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Abstract   11 

Fine and cohesive powders typically exhibit low packing density, with solid volume fraction around 12 

0.3. Discrete Element Modelling (DEM) of particulate materials and processes typically employ 13 

spherical particles which have much larger solid fractions (e.g. 0.64 for dense random packing of 14 

frictionless spheres). In this work a range of quasi-spherical particles are designed, represented by 15 

a number of small satellites connected rigidly to a larger centre sphere. Using DEM, packing density 16 

is found to be controlled by the interplay between particle shape, size and inter-particle cohesion 17 

and friction. Low packing density is obtained for an appropriate combination of 1) particle shape 18 

that allows the creation of geometrically loose structures via separation of the central particles by 19 

the satellites, 2) particle size that should be sufficiently small so that adhesive forces between 20 

particles become dominant over gravity, 3) adhesive forces, determined from surface energy 21 

should be sufficiently large, and 4) friction (static friction was found to have a dominant role 22 

compared to rolling friction, but negligible compared to adhesive forces for small particle size). By 23 

using the proposed quasi-spherical particle designs it becomes possible to calibrate more realistic 24 

DEM models for particulate processes that reproduces not only packing, but also other behaviours 25 

of bulk powders. 26 
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1.1 Introduction  29 

The packing behaviour of particulate materials is of key importance in most manufacturing sectors 30 

for product and process design from bulk scale handling, transport and storage of particulate 31 

materials (energy, mineral processing, agriculture, construction) to the manufacturing of high 32 

value added complex formulated products and intermediaries (food, pharmaceuticals, detergents, 33 

speciality chemicals) and near net shape forming technologies (additive manufacturing, powder 34 

metallurgy, ceramics, hard materials) etc.  35 

Unsurprisingly, particle packing has been studied extensively over many past decades and the first 36 

specialist reference book on particle packing was published by German in 1989 [1]. In the 37 

intervening period extensive studies have followed on the effect of particle physical characteristics 38 

(shape, size, and density), surface properties (affecting friction, adhesion) and contact interactions 39 

between particles on packing arrangement; the key findings are summarised below.  40 

Particle arrangements can be categorised into two main types: ordered and random [1]. In theory, 41 

and according to [2, 3], the ordered packing of monosized spherical particles with an equal size can 42 

take several forms and the highest achievable solid volume fraction is 0.74 [4]. Random packing, 43 

on the other hand, presents a lower solid fraction which typically ranges between 0.60-0.64. The 44 

accepted solid fraction for dense packing is about 0.637 while 0.60 for loose random packing [1, 45 

4].  46 

Mixing two or more different sized particles leads to either increasing or decreasing packing 47 

density depending on the organisation of fine particles in the mixture. If the small particles occupy 48 

the interstitial voids between the large particles as shown conceptually in Figure 1a then the total 49 

space occupied by powder will decrease [5-8]. Alternatively , if the small particles are larger than 50 

the spaces between coarse particles or adhere to larger particles as illustrated in Figure 1b, then 51 

the packing density is reduced [1, 7].  52 

  53 

 54 
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 55 

(a)                               (b)  56 

Figure 1 Conceptual illustration on possible packing arrangements of multi-sized particle 57 
assemblies, (a) increasing packing density, (b) reducing packing density 58 

While particle size (or size distribution) is one of the key factors influencing packing density, it 59 

cannot fully explain the arrangements illustrated in Figure 1. By decreasing the particle size, below 60 

approximately 100 μm, packing density can be changed considerably  [1, 9]. Due to the decrease 61 

of particle size, the specific surface area increases and the particle mass decreases. Consequently, 62 

the weak attractive forces such as electrostatic charges, capillary bridges, and van der Waals forces 63 

between particles become larger and more significant [1, 9-12] compared to gravitational and 64 

other inertial forces which are affected by density. With smaller particles, interparticle cohesion 65 

also increases and therefore agglomeration is likely to occur [9, 13].  66 

Particle shape is also a key factor affecting packing. A number of studies conducted to establish 67 

relations between sphericity (particle roundness) and solid fraction [14]. Other authors [15-17] also 68 

highlighted the importance of sphericity and particle roundness for controlling the minimum and 69 

maximum solid volume fraction.    70 

Irregularity of the particle shape influences interparticle friction and the more irregular the shape 71 

the lower the packing density [18-20]. In spite of spheres not being efficient geometries to fill a 72 

space (compared with e.g. cuboidal shapes), spherical particles facilitate rolling and rearrangement 73 

processes. The container wall used to hold the powder also influences the packing density by 74 

enabling unfilled low-density regions near to the wall. For binary mixtures with particle size ratios 75 

of less than 0.0035, however, the small particles form a monosized dense packing and wall effects 76 

become negligible [5]. 77 
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1.1.1 Properties of fine and cohesive powders 78 

Powders used in the manufacturing of pharmaceutical tablets, detergents, food products, fine 79 

chemicals, etc. are often composed of fine and cohesive particles. The packing of such powders is 80 

characterised by very low solid fractions. Handing and dosing operations takes place when the 81 

powders assume such loose packing arrangements. Taking some commonly used pharmaceutical 82 

excipients listed in Table 1 as example, their solid fraction in bulk state between 0.19 and 0.32, 83 

which is significantly lower than the loose random packing of spheres. The shape of the particles 84 

for the powders listed in Table 1 are illustrated in in Figure 2. 85 

Table 1 Material properties for six pharmaceutical powders [21] 86 

Material Average particle 

size, 𝜇𝑚 

Bulk Density, 

 kg/m3 

Bulk Solid 

Fraction 

PH101 50 309 0.19 

PH102 100 318 0.20 

PH200 180 363 0.22 

PH302 100 428 0.26 

ATAB 180 725 0.25 

Mannitol 180 498 0.32 

 87 

 88 

Figure 2 SEM images of pharmaceutical powders (a) PH101, (b) PH102, (c) PH200, (d) PH302, (e) 89 
ATAB and (f) Mannitol [21] 90 
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The discussion above shows that particle packing is determined by complex interactions between 91 

the physical characteristics of the particles and the details of particle interactions specific to 92 

different situations. Experimental observations using real particles led to detailed observations of 93 

the packing behaviour of different classes of materials. In recent years a complementary numerical 94 

technique, the Discrete Element Method (DEM), has been used to provide insight into the 95 

behaviour of particulate systems.  96 

1.1.2 DEM analysis of particle packing 97 

Discrete Element Modelling is becoming increasingly common due to steady advances in 98 

computational capabilities in terms of hardware and software. DEM opens virtual design 99 

possibilities for complex systems [22, 23] and is routinely applied across wide range of powder 100 

handling processes to simulate granulation [24, 25], die filling [26, 27], hopper discharge [28-30], 101 

segregation [31-33], in addition to particle packing [34, 35] and other applications. 102 

DEM, also known as the distinct element method, was first introduced by Cundall and Strack [36] 103 

for simulation of jointed rocks. Since then, significant progress and development has been made 104 

in its methodologies and applications. In DEM every element represents one particle (grain). The 105 

movement of each particle is determined numerically through a series of calculations that trace 106 

each individual particle in a population of independent particles [37, 38]. When contacts occurs 107 

between particles, a local constitutive law (contact law) is employed to determine the contact 108 

forces which act on the particles and subsequently the motions of the particles involved in the 109 

contact [39]. 110 

The DEM algorithm includes an automated contact detection, which confirms formation or 111 

separation of the contact. The contact laws are the core ingredients of DEM and their validity 112 

determines the validity of the DEM simulation. Hertz-Mindlin contact model (non-linear elastic 113 

model) is one of the most commonly used contact force model in DEM to represent collision 114 

between non-cohesive spheres [40, 41]. In addition to contact forces, attractive particle interaction 115 

forces are usually taken into account in order to attain more realistic behaviour of cohesive 116 

systems. There are several options for handling cohesive particles in DEM simulations reported in 117 

the literature. The JKR model [42] is probably one of the most popular and widely accepted model 118 

used for modelling adhesive and fine particles [43-47] .  119 
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It follows that one of the critical aspect in powder simulations using DEM is the determination of 120 

the material properties and the contact interaction parameters [22, 48-50].  In order to produce 121 

accurate results that provide a realistic representation of the behaviour of the real material, the 122 

DEM requires that the input parameters are calibrated and validated [51, 52]. The calibration and 123 

validation strategies depend on physical nature of process being simulated which in turn 124 

corresponds to the behaviour of the actual bulk material [53, 54]. There are currently no universal 125 

or standardised calibration methods that can easily and effectively used to calibrate a bulk material 126 

for an arbitrary process [50, 54]. In general two approaches are followed for calibration of the DEM 127 

input parameters [22, 50, 55]. The first approach is typically achieved by experimentally 128 

characterising the behaviour of the bulk material. The experimental setup and procedures are then 129 

numerically replicated as closely as possible and the microscopic input parameters are adjusted 130 

iteratively until the DEM simulated results match the measured bulk behaviour using “trial and 131 

error” [50, 52, 55, 56] - this procedure can be effective for a given process, however, the 132 

parameters such determined cannot usually be used to model a different process involving 133 

different physics. In the second approach the input parameters are determined by directly 134 

measuring the values of material property (e.g. particle size, shape, friction, coefficient of 135 

restitution, and Young’s modulus) [22, 48, 50], then used to simulate bulk behaviour. The latter 136 

procedure is more suitable for spherical particles where it is possible to measure the particle 137 

properties.   138 

In the current state of DEM modelling there are still some limitations and restrictions on the size, 139 

shape, and number of particles that can be simulated. Using the DEM approach for modelling a 140 

large number of irregular particles shape with small particle sizes makes computing time 141 

consuming [22, 57]. The majority of DEM simulations, therefore, consider using only a relatively 142 

small number of spherical particles in order to simplify the application and reduce the computation 143 

time [58, 59]. The representation of real particle shapes is still one of the key challenges that needs 144 

to be addressed during the simulation of granular material in order to obtain quantitative 145 

predictive accuracy for the modelled systems. Particle shape is an important factor which can be a 146 

dominant parameter in many cases. In dynamic systems, for instance (flow in hoppers or mixing 147 

applications), the particle shape controls the number of contacts and their trajectory which has a 148 

direct influence on the mechanisms of flow motion [28, 60]. Particle shape, in die fill and 149 
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compaction operations, as another example, affects the powder packing characteristics and 150 

therefore the volume and density of the bed occupied by the powder [61, 62].  151 

Despite the fact that most real powders have large variations in particle size, shape and other 152 

characteristics the use of spherical particle shape is widespread in DEM because it requires only 153 

one size descriptor (particle radius) and it is convenient numerically for contact detection and 154 

calculation of contact forces. However, spherical shapes have inherent limitations for modelling 155 

the packing of real powder systems as exemplified below. 156 

1.1.3 DEM analysis of particles with irregular shape  157 

Inevitably, any DEM using spherical particles will suffer from the following limitation. The upper 158 

limit of dense random packing that can be obtained for frictionless spheres is of volume fractions 159 

with approximately 0.64 [63, 64]. The lower volume fraction for mechanically stable packings that 160 

can be attained for random loose packing in the presence of friction is around 0.55 [65-67]. This is 161 

notably different from the solid fractions of the typical powders used in the manufacturing of 162 

pharmaceutical tablets, detergents, food products, fine chemicals, etc. 163 

There are several methods that have been proposed in literature to represent complex and non-164 

spherical shapes. One of the simplest and most commonly used is the multi-sphere method which 165 

treats one or more sets of particles as independent bodies formed by multiple spheres joined 166 

rigidly together [68]. By increasing the number of spheres more complicated shape envelopes can 167 

be created with increasing refinement. The properties of individual multi-sphere bodies (often 168 

referred to as “clumps”) are calculated and updated at each time-step. The kinetic and rotational 169 

energy of each rigid body is updated based on its centre of mass so that the whole body moves 170 

and rotates as a single entity.  The total force and torque acting on each multi-sphere body is 171 

calculated as the sum of the forces and torques on its forming particles and the coordinates [68-172 

70]. However, a significant drawback related to this method, is the increase of computational 173 

memory requirements with the increase of precision requirements for the represented complex 174 

shape. In addition it is difficult to approximate shapes having sharp edges and large aspect ratios 175 

[22]. 176 

Nevertheless, recent improvement in computational power and increasing of memory capacity 177 

enabled numerous studies of packing of complex shaped particles using multi-sphere methods 178 

targeting different industrial applications. Deng and Davé [47] , for instance, used the multi-sphere 179 
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method with the JKR model to investigate the effect of the particle size, aspect ratios (0.0, 1.0, and 180 

3.0), and cohesiveness on the packing structure. They demonstrated that the porosity decreases 181 

with increasing particle size for the case of non-zero surface energy; whereas the porosity becomes 182 

significantly higher (as high as 0.83) for finer particles in the presence of cohesive force with the 183 

increase of aspect ratios. Other authors used the same method to study the packing density of 184 

ellipsoid particles. You and Zhao [71] used DEM to investigate the packing and flow behaviour of 185 

ellipsoidal particles and they documented solid fraction in the range of 0.542 - 0.587. He et al. [72] 186 

examined the effect of the initial packing on the compactions of spheroidal particles of different 187 

aspect ratios. They highlighted that the solid fraction increases with the aspect ratio and reaches a 188 

maximum of 0.685 at a ratio of 0.75. It then decreases with increasing aspect ratio and has a 189 

minimum of 0.63 when the ratio is 1 (spheres). There are several other methods and techniques 190 

that can be found in the literature which used to model and study packing of non-spherical 191 

particles [73-77]. 192 

Clearly, particle shape has a key influence on packing. However, packing is also controlled by the 193 

effect of friction, surface energy, etc.  DEM results can also be manipulated by changing the initial 194 

conditions of the particles (the so-called particle “insertion”). For packing of spherical particles, for 195 

instance, even though the random close packing is around 0.64, some studies [78-80] 196 

demonstrated that the solid fraction of spherical particles can be reduced to be as low as 0.22-197 

0.154 by increasing the work of adhesion. Liu, Li [79], for instance, showed that increasing the size 198 

of spherical particle from 1 μm to 10 μm of the same surface energy and under the same insertion 199 

conditions increase the solid fraction almost two folds. However, these systems are unstable: 200 

during the DEM initialisation procedure, by increasing the insertion velocity from 0.5 m/s to 6 m/s 201 

the solid fraction almost trebled. This type of structure is unstable for many applications especially 202 

that involve particle movement (e.g. powder flow). Therefore, obtaining packing densities as low 203 

as in Table 1 for a stabilized loose particle packing with spherical-like particle shape remains a 204 

challenge. 205 

Spherical shapes offer advantages in terms of modelling processing, transport and handling (e.g. 206 

high packing density, good flow properties etc.). Practical particles, are, however, mostly irregular 207 

and usually the greater the shape irregularity the lower bulk density that can be obtained [14, 16, 208 

17]. Ceramic particles (e.g. Figure 2e) or particles obtained through crystallisation (e.g. Figure 2f) 209 

are inherently faceted. Metal or polymeric particles made through atomisation processes are also 210 
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mostly irregular although spherical shapes can be also engineered at a cost. In most practical 211 

processing situations the reduction of fines is desired and round particle shapes are preferred, for 212 

this reason many practical powders are agglomerated into larger, quasi-spherical granules as 213 

shown in Figure 2.  214 

1.1.4 Purpose of the paper 215 

The majority of DEM work reviewed above uses a calibration procedure to derive effective 216 

properties for the particles which are then used as DEM inputs to reproduce a given process. The 217 

problem with this approach is that effective properties calibrated for one process may not describe 218 

the behaviour of the same powder under a different process. The solid volume tractions of a loose 219 

random packing of spheres is above 60%. As described above, by manipulating the friction and 220 

adhesion behaviour it is possible to obtained looser packing, but these would collapse into much 221 

denser packing if subject to handling conditions. Also, as seen above, it is possible to scan real 222 

particles using X-ray CT and digitise for DEM use. Commercial software exists for faceted particles, 223 

etc. The practical problems associated with modelling realistic particle size distributions (fines in 224 

particular) still remain even when 100million particles are perfectly possible.  225 

The purpose of the paper is to design an effective particle shape that is equivalent to the real 226 

powders in Figure 2 that can be used to describe multiple different processes involving fine and 227 

cohesive powders. In this paper we focus on packing. Forthcoming work [Elmsahli and Sinka, IJSS, 228 

under review] describes the use of these shapes to capture other behaviours, including 229 

permeability, angle of repose and flow under differential air pressure.  230 

The principle behind the design of the equivalent particle shapes is presented in Figure 1. 231 

Essentially, the complex shapes are created using the clumped sphere method, with a large central 232 

particle surrounded by satellites. The principal role of the satellites is not to mimic the shape of 233 

real particles, but to keep the large central cores apart thus achieving low packing density. A series 234 

of quasi-spherical particles composed of a central sphere surrounded by satellite particles 235 

arranged in a dodecahedron pattern are designed. Diameters of the order of hundreds of 236 

micrometres are considered. The role played by particle shape, size, adhesion and friction is 237 

demonstrated. It is shown that using appropriate quasi-spherical particle shapes together with 238 

adhesion and friction interactions DEM can reproduce the low packing density of fine and cohesive 239 

powder systems. 240 
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1.2 DEM model implementation  241 

The DEM studies are carried out using the open source DEM code LIGGGHTS running on the 242 

University of Leicester HPC cluster. A typical study involved 20,000 multi-sphere particles (140,000 243 

-300,000 single particles) and was run on 16 processors requiring 3-14 hours depending on the 244 

particle size. Therefore for practical considerations the number of studies were limited to a few 245 

hundred of simulations and the parametric studies were designed accordingly. 246 

The packing behaviour is affected by adhesive forces between particles which depend on particle 247 

size. When reducing particle size, the size of the domain was reduced accordingly to keep the 248 

number of particles the same. 249 

The non-linear Hertzian elastic contact model for frictional force between particle-particle and 250 

particle wall was used as implemented in the code (LIGGGHS).  251 

 252 

𝐹 = ( 𝑘𝑛 𝛿𝑛𝑖𝑗 − 𝑑𝑛 𝑉𝑛𝑖𝑗  ) + ( 𝑘𝑡 𝛿𝑡𝑖𝑗 − 𝑑𝑡 𝑉𝑡𝑖𝑗 ) (1) 

  

The first and the second term in the above-equation represent the normal (𝐹𝑛) and tangential force 253 

(𝐹𝑡) respectively.  254 

The normal (𝑘𝑛) and tangential stiffness (𝑘𝑡) are calculated from the material properties as follows 255 

according to the contact model presented by Thornton et al [81] for the non-linear spring-dashpot 256 

model presented in Figure 3 : 257 

𝑘𝑛 =
4

3
𝐸∗√𝑅∗𝛿𝑛 (2) 

 258 

𝑘𝑡 = 8𝐺∗√𝑅∗𝛿𝑛 (3) 

 259 

where  𝐸∗ and 𝐺∗ are the effective Young’s and shear modulus respectively, and 𝑅∗ is  effective 260 

radius. These terms are given by: 261 

  262 
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1

𝐸∗
=

(1 − 𝜈𝑖
  2)

𝐸𝑖
+

(1 − 𝜈𝑗
  2)

𝐸𝑗
 (4) 

 263 

1

𝐺∗
=

2(2 − 𝜈𝑖)(1 + 𝜈𝑖)

𝐸𝑖
+

2(2 − 𝜈𝑗)(1 + 𝜈𝑗)

𝐸𝑗
 (5) 

 264 

1

𝑅∗
=

1

𝑅𝑖
+

1

𝑅𝑗
 (6) 

 265 

where the indices correspond to the properties of particles labelled Pi and Pj in Figure 3.  266 

The normal (𝑑𝑛) and tangential viscoelastic damping coefficients (𝑑𝑡) are calculated using: 267 

𝑑𝑛 = −2√
5

6
 𝛽√𝑆𝑛𝑚∗ ≥ 0 (7) 

 268 

𝑑𝑡 = −2√
5

6
 𝛽√𝑆𝑡𝑚∗ ≥ 0 (8) 

 269 

where  𝛽 is the dimensionless damping coefficient governed by coefficient of restitution (𝑒)  and 270 

𝑚∗ is the effective mass. These parameters including 𝑆𝑛 and  𝑆𝑡 are defined as follows: 271 

𝛽 =
𝑙𝑛 (𝑒)

√𝑙𝑛2(𝑒) + 𝜋2
 (9) 

 272 

1

𝑚∗ 
=

1

𝑚𝑖
+

1

𝑚𝑗
 (10) 

 273 

𝑆𝑛 = 2𝐸∗√𝑅∗𝛿𝑛 (11) 

 274 

𝑆𝑡 = 8𝐺∗√𝑅∗𝛿𝑛 (12) 
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 275 

In this model the tangential force is limited by Coulomb friction (𝐹𝑡 =  𝜇 𝐹𝑛). Thus the tangential 276 

force between two particles grow according to a tangential spring and dashpot model 277 

until 𝐹𝑡/𝐹𝑛 =  𝜇 (𝑆𝑡𝑎𝑡𝑖𝑐 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 coefficient) and is then held at 𝐹𝑡 =  𝜇 𝐹𝑛 until the particles 278 

lose contact. 279 

As a part of Hertz model there are also other models that can be used to add additional forces or 280 

torques on the particles, such as cohesive or rolling friction forces. These models can be activated 281 

or deactivated depending on the user’s needs. For example, there are four different 282 

implementation models for rolling friction that can be used as a part of Hertz model to add an 283 

additional torque contribution. These models referred to as the constant directional torque (CDT) 284 

model, the elastic-plastic spring-dashpot (EPSD) model, the alternative elastic-plastic spring-285 

dashpot (EPSD2) model, and the elastic-plastic spring-dashpot (EPSD3) model. The first model 286 

(CDT) was used in this study and it is defined as:  287 

Torque rolling friction =   𝜇𝑟 ∗ 𝑘𝑛 ∗ 𝛿𝑛 ∗ (𝜔_𝑟𝑡/ |𝜔_𝑟𝑡 |)  𝑅∗ (13) 

 288 

Where 𝜇𝑟 = coefficient of rolling friction and 𝜔_𝑟𝑡 = shear relative rotational velocity between 289 

two particles. 290 

LIGGGHTS also has various cohesive models that can be used to add additional forces to Hertzian 291 

model. Such cohesion models may impose a force also when the particle surfaces do not touch. 292 

These models include sjkr model, sjkr2 model, easo/capillary/viscous model, and cohesion 293 

washino/capillary/viscous model. The latter two models are used as part of Hertz model to add a 294 

liquid bridge force between a pair of particles caused by a surface liquid film on these particles. 295 

The former two models, which are referred to as the simplified JKR - Johnson-Kendall-Roberts 296 

(SJKR and SJKR2), on the other hand are used to add an additional normal force contribution and 297 

written as:  298 

𝐹 =  𝑘𝐴 (14) 

 299 

where A is the particle contact area and k is the cohesion energy density in J/m3. The sphere-300 

sphere contact area “A” is defined differently on those two models depending on the selected 301 
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cohesion model. Both these models were using the concept of cohesion energy density (CED) 302 

instead of surface energy to determine the cohesive force. The values that used with CED are 303 

different form the common surface energy values which are usually used with granular materials. 304 

Therefore to conduct this study using surface energy definition a JKR model was implemented into 305 

the code which takes the following format: 306 

𝐹𝐽𝐾𝑅 = −4√𝜋𝛾𝐸∗ 𝑎3 2⁄ +
4𝐸∗

3𝑅∗ 
 𝑎3 (15) 

 307 

𝛿 =
𝑎2

𝑅∗ 
−  √

4𝜋𝛾𝑎
𝐸∗⁄  (16) 

 308 

 309 

where 𝑎 is the contact radius and 𝛾 is the surface energy. For 𝛾 = 0 force turns into Hertz normal 310 

force. Equation (15) was implemented in LIGGGHTS and the implementation was validated as 311 

presented elsewhere [82]. 312 

  313 

 314 

(a)                               (b)  315 

Figure 3 Linear spring contact model in (a) normal and (b) tangential direction of contact of two 316 
particles.  317 

DEM analysis of particle packing involves the following steps: 1) creating of a domain (for the 318 

current study a square cross-section of 5x5 mm and height of 50 mm is considered); 2) defining 319 

the size and shape characteristics of the particles; 3) initialising a cloud of a given number of 320 
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particles and 4); allowing the particles to fall under gravity and settle in an equilibrium 321 

configuration. The solid volume fraction of the final assembly is then determined.  322 

In order to reduce wall effects arising from friction and adhesion between the particles and the 323 

walls periodic boundary conditions are specified along the two horizontal directions of the domain.  324 

The particle packing was characterised by determining the solid volume fraction (SF) of the domain 325 

using one of the following two methods: 1) measuring the height of an assembly consisting of a 326 

given number of particles and 2) counting the particles occupying a volume of a given height. In 327 

both cases the volume occupied by the solid is calculated by multiplying the volume of one particle 328 

by the number of particles in the system as illustrated in Figure 4.   329 

 330 

Figure 4 Particle insertion and solid fraction determination. a) initial particles insertion, b) 331 
determination of SF based on the settled powder height, and c) determination of the SF based on 332 
a constant volume. The squares at the top illustrate the cross-section of the domain. 333 
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1.3 Model input parameters 334 

1.3.1 Particle shape design 335 

In the following we construct particle shapes using the multi-sphere method by considering a 336 

central sphere surrounded by smaller overlapping particles arranged in regular dodecahedron 337 

pattern. In the arrangements in Figure 7 satellite spheres are placed such that their centres are on 338 

the surface of the central sphere.          339 

 340 

(a)   (b)    (c)    (d) 341 

Figure 5 Multi-sphere particle based on small overlapped particles (External diameter 400 µm). a) 342 
400 µm, b) 350 and 50 µm, c) 300  and 100 µm and d) 200 and 200 µm for the central sphere and 343 
the satellite particles, respectively. 344 

It will be shown later (Section 1.3.1) that particle designs such as in Figure 5 produce assemblies 345 

where the packing density is reduced from 0.52 to about 0.455; however, packing assemblies of 346 

the order 0.2-0.3 cannot be achieved with such designs.  347 

In order to obtain lower particle packing, in the following particle designs the satellite particles are 348 

translated outwards until the overlap with the central sphere is reduced to the point of contact. It 349 

will be shown later that this results in lower packing density values, in the practical range presented 350 

in Table 1. Table 2 presents the particle designs used for detailed studies in this work.  351 
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Table 2 Particle shape design 352 

 353 

1.3.2 Particle size description 354 

Particle size is one of the key descriptors of powders and has a key influence on bulk properties. 355 

Describing the size of irregularly shaped particles is a branch of science in itself. Although the quasi 356 

- spherical shapes of the particles used in this study are based on a regular arrangements, detailed 357 

considerations are needed to define particle size. 358 
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In practice, there are several different methods used to derive an equivalent size for an irregular 359 

particle. These methods include (1) using a sieve to measure the equivalent spherical particle that 360 

passes through a given sieve aperture; (2) using the sedimentation technique to find the equivalent 361 

diameter of spherical particle that give the same sedimentation velocity under the same 362 

conditions; (3) measuring the projected area or distance between two tangents on opposite sides 363 

of the particle (microscope analysis); and (4) finding the equivalent sphere that gives the same 364 

particle volume [83], which is in fact one of the most commonly used method. 365 

Consider a multi-sphere particle consisting of one central sphere of 100 µm diameter surrounded 366 

by 12 small particles with 50 µm diameter. Figure 6a illustrates the envelope external diameter, 367 

Figure 6b shows the diameter to the centre of the satellite particles.  368 

 369 

(a)   (b)      (c)   370 

Figure 6  Methods to determine the size of multi-sphere particles: (a) envelope diameter, 371 

equivalent to 200 µm spherical particle; (b) diameter of the centres of the satellite particles; (c) 372 

measuring the distance between two multi-sphere particles in a DEM assembly. 373 

Figure 6c illustrates the method of determining particle size from the distance between the central 374 

spheres. Several particle were selected and labelled as illustrated. The corresponding inter-particle 375 

distances are presented in Table 3. The minimum distance between two centres in the entire 376 

aggregate was determined. Accordingly the size of multi-sphere particle is equivalent to 137.23 377 

µm. The average size calculated between neighbouring particles is equivalent to 168.615 µm. The 378 
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equivalent particle volume in this case gives the representative spherical particle size of 379 

105.89 µm. In this work we use the method in Figure 6a. 380 

Table 3 Distance between the centres of multi-sphere particles in a packing state shown in Figure 381 
6c 382 

Neighbour particle id 1-6 1-2 1-5 1-4 1-3 5-7 7-8 8-10 11-12 

Centres distance, µm 149.5 145.9 152.8 142 168.8 139.3 145.5 143.1 137.2 

 383 

1.3.3 Inter-particle friction  384 

DEM permits the evaluation of a wide range of parameters influencing particle packing 385 

arrangements. The influence of both static and rolling friction on the packing density was studied 386 

for the 24 different shapes presented in Table 2. The overall structure of these multi-sphere 387 

particles were the same, one large particle in the middle (200 µm diameter) with a number of small 388 

particle of different diameters (25, 50, 75, 150, and 200 µm) distributed evenly on its surface. The 389 

only difference between these multi-sphere particles is the size and the number of the surrounding 390 

small particles. DEM studies were carried out by changing the friction coefficient while all other 391 

input parameters and insertion conditions were kept constant. The total number of the particles 392 

used in each test was based on a constant weight of powder of 4g. Table 4 shows the complete list 393 

of simulation inputs. 394 

Table 4 Simulation input parameters for studies on the effect of friction 395 

Constant Insertion mass  4 g 

Number of particles size dependent 

Particle density (kg/m3) 1500  

Young’s modulus (GPa) 1  

Poisson’s ratio 0.35 

Coefficient of restitution 0.3 

Static Friction Coefficient 0.0 − 1.0  

Rolling Friction Coefficient 0.0 − 1.0  

 Surface energy 0 

To determine the packing density a constant powder weight was used and the solid fraction was 396 

calculated based on the height of powder obtained from the simulation as shown in Figure 4b. 397 
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1.3.4 Surface energy 398 

A parametric study based on varying the values of surface energy alongside with the coefficient of 399 

friction is conducted using values that cover the surface energy values reported in the literature 400 

for realistic powders. Three different shapes of multi-sphere particles as illustrated in Figure 7 were 401 

chosen to conduct this study. These shapes were selected based on the outputs of lowest packing 402 

density obtained from the test of friction coefficient introduced in Section 1.2.3. Each shape was 403 

tested for six different sizes (400, 300, 200, 100, 50, 25 μm) where the size in this case refers to the 404 

external particle diameter.  405 

 406 

Figure 7 Three different shapes for multi-sphere particles used for packing density test for 407 
different surface energy values 408 

To reduce the computational requirements and the simulation time and to keep the number of 409 

particles constant for all tests the size of the simulation domain was reduced consistently with the 410 

particle size.  All other material proprieties were kept constant as in the previous test. Table 5 411 

shows the list of simulation input parameters. 412 

Table 5 Simulation input parameters for studies on the effect of surface energy  413 

Number of multi-sphere particles 20,000 

Particle size (μm) 400, 300, 200, 100, 50, 25  

Particles density (kg/m3) 1500  

Young’s modulus (GPa) 1  

Poisson’s ratio 0.35 

Coefficient of restitution 0.3 

Static Friction Coefficient 0.2, 0.3, 0.5 and 0.7 

Rolling Friction Coefficient 0.1  

Surface energy (mJ/m2) 0, 10, 25 and 50  

 414 
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The surface energy values presented in Table 5 are representative the experimental 415 

measurements for real powders considered here [84, 85]. The solid volume fraction was calculated 416 

by selecting a domain of a given height as illustrated in Figure 4c and counting the number of 417 

particles within.  418 

1.4 Results and discussion 419 

DEM studies of the effects of particle shape, rolling and sliding friction and surface energy are 420 

presented below. The studies are designed to determine the conditions that lead to low packing 421 

density, representative to loosely packed quasi-spherical systems.   422 

1.4.1 Preliminary studies 423 

The solid fraction (SF) of spherical particles together with the three irregular shaped particles in 424 

Figure 5 are presented in Figure 8. In order to obtain low SF, these studies were conducted using a 425 

high (value 1) friction coefficient (detailed studies in the following section will show that high 426 

friction leads to lower SF). Thus the packing of the spherical particles is reduced to about 52%, 427 

however, the lowest packing is 45.5%, which is still significantly higher than the packing assemblies 428 

for real powders in Table 1 (0.2-0.3).  429 

 430 

Figure 8 Solid fraction obtained for different overlapped multi-sphere particles. The 64% SF 431 
packing of spherical particles is shown for reference. 432 
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It is concluded that by designing overlapping particles the solid fraction can be manipulated, 433 

however, the SF still cannot be reduced to the measured values for loosely packed powders. The 434 

following qualitative explanation is given: the role of the satellites is to keep the centres apart. The 435 

minimum and maximum possible separation is thus the size of one or two satellites, respectively. 436 

Small satellites allow configurations that are closer to the lowest possible value while larger 437 

satellites, by filling the space completely provide shape closer to spherical, which gives high SF.  438 

These observations led to the design of particles in Table 2 and are explored systematically below. 439 

1.4.2 Friction coefficients (static and rolling frictions combined) of 0 and 1 for all shapes 440 

Simulations were conducted by firstly assigning the value of 0 for both static and rolling friction in 441 

all 24 cases shown in Table 2, then repeating the same simulation with a friction coefficient of the 442 

value of 1. The outputs of this study provide an indication of the range between the largest and 443 

smallest solid fraction that can be achieved using the considered shapes. This also helped to 444 

eliminate a number of cases which produced large SF, from the remaining of studies. Figure 9 445 

presents a visualization of the simulation outputs for three different shapes at friction coefficients 446 

0 and 1.  447 

(a)  448 
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(b)  449 

Figure 9 Simulation outputs for packing of three different shapes with the same total powder 450 
weight (Shape 3 sizes 1, 2, &3 in Table 2), a) frictionless case and b) friction coefficient 1 451 

The simulation outputs in Figure 10, show a broad range of solid fractions obtained for the different 452 

cases. The overall trend displayed a reduction in solid fraction with the increase of satellite particle 453 

sizes from 25 to 100 µm, then this trend reversed as the sizes of surrounding particle increased 454 

from 100 to 200 µm. A similar trend was also observed when increasing the number of these small 455 

surrounding particles.  The variety in SF almost typically exceeded 20%. For shape 1 with the small 456 

size satellite particles (25 µm), for instance, the solid fraction dropped from  ≈ 50%  down to ≈457 

30 % by increasing the size of these small particles to 150-200 µm. Similar tendency was detected 458 

for multi-sphere shape 3 where the solid fraction declined from about 47 % down to around 27 % 459 

by increasing the small particle sizes from 25 to 100 µm. It is also observed that using external 460 

particles as small as 25-50 µm did not affect the SF as much as the larger satellite particle sizes did. 461 

As an overall observation, three out of four of the studied shapes (1, 3, and 4) recorded a reduction 462 

in solid fraction down to about 30 % depending on the size of the satellite particles. 463 
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(a)  464 

(b)  465 

Figure 10 Solid fraction obtained for different multi-sphere particles with one sphere (200 µm) in 466 
the middle and small satellite particles with different sizes a) static and rolling friction of 1; b) 467 
static and rolling friction of 0 468 
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1.4.3 Static and rolling friction coefficients with special focus on the shape 3 (with 3 sizes)  470 

Particle shape 3 (1 centred and 12 surrounding particles, Table 2) also referred to as 471 

“dodecahedron” shape, was one of the shapes that gave the most significant reduction in packing 472 

density in the previous analysis. Therefore, for pragmatic purposes, the following investigations 473 

were focused on this shape (taken three cases for small satellite particles).  474 

In this test the friction coefficient and rolling friction values were decreased gradually from 1 to 0.  475 

As it can be seen in Figure 11 this reduction in friction values follows a similar drop in solid fraction 476 

with slightly higher decrease between 0 and 0.6 (e.g. from about 49.25 % to 37.91 % in case of 477 

multi-sphere particle diameter 0.3 mm) and small reductions afterwards between 0.6 and 1 (e.g. 478 

from 37.91 % to 35.88 % for the same particle diameter).   479 

 480 

Figure 11 Solid fraction vs. friction coefficient (shape 3 in Table 2) 481 

Figure 11 shows that the influence of friction value on solid fraction is more apparent for smaller 482 

friction coefficient values and this effect becomes less and less as the friction value exceeds 0.5. 483 

The other two multi-sphere particle sizes (0.4 and 0.6 mm dimeter) demonstrated a similar SF 484 

reduction versus  the values of the coefficient of friction. 485 
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1.4.4 Effect of static friction for shape 3 (with 3 sizes) 486 

In order to determine whether the static friction or rolling friction coefficient has the highest 487 

influence on solid fraction, two separate tests were conducted.  The value of the static friction 488 

coefficient was changed between 0-1 while the rolling friction was set to zero. Figure 12 shows 489 

that the solid fractions were similar to the solid fraction reduction obtained from the previous test 490 

with slightly higher SF value (overall less than 10%).  For multi-sphere particle diameter 0.4 mm, 491 

for instance, the solid fraction reduction documented in the previous investigation was from 492 

37.94% down to 27.76% (the lowest solid fraction obtained out of all studied cases), whereas in 493 

the current study the reduction was between 37.94 % to 29.76%.  This shows that more than 90% 494 

of solid fraction decrease is due to the effect of static friction. It can be noted that this conclusion 495 

is drawn from studies where the particle systems was allowed to settle under the effect of gravity. 496 

For other processes the role of inter-particle friction may be different. 497 

 498 

 499 

Figure 12 Solid fraction vs. friction coefficients at zero rolling friction  500 
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1.4.5 Effect of rolling friction for shape 3 (with 3 sizes) 502 

In this study the static friction is fixed at zero and the rolling friction is varied between 0 - 1. Figure 503 

13 illustrates the simulation outputs for SF changes based on rolling fraction variation. The solid 504 

fraction attained in this case displayed a different trend compare to the two previous tests with 505 

very small overall decrease in SF despite of rolling friction increase from 0 to 1. These findings are 506 

consistent with the observation made in the previous test in which the static friction was 507 

demonstrated to have the dominant influence.  508 

 509 

Figure 13 Solid fraction vs. rolling friction at zero friction coefficient 510 

1.4.6 Surface energy  511 

In this section surface energy is introduced in the analysis. As the particle size plays a more 512 

significant role in the presence of surface energy, these studies employ a wider range of particle 513 

sizes. 514 

Figures 14, 15 and 16 present the solid fraction outputs for three different multi-sphere particles. 515 

Each shape was examined for six different sizes (400, 300, 200, 100, 50, 25 μm) with four different 516 

values for friction coefficients (0.2, 0.3, 0.5, 0.7) and surface energy (0, 10, 25, 50 mJ/m2).  517 
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The outputs showed that in the absence of the adhesion, the solid fraction was approximately 518 

constant for all different particle sizes with the same shape. By applying cohesion to the system, 519 

the solid fraction decreases dramatically comparing to the no-cohesion case for the three applied 520 

cohesion values.  521 

Friction plays a smaller role, and as in previous studies, SF decreases as the friction coefficient is 522 

increased. For example, the packing density obtained for the particle shape 1, size 400 μm, friction 523 

coefficient 0.2, and surface energy value of 25 mJ/m2 was about 0.35 (Figure 14). By increasing the 524 

friction coefficient to 0.7 the solid fraction decreased to around 0.313.  525 

  526 

Figure 14 Solid fraction vs. surface energy and friction coefficient (Particle shape 1, size 4 in Table 527 
2) 528 
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 529 

Figure 15 Solid fraction vs. surface energy and friction coefficient (Particle shape 3, size 4 in Table 530 
2) 531 

 532 

Figure 16 Solid fraction vs. surface energy and friction coefficient (Particle shape 4, size 4 in Table 533 
2) 534 
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In case of smaller particles (e.g. 25 and 50μm), however, changing the friction coefficient has 535 

almost no effect on solid fraction. With the same change in friction coefficient, for instance, the 536 

solid fraction was recorded between 0.225 and 0.226 for particle size 50μm.  537 

As the particle size is decreased, the surface energy becomes dominant in determining SF. For 538 

larger particles the friction has a notable influence, but the effect of friction almost completely 539 

disappears for small particles. Similar observations are drawn to the three particle shapes.  540 

It is also important to highlight that the influence of surface energy on packing density is not 541 

unlimited. Looking at particle shape 3 (Figure 15) with size 200 μm and with friction coefficient 0.5, 542 

for instance, it can be seen that the bulk density decreases from 0.27 to 0.256 to finally 0.242 as 543 

the surface energy value increased form 10, up to 25, to 50 mJ/m2. This change in solid fraction is 544 

becoming smaller as the surface energy is increased.    545 

1.5 Conclusions 546 

This DEM study examined the factors affecting the packing of quasi-spherical particles. Specifically 547 

it explored the conditions under which low solid volume fractions of the order of (SF = 0.3), could 548 

be obtained. Such low packing density is typical for many powder materials, particularly fine and 549 

cohesive powders. The properties of commonly used pharmaceutical excipient powders were 550 

used for reference.  551 

A range of quasi-spherical particle shapes consisting of a large central sphere surrounded by 552 

smaller spherical satellites were designed. These shapes resulted in lower packing density than the 553 

random packing of frictionless spherical assemblies (SF = 0.64), however, still considerably above 554 

the packing density of the practical powders used as reference. The packing density decreases as 555 

the diameter of the satellites is increased as more effective networks are formed to keep the 556 

central particles apart. The packing density also decreases as the number of satellites is increased, 557 

as such configurations prevent interlacing the satellites between neighbouring particles. Above a 558 

certain diameter and number of satellites, however, these trends revers and as the particle shape 559 

becomes more spherical and the packing density increases towards that of spherical assemblies. 560 

Increasing inter-particulate friction results in lower packing density. The studies on the effect of 561 

static and rolling friction show that static friction has a dominant influence on particle packing. 562 

More than 90% of solid fraction decrease is due to the effect of static friction. The packing density 563 
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is reduced as the friction coefficient was increased from 0-0.5, however above this value the SF 564 

reduction diminishes.  565 

Adhesive interactions between particles were considered using the JKR adhesive contact law that 566 

requires surface energy as input. The role of adhesive forces increases as the particle diameter is 567 

decreased as is becoming dominant compared to the effect of friction and gravity. Friction 568 

continues to have an effect particularly for the larger particles, but as the particle size is decreased, 569 

the relative importance of friction vanishes and the packing is controlled by adhesive interactions 570 

and the geometry of the particles. Above a certain value of surface energy, however, the effect of 571 

adhesive interaction does not result in further reduction of packing density.  572 

Finally, this work demonstrates that it is possible to obtain low packing densities (SF = 0.3), typical 573 

to small and cohesive powders, by considering, particle shape, size and inter-particle adhesion and 574 

friction. DEM studies reported in the literature are usually performed using spherical parties with 575 

properties calibrated to reproduce a given process (e.g. a dense particulate flow); however, in such 576 

analyses the solid fraction of the system is comparable to that of dense random packing of spheres, 577 

(SF = 0.64). The work presented in this paper demonstrated that by designing quasi-spherical 578 

particles, it is possible to obtain packing densities as low as SF = 0.3, typical to that of fine and 579 

cohesive powders. DEM studies employing such shapes benefit by being able to reproduce not 580 

only macroscopic behaviour (e.g. flow rate) but also capture the packing density of fine and 581 

cohesive particulate systems. As an example, the shapes designed in this work can be used to 582 

describe the flow and permeability behaviour of fine and cohesive powder [86]. 583 
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