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considered for the dynamic behavior of the system [5]. It makes it possible to model the 45 

flow of fluids through packed beds and predict the performance of the porous media. The 46 

CFD-DEM coupling has also been recently used for evaluating the flow characteristics 47 

through the packed beds [6]. 48 

For considering the particle-particle and particle-wall contact, Hertz-Mindlin contact 49 

model has been used [7] which is the most widely used approach for modeling the discrete 50 

phases. It takes into account both normal and tangential forces between particles, allowing 51 

for sliding or even rolling surfaces. On this regard, Lin et al. [8] discussed that the Hertz– 52 

Mindlin model could best describe a bed of under-compacted spherical rock particles.  53 

There are several parameters that can influence the generation of a packed bed using 54 

DEM and a few studies in the literature have focused on parameters of bed generation 55 

with DEM in commercial software. Tangri et al. [5] has focused on the effect of particles 56 

drop height and intensity as well as friction and restitution coefficients on generation of 57 

packed beds of particles. They have also realized that the Hertz-Mindlin contact model 58 

could over-predict the packing density unless a proper rolling friction coefficient could be 59 

included. Moreover, Bester et al. [9] has studied the effect of Young’s modulus of particles 60 

on bed generation. 61 

One of the parameters that affects the accuracy of the DEM simulations for generat- 62 

ing packed beds of particles is rolling friction between the particles and the particles and 63 

the wall. Rolling friction is a momentum induced to the contact point between two dis- 64 

crete elements that could mimic the rolling behavior of two complex shaped particles [10]. 65 

Wang et al. [11] found that by selecting proper rolling friction the DEM simulation with 66 

sphere particles can realistically represent the beds of non-spherical ones albeit finding 67 

the optimized value for this key parameter could be challenging. They have focused on 68 

the effect of rolling friction of particles on packing the beds and analyzed the effects of the 69 

rolling friction on the morphology and porosity using lignin particles. Gonive et al. [12] 70 

also showed that the CFD-DEM simulations results would be improved to a great extent 71 

only by applying a proper rolling friction model.  72 

In DEM simulations in commercial software, it is also crucial to find the optimum 73 

number of sub-steps for generating the packed beds. A sub-step is a smaller increment in 74 

time within the larger solver time step and helps the rapid changes of particles interactions 75 

be captured more accurately. During each sub-step, the DEM solver calculates the forces 76 

and interactions between particles and the transient behavior of particle interactions can 77 

therefore be more accurately predicted. It should be noted that smaller number of DEM 78 

sub-steps while generating the packed bed could lead to an under-resolution of the inter- 79 

actions between the particles, which can result in an inaccurate simulation of the packed 80 

bed and, consequently, an overestimation of the bed void fraction. However, larger num- 81 

bers of sub-steps could increase the computational time and cost of DEM simulations. 82 

When considering the bulk density and void fraction of packed beds in practice, two 83 

distinct modes of packing, loosely and densely packed, exist. Loosely packed beds repre- 84 

sent arbitrarily formed beds with the gravity working on particles, while densely packed 85 

beds are formed after loosely packed beds are compacted further with vibration or exter- 86 

nal forces. In the experiments explained in Ref. [13], the crucible was lightly tapped 10 87 

times on the table, following European Biochar Certificate recommendation [14]. Mean- 88 

while, ISO 17828:2015 (Solid biofuels – Determination of bulk density) recommends three 89 

shock exposures by dropping the container from 150 mm of height. The difference be- 90 

tween the densely packed beds and loosely packed ones is the extent to which the particles 91 

fill the gaps and void fraction becomes smaller. In case of the densely packed beds, the 92 

contact surface area between the particles increases and the heat and mass transfer could 93 

be facilitated compared to loosely packed beds. In order for the DEM-generated packed 94 

beds to describe the reality of densely packed beds and to estimate packing properties 95 

(e.g., void fraction) accurately, a specific set of numerical parameters shall be utilized in 96 

DEM simulations, such as rolling friction, Young’s modulus, and time steps. Moreover, it 97 

is important to elucidate if the shape of particles would affect the representation of packed 98 
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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 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐹𝑛𝒏 +  𝐹𝑡𝒕, (1) 

where Fn and Ft are the normal and tangential components of the contact force, and n and 121 

t are the vectors normal and tangential to the contact surface. The normal component 122 

could be defined as: 123 𝐹𝑛 = −𝐾𝑛𝑑𝑛 − 𝑁𝑛𝜐𝑛, (2) 

where dn is the particle overlaps in the directions normal to the contact point and υn is slip 124 

velocity of the contact point. Kn and Nn are normal spring stiffness and normal damping, 125 

respectively and can be obtained by: 126 𝐾𝑛 =  43 𝐸𝑒𝑞√𝑑𝑛𝑅𝑒𝑞, (3) 

and, 127 𝑁𝑛 =  √(5𝐾𝑛𝑀𝑒𝑞)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 𝑀𝑒𝑞 = 11𝑀𝐴+ 1𝑀𝐵, (5) 

 

𝑅𝑒𝑞 = 11𝑅𝐴 + 1𝑅𝐵 , 
(6) 

and, 130 
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𝐸𝑒𝑞 = 11 − 𝜐𝐴2𝐸𝐴 + 1 − 𝜐𝐵2𝐸𝐵 , 
(7) 

 131 

where MA and MB are masses of particles A and B, RA and RB are the radii of the particles, 132 

EA and EB are the Young’s modulus of the particles and υA and υB are the Poisson's ratios. 133 

Nn,damping is the normal damping coefficient and is calculated by: 134 𝑁𝑛,𝑑𝑎𝑚𝑝𝑖𝑛𝑔 = − ln(𝐶𝑛,𝑟𝑒𝑠𝑡)√𝜋2+ln(𝐶𝑛,𝑟𝑒𝑠𝑡)2, (8) 

Here, Cn,rest 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 𝐹𝑡 = min (−𝐾𝑡𝑑𝑡 − 𝑁𝑡𝜐𝑡 , |𝐾𝑛𝑑𝑛|𝐶𝑓𝑠𝑑𝑡|𝑑𝑡| ), (9) 

where Cfs is the static friction coefficient, υt is slip velocity of the contact point, and dt is 144 

the length of particle overlap in the directions tangential to the contact point.  145 

Similar to normal force components, the tangential spring stiffness, Kt, and the tan- 146 

gential damping, Nt, could be obtained as: 147 𝐾𝑡 = 8𝐺𝑒𝑞√𝑑𝑡𝑅𝑒𝑞, (10) 

and, 148 𝑁𝑡 = √(5𝐾𝑡𝑀𝑒𝑞)𝑁𝑡,𝑑𝑎𝑚𝑝𝑖𝑛𝑔, (11) 

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

ulus. They could be obtained as: 150 𝑁𝑡,𝑑𝑎𝑚𝑝𝑖𝑛𝑔 = − ln(𝐶𝑡,𝑟𝑒𝑠𝑡)√𝜋2+ln(𝐶𝑡,𝑟𝑒𝑠𝑡)2, (12) 

and, 151 𝐺𝑒𝑞 = 12(2−𝜐𝐴)(1+𝜐𝐴)𝐸𝐴 +2(2−𝜐𝐵)(1+𝜐𝐵)𝐸𝐵 , (13) 

where Ct,rest is the tangential restitution coefficient. To consider the particle-wall interac- 152 

tion, the wall radius and mass should be assumed to be Rwall= Mwall= ∞; therefore, the 153 

equivalent radius and mass will be Req=Rparticle and Meq=Mparticle, respectively. 154 

In the case −𝐾𝑡𝑑𝑡 − 𝑁𝑡𝜐𝑡 > |𝐾𝑛𝑑𝑛|𝐶𝑓𝑠𝑑𝑡|𝑑𝑡| , and the particles have already started sliding 155 

on each other, the tangential component of the contact force is then defined by 𝐹𝑡 = 156 |𝐾𝑛𝑑𝑛|µ𝑟𝑑𝑡|𝑑𝑡| , and the static friction coefficient is then replaced by the rolling friction coeffi- 157 

cient, µr [17].    158 

As apparent from the equations above, the normal component of the contact force, 159 

Fn, is dependent on particle properties (Meq, Req, Eeq, and Cn,rest) and temporary relative 160 

velocity and position (dn and vn). Among these parameters, Eeq, and Cn,rest are the 161 
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independent parameters related to the material properties that are common for all the 162 

particles in the simulation domain. Similarly, the tangential component of the contact 163 

force, Ft, is dependent on the material properties, Geq, Ct,rest, and µr, among which Geq and 164 

Ct,rest are dependent to material properties. Therefore, the results of the DEM simulation, 165 

apart from case specific parameters such as density, particle size distribution, should be 166 

highly dependent on these parameters, together with the number of sub-steps. Mean- 167 

while, these parameters are difficult to estimate based on first principle approaches, which 168 

motivate the exploration of these parameters in this study. 169 

2.2. Simulation Conditions 170 

Three different packed beds have been analyzed in this study with particles sizes 171 

covering a wide range of diameters from 315 µm to 6 mm. Table 1 specifies the minimum 172 

and maximum particle size and the parameters for the log-normal distribution of particle 173 

size followed by the distribution graph in Figure 1. 174 

Table 1. Particles size distribution of the samples used in this study (parameters are based on log- 175 
normal distribution based on particle mass) 176 

Figure 1. Log-normal distribution of the particle sizes in three studied samples: DP3(Left), DP6(Mid- 177 
dle) and DP7(Right). 178 

Table 2. Properties of the char particles 179 

Property Value used in this work 

Particle Apparent Density 783 kg m-3 [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 180 

[13] and its intrinsic properties have been mentioned in Table 2. As mentioned earlier, 181 

Young’s modulus and Poisson’s ratio of biochar particles are considered as intrinsic prop- 182 

erties of the material for which a range of experimental values exist in the literature and 183 

the values mentioned in Table 2 has been selected according to the properties of the 184 

Sample Dmin [µm] Dmax [µm] Dmean [µm] 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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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 ((Cn,rest, Ct,rest) 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., injection rate 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 mm3. 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 (𝜀𝑏̅𝑒𝑑) 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 𝜀𝑏̅𝑒𝑑 = 𝑉𝑣𝑜𝑖𝑑𝑉𝑏𝑒𝑑 , (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 𝜀𝑏𝑒𝑑,𝑎𝑟𝑒𝑎 = 𝐴𝑣𝑜𝑖𝑑𝐴𝑝𝑙𝑎𝑛𝑒, (15) 

 230 
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(a) (b) 

  

(c) (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-steps in 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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(e)  

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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Young's modulus numbers, Figure S2: Vertical distribution of void fraction for differ- 450 

ent Poisson ratios. 451 
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