial distri- 376
bution of void fraction. 377
378
3.4. Influence of Particles Shapes on the Bed Void Fraction 379

Since the particles in practice deviate from being fully spherical, it is crucial to inves- 380
tigate the effect of shape factor on the void fraction. Hereby, the void fractions of the beds 381
with the particle aspect ratios (length to diameter ratio) of 1.2, 1.5, 2, 2.2 and 3.5 have been 382
assessed in this section for the sample DP6. The reason behind selecting the mentioned 383
aspect ratios is the fact that the char particles, in reality, do not deviate much from spheres 384
and ratios beyond these would not reflect the realistic char particles. Figure 12 shows the 385
external views of the packed beds containing non-spherical particles. The particles with 386
the aspect ratios up to 1.2 resemble sphere particles and it is hard to distinguish the parti- 387
cle orientation visually. The particles with the aspect ratios above 2 resemble cylindrical 388
particles and clearly exhibit the alignment of particles. Visually, this particle elongation 389
seems to result in the larger gaps between particles as expected. Particles with the aspect 390
ratio of 1.5 show the transition behavior, that is, the particle orientation is clearly visible 391
but the gaps between particles do not seem to be widened. 392
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Figure 12. External views of packed beds of non-spherical particles with aspect ratios 393
of (a) 1.2, (b) 1.5, (c) 2, (d) 2.2, and (e) 3.5. 394

395

To quantitatively discuss the previous observation for the beds presented in Figure 396

12, the volume-averaged bed void fractions have been calculated according to equation 397
(14). Figure 13 shows the changes in the void fraction for different beds as well as the 398
value mentioned in the experimental results of [13] and the one obtained from the spher- 399
ical particles (aspect ratio of 1). The yellow-shaded region in the graph represents the 400
standard deviations of void fractions estimated based on the error propagation from the 401
standard deviations of bulk and envelope density [13]. 402
The void fractions of beds with non-spherical particles deviate from the experimental 403
value of 0.42 and the one from spherical particles, i.e., 0.447 for DP6. It could be observed 404
that aspect ratios of 1.1 up until 1.5 show deviation range of 0.03 to 0.06, yet still in the 405
acceptable margin; however, for aspect ratios larger than 1.5, meaning particles shifting 406
shape from spheres to cylinders, the bed void fractions are much larger than both the 407
experimental values and the values from beds with spherical particles. This could be due 408
to the fact that the cylinder-shaped particles attain different orientations when being 409
packed and the gap between them becomes more than densely packed spherical particles. 410
It should be noted that this result could depend on type of particles, and, in this study, 411
one could see that packed beds of spherical particles could exhibit the same range of void =~ 412
fractions as the experimental data of char particles. 413
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Figure 13. Volume-averaged bed void fraction for different particle aspect ratios for 415
DP6 sample. 416

4. Conclusions 417

In this investigation, the DEM (Discrete Element Method) approach, implemented 418
within STAR-CCM+ (Siemens, 2023), was employed to generate numerical models of 419
packed beds with spherical particles. 420

The initial section of this study evaluated how the chosen DEM method for generat- 421
ing packed beds influences porosity. This assessment concludes that the number of sub- 422
steps used should be adequately large to capture particle resolution yet not excessive to 423
avoid excessive computational time and cost. For a sample size range of 2 mm to 3 mm, 424
an optimal number was identified through a trade-off approach. A suggestion was made 425
to employ a smaller number of sub-steps during particle injection, gradually increasing to 426
a higher value for settling. The generated bed has exhibited good agreement with the ex- 427
perimental results with the same geometry and particle size range. Moreover, a detailed 428
analysis of the void fraction distribution in radial and vertical directions revealed that 429
inner cylinder regions closely aligned with experimental values, while nearer to the wall, 430
fluctuations led to greater void fraction variations. 431

The second part of the study investigated the impact of rolling friction coefficient, 432
both among particles and with the wall, on the precision of packed bed generation. It was 433
determined that rolling friction coefficients exceeding 10 resulted in significant devia- 434
tions from the void fraction of densely packed bed, while coefficients below this threshold 435
led to minor deviations from experimental values. Moreover, it is concluded that choosing 436
a proper rolling friction at higher values could create similar conditions as of a loosely 437
packed bed albeit the outcome would be affected by material properties and packing con- 438
ditions significantly. Consequently, selecting an appropriate rolling friction value be- 439
comes pivotal for achieving accurate simulations of particle packed beds using the DEM 440
method. 441

In the last section of this study, the influence of particles morphology has been inves- 442
tigated. Six different ellipsoidal shapes with aspects ratios of 1.2, 1.5, 2, 2.2 and 3.5 have 443
been studied and the volume-averaged bed void fraction for one of the samples have been = 444
compared with spherical and experimental values. The results showed that deviations 445
from spherical towards cylindrical-shaped particles increase the void fraction by more 446
than 0.1. However, this deviation was not significant up to the aspect ratios of 1.5. 447

Supplementary Materials: The following supporting information can be downloaded 448
at: www.mdpi.com/xxx/s1, Figure S1: Vertical distribution of void fraction for different 449
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Young's modulus numbers, Figure S2: Vertical distribution of void fraction for differ- 450
ent Poisson ratios. 451
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