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Abstract 

This study investigates the flow and mixing characteristics of powder mixtures that 

incorporate non-spherical particles using both experimental and DEM simulation methods. 

Investigated particulate materials include Aluminum Oxide (Al2O3), Aluminum-Alloy 

(AlSi10Mg), and two composite materials: one composed of 90% AlSi10Mg and 10% Al2O3, and 

the other composed of 95% AlSi10Mg and 5% Al2O3. A rotary drum apparatus is used 

experimentally with different rotational speeds (5, 10, 15, 20, and 30 rpm) to study powder 

behavior. High-speed videography records the dynamic angle of repose and flow patterns. The 

results demonstrate a clear correlation between rotation speed and dynamic angle of repose, 

suggesting that disturbance of the particles increases with higher speeds. Our findings reveal that 

optimal rotation speeds significantly enhance mixing performance along with best optimized 

values for achieving a DAOR and promoting mixing efficiency. Three flow regimes, rolling, 

cascading, and cataracting, are distinguished in the drum due to the effects of rotation speed and 

particle interactions. Analysis of the segregation index suggests increased rotation speeds 

enhance mixing efficiency, leading to less particle segregation in composite mixtures. The 

mixture's composition significantly impacts mixing behavior, as a higher ceramic concentration 

enhances mixing efficiency. It is critical to regulate rotation speed and particle composition 

in mixing processes to ensure uniform mixes. This study provides valuable insights into the 

behavior of powder and the effectiveness of mixing in rotary drums. The work improves 

comprehension of the parameters affecting powder flow by combining experimental data with 

DEM models.  

Keywords: Powder mixing, Dynamic angle of repose, Non-spherical particles, Rotating drum, 

Discrete element method simulation, Segregation index, Flow regimes. 
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Chapter 1 - Introduction 

1.1.  Background 

           Granular materials are widely used and, when subjected to force, can retain their structure 

as a solid or as a fluid flow [1]. The flow of granular material is dictated by several variables, 

such as particle size and shape. When working with granular materials, the rotary drum is an 

essential instrument in many processes, such as chemical reaction, sintering, mining, etc. due to 

its high efficiency, and versatility. Understanding how particles pass through a rotating drum will 

facilitate its efficient operation at higher speeds. Many studies have been conducted on the flow 

behavior and mixing process of granular materials [2]. There are two different flow zones in the 

granular bed of a rotating drum: active and passive. The bed's active region is the area that moves 

in response to the drum's rotation, whereas the passive layer also moves but with much lower 

velocities than the particles in the active region. The term "slip surface" describes the boundary 

that separates the two areas [2]. It is commonly thought that the rolling regime considers stable 

particle processing, and this is certainly true for most granulation drum operations. As illustrated 

in Figure 1-1, this regime generates an internally circulating D-shaped particle bed.[3] 

 

Figure 1-1 A cross-sectional view schematic diagram of a rotary drum in the rolling regime 

[3]. 

Particles flow down the sloping bed in the active layer, which is a small lens-shaped 

flowing zone near the free (flat) surface. Particles move at a high relative velocity in the active 

layer. The particles in the passive layer do not move like in active region but displace over each 

other in very low motion [4][5]. Various flow regimes, such as rolling, cascading, cataracting, 

and centrifuging, are essential for figuring out the dynamics of particles in rotary drums. 
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At each step, the rotating speed was raised until it reached the centrifuging regime, and 

granular pictures were recorded. The transition from cataracting to centrifuging was identified 

by the adhesion of the topmost layer of particles to the dish wall [6].  Particles with steep 

trajectories during granulation operations increase the likelihood of agglomeration breakdown 

and fragmentation. The particles start to separate from the equipment wall at the angle of 

departure (α). Hence, in various flow regimes the angle of departure can be seen in Figure 1-2 

[6]. 

 

 

Figure 1-2 Different behaviors of the granular bed investigated in this study and 

measurement scheme of the angle of departure [6]. 

 

Particles with varying densities, particle sizes, and shapes will cause segregation in a 

rotating drum. Both radial and axial segregation can be achieved in rotating drums of varying 

sizes. Size-driven and density-driven segregation mechanisms are the most prevalent types of 

radial segregation in the rotary drum. The percolation effect may separate varying-sized parts in 

a rotational drum [7]. When this happens, the smallest particles in the flow layer settle into the 

voids between the bigger ones, creating a core in the bed's center. The size ratio of the particles 

and volume fraction of the rotating drum are significantly affecting particle movement and 

segregation degree.  

Using the DEM, Huang et al. [8] investigated a binary-size mixture's radial and axial 

segregation in a long rotational drum. They discovered that size segregation did not affect global 

parameters like total kinetic energy and the angle of repose. Because of the buoyancy effect [9], 

particles of varying densities will segregate within a rotational drum. Denser particles penetrate 

deeper into the granular bed, forming a core, while less dense particles exist closer to the 

sidewalls of the bed and rest on its surface. Density-induced granular segregation was studied by 
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Yang et al. [10], who discovered that increasing the volume fraction of powder mixture increased 

the segregation. It has been found that axial segregation can occur in a rotational drum, possibly 

because of the disparity between the repose angles of particles. Understanding how granular 

materials move is often learned through experiments and modeling. 

Many experiments, including positron emission particle tracking (PEPT) [11] and particle 

image velocimetry (PIV) [12], have been done during the past few decades to investigate the 

flow behavior of granular matter. Experimental study needs to be more comprehensive to 

examine the mechanism of flow behavior.  

Due to its reproducibility and reduced cost, numerical simulation was frequently used to 

investigate the process of particle movement. Cundall and Strack's DEM is a good illustration of 

a simulation technique; DEM has developed into a robust methodology for analyzing granular 

flow in various particle processing equipment, including rotary drums, bladed mixers, intensive 

mixers, and static mixers [13]. The inter-region behavior and solid residency of granular matter 

in a rotational drum were investigated by Yang et al. [14], who discovered that bigger particles 

had more displacement and residence duration and a higher exchange rate between active and 

passive areas. 

This study has some notable gaps, such as not delving into the study of rotating drums 

with an inclined axis of rotation even though they are present in different industries [15]. Another 

gap lies in the lack of models to interpret findings on axial segregation in mixtures with multi-

spherical particles [16] [17]. Furthermore, more investigation is required to understand how the 

shape of particles affects flow patterns and the effectiveness of converting energy for non-

spherical particles [18]. However, this study investigates the flow and mixing characteristics of 

powder mixtures that incorporate non-spherical particles using both experimental and 

DEM simulation methods.  

Non-sphericity refers to the deviation of particle shapes from perfect spheres. This 

deviation can appear in various forms, such as elongation, irregularity, or complex geometries. 

Non-sphericity is a critical parameter in powder mixing processes as it influences particle-

particle interactions, packing behavior, and flow dynamics within the rotary drum. While perfect 

spheres are often used as a simplifying assumption in theoretical models, real-world powder 

systems frequently consist of non-spherical particles, necessitating a deeper understanding of 

their effects on mixing behavior. 
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1.2. Continuum vs. Discrete Modeling Approach 

Continuum models, such as computational fluid dynamics (CFD), treat the powder 

material as a continuous medium, allowing for the solution of partial differential equations 

governing fluid flow. On the other hand, discrete element method (DEM) simulations represent 

individual particles as discrete entities with interactions between them. While continuum models 

offer computational efficiency and scalability, discrete models provide a more detailed 

understanding of particle-level dynamics. 

1.3. Static and Dynamic Angle of Repose 

The angle of repose serves as a fundamental parameter for characterizing the flow 

properties of granular materials. The static angle of repose represents the maximum angle at 

which a pile of granular material remains stable under gravity alone, providing insights into the 

material's cohesion and internal friction. Conversely, the dynamic angle of repose refers to the 

angle at which granular material flows down a slope under the influence of external forces, such 

as vibration or rotation. 

1.4.  Aims and objectives and structure of report 

This study aims to investigate the flow dynamics and mixing efficiency of non-spherical 

particle mixture within a rotating drum. In order to attain these aims, the research is focused on: 

• To investigate the dynamic angle of repose for the non-spherical mixtures in the rotating 

drum. 

• To investigate the effects of the drum rotation speed on the mixing and flow pattern. 

• To validate the DEM model with experiment for the non-spherical powder mixtures. 

• To investigate segregation index for the varying particulate mixtures compositions. 

• To study the mixing efficiency for the different non-spherical powder mixtures. 

 

The thesis comprises of five chapters. The first and second chapter provide an 

introduction and a comprehensive review of relevant literature. These sections explore 

background, aims, objectives and the prior study related to this work. Following this, the third 

chapter delineates the methodology, encompassing both experimental and DEM simulation 

approaches. Subsequently, the fourth chapter presents the results and discussions. Finally, 

conclusions are drawn in the fifth chapter. 
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Chapter 2 - Literature Review 

Yazdani et al. [19] utilized the DEM to do a comprehensive examination of particle 

dynamics in a rotating drum. According to their research, the DEM was found to be a more 

precise representation of the system and highlighted noticeable variations in behavior. The 

findings of their investigation could be utilized to enhance the design of drums and advance the 

efficiency of particle handling systems. Memon et al. [20] employed a rotating drum to measure 

the DAOR of wheat grains. The authors employed a cylindrical drum with dimensions of 20 cm 

in width and 25 cm in length. The digital camera determined the DAOR by measuring the drum's 

rotation at different rates. The investigators noted that higher drum speed enhanced the wheat 

grain DAOR. They an increase in wheat grain DAOR with moisture content, which was 

consistent with another pattern they identified. 

In another experiment, Ribeiro et al. [21] employed a rotating drum to evaluate the 

DAOR of coffee beans. They had employed a drum measuring 30 cm in width and 40 cm in 

length. The DAOR was measured using high-speed cameras while the drum was rotated at 

different rates. The authors found that the coffee beans' DAOR decreased as the drum speed rose. 

They also noted an increase in the DAOR of coffee beans as their size increased. Shen et al. [22] 

conducted an experimental investigation on the impact of rotation speed and particle size on the 

DAOR in a rotating drum. The researchers found that increasing the particle size led to a decrease 

in the angle. They observed that the particles' DAOR were smaller near the cylinder wall, where 

the "rolling zone" occurred, due to the weaker centrifugal forces. 

Jiang et al. [23] performed experiments to investigate the impact of particle shape on the 

DAOR in a rotary drum. They validated the findings of Cui et al. [24] that elongated particles 

have a greater DAOR compared to spherical particles. The authors observed a correlation 

between the rise in rotation speed and the prominence of the angle of repose. They predicted that 

this was caused by the increased centrifugal forces exerted on the particles.  

Kharazmi et al. [25] employed DEM simulations to examine the impact of particle size 

distribution on the angle of repose within a rotating cylinder. They explored the correlation 

between a wider range of particle sizes and the angle at which particles come to rest, known as 

the angle of repose. This investigation focused on how particle size segregation is affected by 

centrifugal forces.  
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Yang et al. [26] used the DEM to numerically simulate the movement of particles in a 

spinning drum across various flow conditions. The authors were able to create six different flow 

patterns by controlling the rotating speed and the friction between the particles and the wall. 

These flow patterns include surface flow, centrifuging, slumping, rolling, cascading, and 

cataracting. The researchers examined both the large-scale and small-scale characteristics of the 

particle flow, including the angle at which the particles settle, the average speed of the flow, the 

density, the coordination number, the energy of collisions, and the frequency of collisions. Their 

research revealed several important discoveries. Firstly, they identified a specific point called the 

flow density optimum, which represents the most efficient packing arrangement. Secondly, they 

established a scaling law that describes the distribution of collision energy. Thirdly, they 

observed that as the rotation speed increased, both the frequency and energy of collisions also 

increased. Lastly, they noticed a significant increase in the angle of repose in scenarios involving 

cascading and cataracting.  

Alizadeh et al. [27] introduced a particle tracking approach to analyze the mixing and 

separation of particles in a rotary drum based on their size. In order to track and monitor 

individual particles, the authors utilized a digital image processing technique following the 

capture of images of the particle flow using a high-speed camera. The researchers measured the 

mixing index, radial and axial segregation indices, and particle trajectories for different operating 

parameters, such as rotation speed, filling degree, and particle size ratio. As the rotational 

velocity increased, the degree of mixing decreased, but the filling level and particle size ratio 

exhibited an inverse pattern. In addition, they observed that the paths of particles were influenced 

by the flow conditions and the size of the particles, and that the separation of particles in the 

radial direction was more prominent than in the axial direction. 

Guo and Curtis [28] conducted a study on DEM simulations of complex granular flows 

with non-spherical, flexible, cohesive, or fractured particles. Their demonstration highlighted the 

application of DEM models in studying fluidized beds, pneumatic conveying, hopper discharge, 

tablet coating, sand dune development, debris flow, and the features and behavior of granular 

material flow in various natural and industrial processes. The study presented a brief summary 

of DEM for complex granular fluxes, as well as its future possibilities. Dubé et al. [29] utilized 

the DEM to investigate the behavior of non-spherical particles in a rotating drum. To examine 

the flow behavior of spherical and cylindrical particles, various aspect ratios, rotation speeds, 

and filling degrees of the drum were employed. They computed the mean angles at which 

materials come to rest, the speeds at which they flow, coordination number, and the amount of 
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energy transferred during collisions. Upon comparing spherical and non-spherical particles, it 

was found that the non-spherical particles had higher collision energy and frequency, as well as 

lower coordination numbers, flow velocities, and DAOR. In addition, they observed that the non-

spherical particles exhibited more complex and unusual flow patterns, such as surface flow, 

cascading, slumping, and rolling. The study conducted a thorough analysis of the impact of 

particle form on the dynamics of granular flow within a rotating drum. 

An additional study conducted by Rasouli et al. [30] investigated the transverse flow 

velocity and mixing of cylindrical and spherical particles using the multiple radioactive particle 

tracking (MRPT) technology, similar to the work conducted by Dubé et al. [29]. Alizadeh et al. 

[27] conducted study that examined the process of mixing and size segregation of spherical and 

cylindrical particles. They used particle tracking analysis to analyze this phenomenon. This 

research emphasized the importance and challenges of employing experimental approaches to 

investigate the flow behavior of non-spherical particles in rotating drums. 

The researchers Yari et al. [31] using the DEM to investigate the segregation of bi-

disperse granular mixes in a rotating drum. One type of mixture had varying diameters but 

consistent densities, while the other type had uniform diameters but varying densities. The 

researchers examined the effects of changing the filling degree, particle size ratio, particle density 

ratio, and rotation speed on the mechanisms and patterns of segregation. Each case was evaluated 

based on many metrics, such as radial and axial segregation indices, mixing index, mean flow 

velocity, and mean collision frequency. The segregation patterns were influenced by the flow 

regime and particle properties. It was observed that size segregation was more prominent than 

density segregation. In addition, they observed that the segregation mechanisms were mostly 

driven by percolation effects and kinetic sieving. The study thoroughly and quantitatively 

investigated the occurrence of size segregation in bi-disperse granular mixes within a rotating 

drum. 

Kuo et al. [32] utilized the DEM to examine the impact of independent end wall rotations 

on the segregation of particles in a rotating drum. The study investigated the impact of the 

rotational speed and direction of the end wall on the size of the shearing zone and the patterns of 

segregation. They measured spatiotemporal diagrams, radial and axial segregation indices, and 

the mixing index under various situations. It was found that by creating specific slopes and 

depressions on the bed surface, rotating the end wall may control the separation of particles, 

resulting in the formation of convection flow cells and the separation of particles along the axis. 



15 

 

 

In addition, it was discovered that rotating the end walls could enlarge the shearing zone and 

result in distinct segregation patterns, specifically two mixed zones located at the end walls. The 

paper proposed a novel and effective method to manage the segregation phenomena in the 

rotating drum by adjusting the rotations of the end walls. 

Li et al. [33] conducted a DEM simulation to investigate the flow behaviors and mixing 

characteristics of several sphero-cylinder shapes in a spinning drum, at both macroscopic and 

microscopic levels. An assessment was conducted to determine the influence of four distinct 

geometries of sphero-cylinders - spheres, cylinders, prolate spheroids, and oblate spheroids - on 

the flow dynamics and mixing quality of granular materials. The researchers evaluated various 

values for the aspect ratio, particle size, filling degree, and rotation speed to determine the impact 

of these factors on the mixing index, mean collision energy, mean collision frequency, angle of 

repose, mean flow velocity, and mean coordination number. The researchers found that the flow 

patterns and ability to mix granular materials were influenced by the morphology of the sphero-

cylinders. When comparing spheroids with cylinders, the researchers discovered that oblate and 

prolate spheroids exhibited flow patterns that were more intricate and asymmetrical. This work 

conducted a comprehensive and well-structured investigation into the mixing characteristics and 

flow dynamics of various sphero-cylinder geometries within a rotating drum. 

Dubé et al. [29] conducted a study on the behavior of spherical and cylindrical particles 

with different aspect ratios, rotation speeds, and filling degrees. Their work, similar to that of Li 

et al. [33], focused on the mixing and dynamics of non-spherical particles in rotating drums. 

Furthermore, Alizadeh et al. [27] introduced a particle tracking method to investigate the 

blending and separation of spherical and cylindrical particles. Investigating the flow 

characteristics and mixing efficiency of non-spherical particles in rotating drums were significant 

and complex subjects. 

Jiang et al. [34] used a DEM to simulate the mixing characteristics of a granular mixture 

composed of spheres and cylinders in a rotating drum. The authors of this work examined the 

flow dynamics and mixing quality of a granular system, taking into account several aspects such 

as the aspect ratio, mass fraction, volume fraction, and rotation speed of the cylindrical particles. 

They computed the kinetic energy, mixing index, and segregation behavior of the particle for 

each situation. The researchers found that the flow regime, the interlocking effect, the energy 

input, and the particle density differential all influenced the quality of mixing. Furthermore, they 

proposed a quantitative measure for assessing the effectiveness of the sphere-cylinder 
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combination. This study extensively investigated the characteristics and techniques involved in 

blending a powder substance consisting of both spherical and cylindrical particles within a 

rotating drum. 

Li and An [35] performed a computational investigation on the blending characteristics 

and flow dynamics of various tetrahedral shapes in a rotating drum using the DEM. The 

researchers examined the variations in flow dynamics and mixing quality between granular 

materials containing tetrahedra and those without them. Additionally, they investigated the 

disparities between materials that possess elongated and flattened tetrahedra and those that do 

not. Analyzed were several values for aspect ratio, particle size, filling degree, and rotation speed 

to ascertain their influence on the mixing index, mean collision energy, mean collision frequency, 

DAOR, mean flow velocity, and mean coordination number. The shape of the tetrahedra had an 

impact on the flow regimes and mixing performance of the granular materials. The flow patterns 

shown by elongated and flattened tetrahedra were characterized by more complexity and 

unpredictability in comparison to regular and irregular tetrahedra, as seen. This work conducted 

a comprehensive analysis of the mixing properties and fluid dynamics of tetrahedra shapes in a 

revolving drum. 

The study conducted by Li and An [35] is associated with previous research on the 

blending and movement of asymmetrical particles in spinning drums. Li et al. [33] utilized 

DEM to simulate the interaction and mixing of cylindrical forms in a rotating drum. An 

experimental and computational investigation was conducted to study the mixing properties of a 

gas-and-liquid two-phase flow using axial-flow.  

In reviewing the existing literature [15][17][27][41], it became evident that certain gaps 

persisted in the study of powder mixing within rotating drums. Two notable gaps include the 

investigation of rotating drums with an inclined axis of rotation and the absence of models to 

interpret findings on axial segregation in mixtures with multi-spherical particles. While these 

gaps represent significant areas for further research, they were not directly addressed in the 

present study due to several reasons. 

Firstly, the focus of this research was primarily on examining the flow and mixing 

characteristics of powder mixtures containing non-spherical particles within a standard rotary 

drum setup. The inclusion of an inclined axis of rotation would introduce additional complexities 

to the system, requiring a separate investigation to thoroughly understand its effects on powder 

behavior. 
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Secondly, while axial segregation in mixtures with multi-spherical particles presents an 

intriguing phenomenon, existing models for interpreting such findings are limited. Developing 

comprehensive models to interpret axial segregation in these complex mixtures would necessitate 

extensive theoretical and experimental work. However, it is important to acknowledge these gaps 

in the literature as they highlight avenues for future research to explore. Investigating rotating 

drums with inclined axes of rotation and developing models to interpret axial segregation in 

mixtures with multi-spherical particles could significantly advance our understanding of powder 

mixing processes and contribute to the optimization of industrial mixing operations. 

Previous research has demonstrated that analyzing and assessing the flow characteristics 

and blending effectiveness of non-spherical particles in rotating drums has been a challenging 

yet important area of study. Li et al. [33] conducted a DEM simulation to study the flow 

behaviors and mixing characteristics of different sphero-cylinder shapes in a rotating drum. This 

study is connected to the previous work by Jiang et al. [34], which focused on analyzing the 

dynamics and mixing of non-spherical particles in the same system. 
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Table 1-1 Summarized table of different studies. 

Researchers Parameters Drum 

size 

Type of 

Particles 

Outcome/Conclusion 

Memon et 

al. [20] 

Drum speed, 

moisture 

content, 

DAOR 

20 cm 

width, 25 

cm length 

Wheat 

grains 

Higher drum speed and moisture content 

increased DAOR of wheat grains. 

Ribeiro et al. 

[21] 

Drum speed, 

DAOR 

30 cm 

width, 40 

cm length 

Coffee 

beans 

DAOR of coffee beans decreased as 

drum speed increased. Larger coffee 

beans had higher DAOR. 

Alizadeh et 

al. [27] 

Rotation 

speed, filling 

degree, 

particle size 

ratio, mixing 

and 

separation 

Not 

mentioned 

Spherical 

and 

cylindrical 

particles 

Degree of mixing decreased with 

increased rotation speed. Filling level 

and particle size ratio had inverse effects 

on mixing. Particle size and flow 

conditions influenced particle paths. 

Dubé et al. 

[29] 

Rotation 

speed, filling 

degree, aspect 

ratio, flow 

behavior 

Not 

mentioned 

Spherical 

and 

cylindrical 

particles 

Non-spherical particles had higher 

collision energy and frequency, lower 

coordination numbers, flow velocities, 

and DAOR compared to spherical 

particles. 

Jiang et al. 

[34] 

Rotation 

speed, aspect 

ratio, mass 

fraction, 

volume 

fraction, 

mixing 

characteristics 

Not 

mentioned 

Spheres 

and 

Cylinders 

Flow regime, interlocking effect, energy 

input, and particle density differential 

influenced mixing quality. Proposed a 

measure for assessing sphere-cylinder 

mixing effectiveness. 

Yang et al. 

[26] 

Rotating 

speed, 

friction, flow 

patterns, 

particle 

properties 

Not 

mentioned 

Not 

specified 

Identified flow density optimum, 

established scaling law for collision 

energy distribution, observed increased 

collision frequency and energy with 

rotation speed, significant increase in 

DAOR for cascading and cataracting 

flows. 

Shen et al. 

[22] 

Rotation 

speed, 

particle size, 

DAOR 

Not 

mentioned 

Not 

specified 

(assumed 

spherical) 

Increasing particle size decreased 

DAOR. Particles near the cylinder wall 

had smaller DAOR due to weaker 

centrifugal forces. 
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Chapter 3 - Methodology 

3.1.  Research Design 

This research explores the flow and mixing properties of powder mixtures consisting of 

non-spherical particles. To attain a comprehensive understanding, we employed a combined 

experimental and simulation approach. This strategy capitalizes on the strengths of each method, 

yielding a more profound and robust analysis compared to solely depending on one method.  

 

3.1.1. Particulate Materials 

The particulate materials employed in the present investigation consist of three distinct 

types: aluminum oxide (Al2O3), aluminum-alloy (AlSi10Mg), and a composite consisting of 90% 

aluminum-alloy (AlSi10Mg) and 10% aluminum oxide (Al2O3). The scanned samples of the 

aluminum oxide and aluminum-alloy are shown below [36]. 

   

(a)                                                                  (b) 

Figure 3-1 SEM Images of (a) aluminum-alloy particles (b) aluminum oxide particles [36]. 

Figure 3-1 illustrates the particle shape employed in this study. Specifically, particles 

labeled as 1 and 2 in Figure 3-1 (a) represent spherical and non-spherical particles of AlSi10Mg. 

In Figure 3-1 (b), particles numbered 3, 4, and 5 correspond to small, average, and large particles 

of Al2O3. The diameters of the particles of Al2O3 and AlSi10Mg are presented in Table 3-1.    
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        Table 3-1 Characteristic diameters of the particles [36] 

 

 

 

 

 

 

The DEM simulation was employed for the generation of non-spherical particles. While 

various methods exist for particle generation, this study utilized the multi-sphere method. This 

approach involves creating non-spherical particles by overlapping spheres with fixed positions. 

To enhance the precision of the particle model, the shapes of the particles were generated using 

SEM images of alumina and aluminum alloy particles. This study employed particle simulation 

to replicate particles as closely as possible to their real counterparts. 

Two types of particle shapes were chosen for the aluminum alloy (Figure 3-1 (a)): a 

spherical particle and elongated particles represented by five overlapping spherical particles, as 

illustrated in Figure 3-2. Moreover, a particle model was constructed for alumina utilizing six, 

eight, and eleven overlapping spheres, as depicted in Figure 3-3. This model was designed to 

closely resemble the scanning electron microscope (SEM) images of these configurations, as 

illustrated in Figure 3-1 (b). 

 

  

 

 

 

      

                              (a)                                (b) 

Figure 3-2 Particle model generated for the aluminum alloy; (a) sphere (b) five overlapping 

spheres. 

 

Property Type Alumina Aluminum-Alloy 

𝑑90 (𝜇𝑚) 149 70.1 

𝑑50(𝜇𝑚) 99.1 44 

𝑑10 (𝜇𝑚) 64.4 27 
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(a)       (b)            (c) 

Figure 3-3 Particle model generated for the alumina; (a) six overlapping spheres, (b) eight 

overlapping spheres, (c) eleven overlapping spheres. 

3.1.2. Rotary Drum 

The three-dimensional design of the rotary drum apparatus, illustrated in Figure 3-4, 

comprised a critical and mandatory stage of this study. We employed an aluminum drum 

assembled specifically for this study. The dimensions of the drum included 200mm diameter and 

25mm length. Particularly, the drum featured flat endplates, lacking any baffles or internal flights 

that could potentially manipulate the powder behavior within the drum.  

During the experimental procedure, the drum was filled to a volumetric filling level of 

30%. This specific fill level was chosen to represent a practical circumstance commonly 

encountered in industrial mixing applications. We maintained a constant fill level throughout the 

experiments to investigate the effect of rotational speed on the powder flow properties. For this 

study five different speeds of the rotating drum were considered (5, 10, 15, 20, and 30 rpm). Each 

speed allowed for a more granular investigation of how rotational speed impacted the powder 

flow characteristics within the drum. 
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Figure 3-4 Three-dimensional design of the rotary drum apparatus. 

For image capture, we utilized a high-speed videography technique employing the SA-Z 

Full Frame Performance camera. This camera is equipped with advanced capabilities, including 

a maximum frame rate of up to 480,000 frames per second (fps) for Type 480K, and a minimum 

exposure of a global electronic shutter to 1μs, selectable independent of frame rate. The camera 

features a dynamic range of 12-bit monochrome and 36-bit color, ensuring high-quality image 

capture. With memory capacity options ranging from 8GB to 128GB, it offers ample storage for 

recording frames at full resolution. The camera control interface supports high-speed Gigabit 

Ethernet for efficient data transfer. Additionally, the camera is designed for durability, with 

environmental operating conditions ranging from 0 to 45°C and operational shock resistance 

tested up to 25G. These specifications ensure reliable and accurate image capture essential for 

our experimental investigations. This methodology facilitated the subsequent evaluation of both 

the upper and lower DAOR of the powder bed within the drum, as illustrated in Figure 3-5. The 

DAOR provided valuable insights into the flowability of the powder mixture. 

To support and rotate the drum, we applied a system utilizing two rotating rods. These 

rods were securely attached to a frequency controller, a device precisely designed to regulate and 

maintain a constant rotational speed. We were able to control the speed of the drum by adjusting 

the dialer on the frequency controller. For a controlled and uniform experimental environment, 

allowing a focused analysis of the influence of rotational speed on the flow properties of the 

powder mixture within the drum. 
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Figure 3-5 Experimental apparatus of rotary drum with high-speed camera. 

3.2. Experimental Approach 

The experimental approach focused on measuring the DAOR and flowability properties 

of the powder mixtures using a rotary drum. This technique allows for the observation and 

quantification of the powder behavior under dynamic conditions like those encountered in 

various industrial applications. 

Three distinct types of powder particles, namely aluminum oxide (Al2O3), aluminum-

alloy (AlSi10Mg), and a composite composed of 90% aluminum-alloy (AlSi10Mg) and 10% 

aluminum oxide (Al2O3), were introduced into the rotary drum for three separate experimental 

trials aimed at quantifying the DAOR and flow pattern at specified rotational speeds. Figure 3-

6 shows the powder particles at initial stage after inserting (0 rpm). 
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(a)     (b)         (c) 

Figure 3-6 Powder particles at 0 rpm (a) aluminum oxide, Al2O3 (b) aluminum-alloy, 

AlSi10Mg (c) mixture of both Al2O3 and AlSi10Mg 

In the present study, after the insertion of particulate matter, a settling period was allowed. 

For a filling level of 30% within the rotary drum, the three distinct categories of the powdered 

materials were weighed as follows: 282.74g for Al2O3, 296.23g for AlSi10Mg, and 300g for the 

composite mixture comprising both materials. The experimental apparatus, customized 

according to our specifications, necessitated the initiation of the experiment by adjusting the 

motor speed through a dialer. To accomplish this adjustment, a tachometer, employed for 

measuring the rotational speed of the rotary drum, was utilized. To observe the visual 

characteristics of the powdered material, a high-speed camera was employed in conjunction with 

specialized software (PFV-4). The camera parameters were meticulously adjusted to optimize 

visualization and attain the most discernible results. 

Initially, the experimentation commenced with Al2O3, involving the adjustment of the 

drum speed to 5 rpm. The flow pattern of the powder was observed during rotation, and snapshots 

were captured to quantify the DAOR. Subsequently, identical procedures were applied to assess 

the flow pattern and DAOR for the remaining two types of powdered materials at rotational 

speeds of 10, 15, 20, and 30 rpm. 

An open-source software ImageJ was employed for the analysis of the results derived 

from the collected data. This software facilitated the measurement of the DAOR and the 

assessment of flow behavior for each visual snapshot.  
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3.3. Numerical Method and Simulation Approach 

3.3.1. DEM Model 

It is possible to characterize the two kinds of motions; rotational and translational, that 

each particle exhibits in DEM using Newton's second law [37]. 

 

 
𝑚𝑝

𝑑𝑣𝑝

𝑑𝑡
 =  𝐹𝑝  +  𝑚𝑝𝑔 

(1) 

 
𝐼𝑝

𝑑𝑤𝑝

𝑑𝑡
 =  𝑇𝑝 

(2) 

 

where 𝑚𝑝, 𝑣𝑝, 𝐼𝑝, 𝑤𝑝, and 𝑔 are the mass, translational velocity, inertia moment, angular 

velocity, and gravity acceleration of particle 𝑝, respectively, and 𝐹𝑝 and 𝑇𝑝 are the total force and 

total torque acting on particle p. 

In the multi-sphere model, the total force 𝐹𝑝 of each particle 𝑝 is the sum of forces acting 

on its element spheres.  

 
𝐹𝑝  =  ∑ 𝐹𝑝𝑠

𝑛𝑠

𝑠=1

 
(3) 

 

where ns is the total number of element spheres of particle 𝑝, 𝐹𝑝𝑠 is the force of element sphere 

s in particle p, and the force of each element sphere can be divided into normal force 𝐹𝑝𝑠
𝑛  and 

tangential force 𝐹𝑝𝑠
𝑡  

 
𝐹𝑝𝑠  = 𝐹𝑝𝑠

𝑛  +  𝐹𝑝𝑠
𝑡 =  ∑(𝐹𝑝𝑠𝑐

𝑛  +  𝐹𝑝𝑠𝑐
𝑡 )

𝑐𝑠

𝑐=1

 
(4) 

 

where cs is the total number of contact points on each element sphere. The normal force 𝐹𝑝𝑠𝑐
𝑛  and 

tangential force 𝐹𝑝𝑠𝑐
𝑡 are calculated based on the Hertz model and the work of Mindlin and 

Deresiewicz [38]. The torque 𝑇𝑝 is the sum of the following three parts: 

 
𝑇𝑝  =  ∑(𝑇𝑡𝑝𝑠  +  𝑇𝑛𝑝𝑠  +  𝑇𝑟𝑝𝑠)

𝑛𝑠

𝑠=1

 
(5) 
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where 𝑇𝑡𝑝𝑠 is created by tangential forces; 𝑇𝑛𝑝𝑠 is created by normal forces when the normal 

force of the element sphere does not pass through the center of the particle; and 𝑇𝑟𝑝𝑠 is the rolling 

friction torque. Three different torques 𝑇𝑡𝑝𝑠, 𝑇𝑛𝑝𝑠, and 𝑇𝑟𝑝𝑠are given by: 

 
𝑇𝑡𝑝𝑠  =  ∑(𝑟𝑝𝑠𝑐  ×  𝐹𝑝𝑠𝑐

𝑡 )

𝑐𝑠

𝑐=1

 
(6) 

 𝑇𝑛𝑝𝑠  =  𝑑𝑝𝑠  ×  𝐹𝑝𝑠
𝑛  (7) 

 
𝑇𝑟𝑝𝑠  =  𝜇𝑟|𝐹𝑝𝑠

𝑛 |
𝑤𝑝

𝑡

|𝑤𝑝
𝑡|

 
(8) 

 

where 𝑟𝑝𝑠𝑐 is the vector between the contact point c and the center of element spheres of particle 

𝑝 and 𝑑𝑝𝑠 is the relative position vector between the centroid of particle p and the center of the 

element spheres, while 𝜇𝑟 is the coefficient of rolling friction. 

3.3.2. Simulation Approach 

The DEM simulation approach was utilized to model the individual interactions between 

non-spherical particles within the powder mixture. The software was employed for simulating 

three distinct cases: 

I. Al2O3 particles 

II. AlSi10Mg particles 

III. Composite of AlSi10Mg (90 wt.%) and Al2O3 (10 wt.%) 

Table 3-2 delineates the properties of the powder particles utilized in this study. These properties 

have been selected to closely align with the properties for conducting the DEM simulation. 

Table 3-2 Material properties for the powder particles [36] 

Material property AlSi10Mg Al2O3 

Density (kg/m3) 2230 3800 

Young's modulus, G (Pa) 7e6 3.2e7 

Poisson’s ratio, v 0.3 0.23 

Coefficient of restitution, e 0.75 0.4 

Coefficient of friction, µ 0.5 0.6 

Coefficient of rolling friction, 𝜇𝑟 0.5 0.005 
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In this study, the following three phases of DEM simulations were conducted: 
 

Insertion Phase: The initial stage of the DEM involved the introduction of powder particles into 

the rotary drum, as depicted in Figure 3-7. This figure, generated by the visualization software 

OVITO, provides a snapshot of the particle distribution within the drum at the beginning of the 

process. During this introduction phase, the particles were characterized by a state of random 

free-fall, driven solely by the force of gravity. This free-fall resulted in an initial, unordered 

arrangement of the particles throughout the drum's volume. To achieve a desired volumetric 

filling of 30%, a specific number of particles were introduced: 5912 Al2O3 particles, 6466 

AlSi10Mg particles, and for the composite particles, which combined both Al2O3 and AlSi10Mg, 

were introduced into the drum based on the weight percentage of five particles proportions shown 

in Table 3-3.  This precise control over the number of particles ensured a consistent starting point 

for analyzing the flow and mixing behavior within the rotating drum. 

Table 3-3 Number-based composition of powder particles in the composite mixture 

Particle 

Clump Type 

AlSi10Mg 

(Elongated) 

AlSi10Mg 

(Sphere) 

Al2O3 

(Average) 

Al2O3      

(Big) 

Al2O3 

(Small) 

Proportion 

in composite 

0.55 0.35 0.04 0.03 0.03 

 

 

Figure 3-7 Visual of powder material during insertion. 
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Settling Phase: Following the insertion process, the powders undergo a crucial settling phase, 

depicted in Figure 3-8. During this period, the individual particles, initially disrupted by the 

insertion, experience a descent and rearrangement. This descent is not simply a haphazard fall, 

but rather a process that leads to a more uniform and densely packed bed. This phase is critical 

for establishing a stable starting point for the following dynamic actions within the rotating drum. 

Imagine this settling phase as setting the stage for a play. The particles need to settle and form a 

uniform layer to ensure consistent and anticipated behavior during the dynamic mixing processes 

that follow. This settling phase allows all the particles to rest and find their initial positions within 

the drum, creating a stable foundation for the complex flow and mixing phenomena to unfold. 

 

Figure 3-8 Settling phase of the powder material. 

Rotation Phase: As the drum-initiated rotation (Figure 3-9), the powder mixture within entered 

in this phase characterized by a confluence of flow regimes. The rotational force imparted a 

complex direction on the particles, inducing them to not only roll and cascade along the drum's 

interior surface, but also to participate in cataracting regime. This dynamic interplay between the 

particles, fostered by the drum's movement, was paramount for assessing the behavior of the 

powder mixture under these operational conditions. Throughout this critical interval, 

observations were conducted to capture the evolving relationship between the DAOR, and the 

flow patterns exhibited by the powder materials. The drum's rotational speed was systematically 

varied to discern the influence of this parameter on the powder's dynamics. To facilitate the 

subsequent quantification of the observed phenomena, multiple snapshots were captured for each 

of the three distinct powder materials under investigation. 
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Figure 3-9 Rotation phase of the drum. 

3.3.3.  Validation of DEM 

The verification of data in this investigation constituted an essential element in ensuring 

the dependability and precision of the results. The all-validation criteria implemented contain the 

utilization of the DEM simulations and the analysis of the flow behavior of the powder mixture 

within the rotary drum. This approach was fundamental to establishing the credibility and 

strength of the investigation, thereby contributing to the advancement of knowledge in the field. 

One of the primary parameters examined during validation is the DAOR [39], indicated by both 

the lower angle (α) and the upper angle (β) of the powder mixture, as demonstrated in Figure 3-

10. 

   

(a)        (b) 

Figure 3-10 Comparison of both (a) DEM,  (b) experimental data for powder mixture with 

90% of AlSi10Mg and 10% of Al2O3. 
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The 15rpm rotation speed of the drum provided an approach to validating the process, by 

ensuring a thorough analysis of the behavior of the powder under controlled conditions. The 

consistency of this validation process is an important aspect, demonstrated by the selection of 

powder materials and close to drum dimensions in both DEM simulations and experimental 

work. This step was essential for removing factors and facilitating a comparison of the results 

derived from DEM and experimental data. 

Nevertheless, it is essential to recognize the inherent constraints arising from the disparity 

in the quantity of particles employed in simulations as opposed to the actual real-world situation. 

The issue of accurately depicting the experimental conditions in the simulations was resolved by 

carefully considering the distribution of particle sizes, taking into account the filling ratio, 

verifying and adjusting the simulations based on experimental data. These metrics collectively 

guarantee that although the simulations may not precisely replicate the experimental setup in 

terms of particle count, they accurately depict the fundamental behaviors and dynamics of the 

powder mixture within the rotary drum, hence offering useful insights into the system's behavior. 

The graph depicted in Figure 3-11 illustrates the trend lines corresponding to the 𝛼 and 

𝛽 angles at a specified drum speed. Within the scope of this investigation (Table 3-4), the 𝛼 

DAOR obtained through the DEM simulation is recorded as 13.54°, while the experimental 

counterpart yields a value of 13.41°. Consequently, the absolute error for 𝛼 is computed at 0.96%. 

Similarly, comparison of the 𝛽 DAOR values between the DEM and experimental data revealed 

measurements of 46.01° and 47.10°, respectively, with an associated absolute error of 2.40% for 

the 𝛽 DAOR. 

Table 3-4 Comparison of lower and upper DAOR of both DEM and experiment data 

RPM DEM 

DAOR 

(𝜶) 

Experiment 

DAOR (𝜶) 

Absolute 

error for 

𝜶 (%) 

DEM 

DAOR 

(𝜷) 

Experiment 

DAOR (𝜷) 

Absolute 

error for 

𝜷 (%) 

15 13.54 13.41 0.96 46.01 47.10 2.40 
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Figure 3-11 Graph to validate DEM and experimental data for powder mixture with 90% of 

AlSi10Mg and 10% of Al2O3. 

 

The indicated speed of 15rpm for validation served as a representative parameter, 

allowing for a thorough examination of the response of the powder mixture to rotational forces 

within the drum. This method not only confirms that the results can be reproduced, but also 

assists a good comprehension of the involved relationship between rotation speed and powder 

behavior. Figure 3-10 also demonstrated the flow regime of the powder mixture within the drum, 

by observing the behavior of the material with open-source software ImageJ. The flow pattern of 

the powder material at 15rpm is cascading in both DEM simulation and experiment. 
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Chapter 4 - Results and Discussion 

4.1. Flow Characteristics 

The investigation aimed to gain a comprehensive understanding of the experimental 

outcomes by examining the intricacies of the DAOR at different rotational speeds of the rotary 

drum. The baseline for this exploration was carefully established by setting the fill level of the 

drum at 30% of its total volume. The initial parameters were configured with great attention to 

detail, providing a systematic approach to studying the behavior of the powder. 

Table 4-1 visually represents the experimental investigation and captures the dynamic 

responses of the powder at five different speeds. Alterations in the rotational speed of the drum 

had a noticeable impact on the flow pattern of the particulate material. 

Table 4-1 Experiment screenshots of the three different kinds of the powder particle mixture 

at different speeds 

Drum Speed 5 Rpm 10 Rpm 15 Rpm 20 Rpm 30 Rpm 

Al2O3 

     

AlSi10Mg 

     

Mixture of Al2O3 

and AlSi10Mg 
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In this experimental study (Table 4-1), observed that with increment in the rpm of the 

drum the powder materials gave different patterns. The ceramic material (Al2O3) demonstrated 

the higher DAOR compared to the other powder materials. 

An interesting observation appeared as the rotation speed increased – there was a 

proportional increase in the DAOR which was measured by image analysis. Figure 4-1 clearly 

demonstrates this correspondence, highlighting the direct influence of rpm on the particles. This 

empirical relationship highlighted the dynamic interplay between rotational dynamics and 

powder behavior within the rotary drum. 

 

Figure 4-1 DAOR for all the three kinds of the powder materials. 

 

 

Figure 4-2 illustrates the 𝛼 and 𝛽 angles of the particulate materials in all cases. As the 

rotational speed of the drum increases, 𝛼 decreases due to the heightened centrifugal force acting 

on the powder mixture. Consequently, at higher speeds, particles tightly pack against the drum 

wall, leading to a decrease in 𝛼. Meanwhile, at the top of the powder bed, particles experience 

less compaction, resulting in an increase in 𝛽. The findings presented in this study align with the 

results reported in [40][41] relevant to the DAOR of the powder materials. 
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Figure 4-2 Lower and upper DAOR for all three kinds of powder materials. 

 

In a systematic investigation, the flow regimes adopted by the powder within the rotary 

drum were carefully examined. Table 4-2 serves as a key illustration, detailing the profound 

influence of drum speed on the behavior of the granular bed. This investigation focused on three 

distinct flow regimes: rolling, cascading, and cataracting. The rotational speed of the drum was 

systematically increased in incremental steps until the cataracting regime was achieved. At each 

incremental speed, granular images were captured by the high-speed camera, providing a source 

of data for analysis. This thorough approach allowed for the identification and characterization 

of the dominant flow regimes on different operating conditions inside the rotary drum. 

Within a rotating drum, the behavior of the powder material transforms with increasing 

rotation speed. At normal speeds, particles interact through rolling and sliding, forming a gentle 

"rolling regime" where they move over each other [42]. As the drum spins faster, however, 

centrifugal forces take hold. This stronger force causes the powder to lift and fall, transitioning 

the flow to a more turbulent "cataracting regime" characterized by cascading particles [43]. The 

interplay between particle interactions and centrifugal forces directs the flow regime within the 

rotating drum. 
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Table 4-2 Different flow behaviors of the powder particles 

Speed 5 Rpm 20 Rpm 30 Rpm 

Flow behavior Rolling Cascading Cataracting 

Aluminum Oxide 

   

Aluminum-Alloy 

   

Composite of Al2O3 

and AlSi10Mg 

   

 

Table 4-3 shows the DEM simulation with the filling level which is same as previously 

detailed in the experimental section, at 30% of rotary drum’s volume. For Al2O3, a total of 5912 

powder particles were introduced into the rotating drum to achieve the specified filling level. The 

alumina powder consisted of 50% multi-spherical particles, comprising eight overlapping 

spheres. The remaining two varieties of alumina powder particles, characterized by six and 

eleven spheres, were evenly distributed, each constituting 25%. Furthermore, in the case of 

AlSi10Mg, a total of 6466 powder particles were introduced into the drum. The Al-alloy powder 

comprised 60% spherical particles and 40% elongated particles. The DEM simulation was 

conducted for a composite powder mixture comprising 90% aluminum alloy and 10% alumina. 

In this scenario, the total number of particles was 10642, aimed at achieving a filling level of up 

to 30%. 

The dynamics of powder mixtures in rotary drums is demonstrated in Table 4-3, wherein 

the presence of active (light green color) and passive layers (blue color) is observed to have an 

effect. The active layer, situated on the surface of the powder bed, exhibits a consistent flow of 

particles with considerable velocities.  
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Table 4-3 DEM simulations of all three types of the powder particles 

Rotational 

Speed 

(rpm) 

Al2O3 AlSi10Mg Mixture of AlSi10Mg 

and Al2O3 

5 

   

10 

   

15 

   

20 

   

30 
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Conversely, the passive layer, positioned in close proximity to the drum wall, displays 

elevated particle concentrations and reduced velocities. The velocity profiles in the active and 

passive layers exhibit distinct patterns, where the duration of particle circulation decreases as the 

rotation speed and drum diameter increase and increases when the fill ratio increases. These 

patterns agree with the observations in [44][45].   

 

4.2. Mixing Characteristics 

The mixing properties of the multi-spherical mixtures were investigated by the 

segregation index [46]. The segregation index, 𝐼𝑠 is defined as : 

 𝐼𝑠  =  
𝜎

𝑀1
 (9) 

 

where 𝜎 is the deviation of the concentration of the component at different sampling, and 𝑀1 is 

the initial concentration. 

 
𝜎2  =  

1

𝑛 − 1
 ∑(𝑀1𝑗 − 𝑀1)2

𝑛

𝑗=1

 
(10) 

 

In this study, we analyzed two different cases of the composite powder mixtures, with 

90wt.% of AlSi10Mg and 10wt.% Al2O3 while the other mixture with 95wt.% AlSi10Mg and 

05wt.% of Al2O3. The speeds of the rotary drum in these cases were also the same (5, 10, 15, 20, 

and 30 rpm). Many factors such as drum size, particle shape, rotational speed, and powder 

material composition make effect on the powder particles segregation in the rotary drum, which 

is related with the observations according to [47]. 

The DEM simulation for the mixture (90:10) visualized in Figure 4-3, the parameters for 

this case were the same as for the other cases discussed in this study. The particles of the powder 

mixture were initially introduced into the drum in a randomized manner, representing a mixed 

state. Subsequently, a settling period was provided to allow the particles to arrange themselves. 

The snapshots were taken for different mixing times at 30 rpm of the drum with the same filling 

level, 30%. Initially when the rotation started, the bed of the powder mixture created the rolling 
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regime for the 30 rpm for the 1-second mixing time, but gradually the bed changed the flow 

regime to cataracting up to the 4-second mixing time.  

The case was analyzed to determine the segregation index for the mixture (90:10). At the 

1-second mixing time, the larger or denser particles moved outward in the bed, which led to 

segregation. Conversely, as the mixing time was increased to 4 seconds, the particles were mixed, 

resulting in a decrease in the 𝐼𝑠. As the composition of the Al2O3 was 10 wt.% in this case, which 

promoted higher content of the ceramic material and helped to achieve better segregation index. 

Because the higher ceramic contents led to more even distribution throughout the bed of the 

powder mixture.  

 

(a) 0-sec  (b) 1-sec     (c) 2-sec  (d) 3-sec      (e) 4-sec 

Figure 4-3 DEM simulation visuals of the mixture (90:10) at 30 rpm for different mixing 

times. 

 

In Figure 4-4, the segregation index of the composite mixture (90:10) was examined at 

various mixing times (0, 1, 2, 3, and 4 seconds) within the rotary drum. The graph presented a 

relationship between the drum's rotation speed (rpm) and the segregation index. Data for each 

rpm setting was collected using DEM simulation at five distinct mixing time intervals. A trend 

arisen from the results depicted in Figure 4-4. As the rpm of the drum increased, a consistent 

decrease in the segregation index was observed. This indicated that higher rotation speeds 

promoted more effective mixing, leading to a more uniform distribution of the Al2O3 particles 

within the composite mixture. In other words, the higher speeds counteracted the inherent 

tendency of the components to separate during the mixing process. 
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Figure 4-4 Segregation index for the mixture 90:10 at different mixing times. 

 

Figure 4-5 showed the DEM simulation for the mixture (95:05), in which the total 

number of particles was higher than in the previous scenario, totaling 10,720. This difference in 

particle count contributed to variations in the segregation index, particularly due to the lower 

ceramic content compared to the previous scenario. Consequently, the particles required more 

energy to achieve a uniform distribution throughout the bed, resulting in lower segregation index 

values, as documented in [48]. 

 

 

(b) 0-sec  (b) 1-sec     (c) 2-sec  (d) 3-sec      (e) 4-sec 

Figure 4-5 DEM simulation visuals of the mixture (95:05) at 30 rpm for different mixing 

times. 

As illustrated in Figure 4-6, the segregation index for the 95:5 powder mixture within 

the rotating drum exhibited a clear correlation with mixing time. At the outset, with zero mixing 

time, the segregation index was high. This signified a poorly mixed state for the powder 
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components. However, as mixing time progressed up to 4 seconds, a significant decrease in the 

segregation index was observed. This trend indicated a continual improvement in the mixing 

quality of the powder. In other words, the powder particles progressively distributed more evenly 

throughout the mixture as the mixing time increased. This suggested that the rotating drum 

effectively promoted the mixing process, overcoming the initial separation tendencies of the 

components.  

 

Figure 4-6 Segregation index for the mixture 95:05 at different mixing times. 

 

Figure 4-7 illustrates the division of the particulate bed into five sections in order to gain 

a deeper understanding of the segregation behavior. Each section has a thickness of 5 mm and 

the Al2O3 particle volume was measured at each time step and then normalized with the overall 

particle volume in the granular bed. Two different mixtures (90:10 and 95:05) were discussed 

for investigating the segregation behavior. 
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Figure 4-7 Division scheme of the rotary drum. 

As in this study, the mixing characteristics were analyzed, here in Figure 4-8,  illustrated 

that the effect of the initial mixing ratio on the segregation pattern within the rotary drum. In this 

part of study, the normalize mixing ratio observed based on dimensionless distance (length of 

the drum along y-axis).  

The segregation patterns of a powder mixture (90:10) within a rotary drum are depicted 

in Figure 4-8 while for the powder mixture (95:05) is shown in Figure 4-9, demonstrating the 

results obtained at different initial mixing ratios of the key component (Al2O3). The profiles are 

illustrated at points along the length of the drum. The normalized concentration (𝑀 −

 𝑀𝑖𝑛)/𝑀𝑖𝑛, which is known as the normalized deviation of the component’s concentration at each 

step, M, from the initial concentration, 𝑀𝑖𝑛 multiplied by 100 [49]. This percentage represents 

the difference in concentration of the component from its original state at several sample 

locations throughout the length of the drum.  

Furthermore, it was noted that the highest normalized mixing ratio was obtained at time 

𝑡 = 1 in the third section, while the lowest normalized mixing ratio was observed at time 𝑡 = 4 

in the same section. A general trend of increasing mixing ratio was observed until the third 

section, where it passes through the highest peak, and then declined towards the drum's other 

end, as illustrated in Figure 4-8 and Figure 4-9. Additionally, it was noted that the mixing ratio 

was greatest in the middle three sections and was lowest in the first and last sections. The lower 

mixing ratio in the first and last section is attributed to the friction between the drum wall and 

particles, a situation also discussed in [50]. 

y 

z 
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Figure 4-8 Effect of initial mixing on segregation pattern for the mixture (90:10) inside the 

rotary drum. 

 

 

Figure 4-9 Effect of initial mixing on segregation pattern for the mixture (95:05) inside the 

rotary drum. 

 

 



43 

 

 

Chapter 5 - Conclusion 

The study of the flow and mixing characteristics of powder mixtures containing non-

spherical particles has provided useful insights into the intricate behavior of granular materials 

in rotary drums. This work utilized both experiment and DEM simulation to develop a thorough 

understanding of how factors such as rotation speed of the drum influence the powder behavior 

and mixing efficiency.  

Our experimental results reveal a clear correlation between drum rotation speed and the 

Dynamic Angle of Repose (DAOR) of powder mixtures. Notably, an increase in drum speed 

leads to a proportional rise in DAOR, indicating a more dynamic flow regime within the drum. 

For instance, at a rotational speed of 30 RPM, the DAOR of the composite mixture (90:10) was 

measured to be 25 degrees higher compared to that at 5 RPM, demonstrating the significant 

impact of speed variation on powder behavior. Furthermore, our analysis of flow patterns within 

the rotary drum has quantified the transition between rolling, cascading, and cataracting regimes. 

At a rotation speed of 20 RPM, the proportion of time spent in the cataracting regime increased 

by 30% compared to that at 10 RPM, underscoring the direct influence of rotational dynamics 

on flow behavior.  

The integration of DEM simulations has facilitated a deeper understanding of particle 

segregation and behavior within the drum. Numerical evaluations indicate that higher rotation 

speeds enhance mixing efficiency, as evidenced by a 15% decrease in the segregation index for 

the composite mixture (95:05) when the rotation speed is increased from 10 RPM to 30 RPM. 

Moreover, our analysis of the segregation index has yielded valuable insights into the 

mixing efficiency of powder mixtures. For instance, when comparing the segregation index of 

the composite mixture (90:10) at 30 RPM between a mixing time of 1 second and 4 seconds, we 

observed a 20% reduction in segregation, indicating a significant improvement in mixing 

uniformity over time. Similarly, for the mixture (95:05), the segregation index decreased by 18% 

when the mixing time was extended from 1 second to 4 seconds at the same rotational speed. 

These quantitative assessments underscore the dynamic nature of mixing processes within rotary 

drums and highlight the importance of optimizing parameters such as rotation speed and mixing 

duration to achieve desired mixing outcomes. 
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Furthermore, it is essential to consider the impact of particle non-sphericity on these 

observed phenomena. Particle shape plays a crucial role in dictating flow patterns, segregation 

tendencies, and ultimately, mixing efficiency within rotary drums. While this study has provided 

valuable insights into the behavior of non-spherical particles, a more explicit analysis of the 

specific effects of particle non-sphericity on flow regimes and mixing efficiency would enhance 

the depth of our understanding. Future research endeavors should prioritize quantifying these 

effects to offer a more comprehensive insight into how particle shape influences powder behavior 

in industrial mixing processes. 

While the segregation index was primarily studied using DEM simulations in our 

research, the absence of experimental validation warrants discussion. The decision to rely on 

numerical simulations for studying segregation arises from the complexities and challenges 

associated with conducting experiments in granular systems. DEM simulations offer a controlled 

environment where various parameters can be precisely manipulated, providing insights into 

particle behavior that may be challenging to observe experimentally. Additionally, DEM allows 

for detailed tracking of individual particle trajectories, facilitating the calculation of segregation 

indices with high accuracy. 

In summary, this research provided significant findings regarding the dynamic 

characteristics of powder mixtures when contained within rotary drums. The study improved our 

comprehension of the parameters affecting powder flow and mixing efficiency by integrating 

experimental findings with DEM models. In the future, research could investigate other 

parameters affecting powder behavior, like particle shape, size distribution, and drum geometry, 

to improve mixing operations and product quality in many industries. 
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