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Solid-Liquid Rotary Kilns: An Experimental and
CFD-DEM Study
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aResearch Unit for Industrial Flows Processes (URPEI), Department of Chemical

Engineering, École Polytechique de Montréal, PO Box 6079, Stn Centre-Ville, Montréal,
QC, Canada, H3C 3A7

Abstract

Experiments for the validation of unresolved CFD-DEM software for solid-

liquid flows are often expensive, time consuming and generally provide little

insight into the local particles dynamics. Additionally, several DEM parameters

such as the particle surface properties are often obtained from experiments in

air and used for all CFD-DEM simulations even when the fluid is a liquid. We

design and perform a simple and time efficient gas-solid and liquid-solid rotary

kiln benchmark for the purpose of creating a validation case for unresolved

CFD-DEM software which we use to validate the unresolved CFD-DEM model

of the open-source software Lethe. This case, which contains dense solid-solid

contacts and strong solid-fluid forces gives insight on the importance of proper

calibration of DEM surface properties in solid-liquid flows as well as on the

importance of the lift force. Furthermore, it is highly sensitive to the accuracy

of the CFD discretization.
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1. Introduction

The popularity of computational fluid dynamics coupled with the discrete

element method (CFD-DEM) has been increasing over the last few decades due

to its accuracy in modelling multiphase solid-fluid flows [1, 2, 3]. Nevertheless,

the user defined parameters that need to be inputted before a simulation can5

be run are numerous and an appropriate choice of these parameters is vital to

obtain accurate and physically-realistic results.

Among these parameters, the choice of particle-fluid interactions plays a

important role in the correct prediction of solid-fluid flows. Traditionally, CFD-

DEM simulations focus mainly on the following forces: gravity and buoyancy,10

drag force, pressure gradient force, and shear force. The lift force is sometimes

applied and sometimes neglected depending on the application being simulated.

In general, in modelling solid-gas flows such as gas fluidized and spouted beds,

the lift force is entirely neglected as it is considered to be of negligible magnitude

compared to the dominant drag force. This is not true in solid-liquid flows. This15

has been demonstrated by Ferreira et al. [4] where enabling the Saffman lift

force allowed for better prediction of liquid fluidized beds since the pluming

effect of the particles at the top of the bed significantly diminished as a result

of reduced channelling due to Saffman lift. As such, it is important to correctly

choose particle-fluid interactions.20

On the other hand, the DEM parameters, specifically those related to the

solid particles are among the most important parameters that should be chosen

carefully. In general, they include material properties and surface properties.

Material properties are those related directly to the material from which is made

the particles and walls such as the density, Young’s modulus, and Poisson’s25

ratio. Surface properties include the rolling and sliding friction coefficients as

well as the coefficient of restitution. The latter are usually calibrated based
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on the surface of dry particles. In other words, experiments are performed in

air and the parameters are deduced. These dry parameters are then used for

solid-liquid CFD-DEM simulations. This is the case for most modelling work30

done and, often, no specifications about the source of these parameters is given.

Blais and Bertrand [5] found that DEM surface parameters such as the sliding

and rolling friction coefficients and the coefficient of restitution play a role in

the dynamics of solid-liquid flows. However, a thorough clarification about this

topic and the true effect of the choice of such parameters has not been fully35

addressed in the literature.

It is unrealistic and unreliable to work solely with the parameters obtained

from dry experiments as these particle properties tend to change when the state

of the fluid changes. For example, a particle, upon hitting the ground, will

usually bounce more in air than it would in water. Therefore, the coefficient40

of restitution of the particle is larger in dry settings than it would be in wet

settings. This has been demonstrated by Joseph et al [6] where a bouncing

particle experiment showed that the particle coefficient of restitution decreases

with an increase in the viscosity of the fluid in which it is bouncing due to

lubrication forces. The decrease becomes sharp for higher viscosities.45

In the literature, the calibration of DEM properties has been mainly per-

formed for dry materials such as the calibration of DEM parameters of cohesive

bulk material using an angle of repose test [7] and the calibration of DEM

properties of sticky adhesive powders for the simulation of segregation [8]. The

influence and effects of the microscopic DEM parameters is discussed by Groger50

and Katterfeld [9] where they explain the need for the development of new

calibration methods. Other researchers developed bench-scale experiments to

calibrate and investigate DEM parameters such as the sliding and rolling friction

coefficients, the coefficient of restitution, and the inter-particle cohesion forces
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from the presence of liquid bridges [10]. To the knowledge of the authors, the55

calibration of DEM properties for solely solid-liquid simulations has not been

addressed in the literature.

There exist several experiments that allow the deduction of such parameters.

Among them, we mention rotary kiln experiments where a lab-scale cylindrical

bed is filled with particles, or a combination of particles and a fluid are allowed60

to rotate. Depending on the velocity of the rotation, the flow regime inside the

rotary kiln changes. This change is often determined by the rotational Froude

number [11]. This dimensionless number is defined as the ratio of centrifugal

forces to gravity and is given by the following [11]:

Fr =
ω2R

g
(1)

where ω is the kiln rotational velocity in rad s−1, R is the kiln radius in65

m, and g is the gravity in m s−2. For a specific range of Froude numbers, the

particles exhibit a certain regime inside the rotary kiln. Fig. 1 demonstrates

the different regimes that can be observed in a rotary kiln as a function of the

Froude number.

Figure 1: Particles flow regimes in rotary kilns as a function of Froude number. Reproduced
from [12].

Increasing the Froude number allows the flow to transition from one regime70

to another. It is not necessary that all flow regimes are exhibited for every
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experiment. Sometimes, the flow transitions from one regime to another while

skipping a certain regime. This is because the velocity range for the skipped

regime is so small that it is not captured during the experiment. The regime

at the lowest rotational speed is the slipping regime where particles slip along75

the wall of the bed and they can be seen to barely move. The slumping regime

comes next where the particle bed behaves like a see-saw with the bed moving in

an up and down motion. At higher rotational speeds is the rolling regime where

particles start moving along the wall and then roll downwards after reaching the

top of the packing. The cascading regime occurs when the surface layer arches80

resulting in a crescent shape. The cataracting regime results when particles

start to be thrown away into free space, falling into the bed of particles and

then reattaching towards the base in a cascading motion. The centrifuging

regime occurs when the Fr > 1, meaning that the centrifugal forces outweigh

the gravitational forces. The particles adhere to the wall of the kiln and perform85

full rotations.

It is important to note that the Froude number is not always very reliable

in determining the regime change intervals because even for a constant Froude

number, the behavior of the drum can be affected by the volumetric fill level

of the kiln and the friction coefficients between the kiln wall and the particles90

[12]. For example, filling the kiln to lower levels or increasing the sliding friction

coefficient can lead to more cataracting or centrifuging motion. Additionally,

the Froude number is determined based on the particles motion in air. There

is no mentioning of the effect of different fluids on the Froude interval for the

regime change of the flow. This is because the gravity in the fluid is countered95

by the buoyancy force and as such it is expected that a new weaker gravitational

acceleration should be considered in Eq. 1 when the fluid inside the kiln is a

liquid. Furthermore, the Froude number does not take into account the fluid
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viscosity and therefore, on its own, it can not be used as a measure for regime

change with fluids of high viscosities.100

In general, not many studies of solid-liquid rotary kilns have been performed

in the literature. Many researchers experimentally studied the mixing of solid

materials in air inside a rotary kiln and investigated the effects of particle types

and densities, kiln loading, rotational speed and wall friction on the mixing rates

in the bed [13, 14]. Parsons et al. [15] experimentally studied the solid-liquid105

mass transfer in slurries agitated inside a rotary kiln. Tang et al. [16] modelled

a three-phase gas-solid-liquid flow using CFD-DEM coupled with volume of

fluid (VOF) to study gas-solid-liquid flows and mixing behaviors in rotary kilns

taking into account inter-particle collisions, inter-phase interactions, and inter-

face morphology. Additionally, mills such as semi autogenous grinding (SAG)110

mills, which have many similarities to solid-liquid rotary kilns in the cataract-

ing regime if breakage is ignored, are studied using either DEM [17] where rock

breakage mechanisms and the life cycle of rocks in mills are explored or CFD-

DEM [18] where a method for calculating the efficiency of the SAG process

based on the numerical results is proposed.115

The aim of this work is to develop a simple and easily reproducible exper-

imental and computational procedure that allows the calibration of the DEM

surface properties and the validation of any unresolved CFD-DEM code for

solid-liquid flows. For this, a lab-scale rotary kiln experiment is performed

where different types of particles and fluids are used to calibrate the particle120

and wall properties and to determine the effect of the choice of fluid on the

DEM surface properties. This experiment is chosen specifically because of its

simplicity and due to the complicated regimes exhibited by the particles in the

rotary kiln at the various rotational velocities it is subjected to.
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2. CFD-DEM Model125

In this section, the governing equations, particle-fluid interactions and DEM

parameters are described briefly. No matter the type of CFD-DEM simulations,

the governing equations are mainly separated into those related to the fluid

phase and they are the volume-averaged Navier-Stokes (VANS) equations and

those related to the solid phase and they are Newton’s equation of motion and130

Euler’s equation of angular momentum.

2.1. Fluid Phase Modelling

The VANS equations are divided mainly into two models: A and B. As

we will only use model A in this work, we introduce it in this section. For

further description of the two models and for a detailed discussion about their135

differences and similarities, we refer the reader to the article by El Geitani et

al. [19]. The VANS equations are made up of the continuity equation and the

momentum equation. The continuity equation is given by:

∂εf
∂t

+∇ · (εfu) = 0 (2)

where u is the fluid velocity, and εf is the void fraction calculated using

one of many available particle projection schemes. The momentum equation is140

given by:

ρf

[
∂εfu

∂t
+∇ · (εfu⊗ u)

]
= −εf∇p+ εf∇ · τ − Fpf (3)
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where p is the pressure, and τ is the shear stress tensor and is given by:

τ = µf

[
(∇ · u) + (∇ · u)T − 2

3
(∇ · uI)

]
(4)

µf is the dynamic viscosity, I is the identity matrix and Fpf in equation (3)

is the fluid-particle interactions vector and is given by:

Fpf =
1

∆VΩ

Np∑
i

(fpf,i − f∇p − f∇·τ − fb) (5)

where fpf,i is the sum of particle-fluid interaction forces such as drag (fd),

Saffman lift (fSaff), Magnus lift (fMag), virtual mass (fvm), and Basset force

(fB). f∇p is the pressure gradient force, f∇·τ is the shear stress force, and

fb is the buoyancy force. In this work, only Saffman lift (fSaff), Magnus lift145

(fMag) and drag (fd) are considered for the particle-fluid interaction forces since

the remaining forces are of negligible magnitude. This is because the fluid to

solid density ratio is relatively small allowing to neglect the virtual mass force.

Additionally, there exist no expression for these forces in the case of a swarm of

particles as they were derived for individual particles.. This gives for a particle150

i, the particle-fluid force as:

fpf,i = fd,i + fSaff,i + fMag,i + f∇p + f∇·τ + fb (6)

The particle-fluid interactions implemented in this work are summarized in

Table 1 where dp represents the particle diameter, Vp the particle volume, and

vp the particle velocity.
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Table 1: Implemented Particle Fluid Interactions.

Forces and Parameters Equations

Pressure Force f∇p = Vp∇p

Shear Force f∇·τ = Vp∇ · τ

Buoyancy Force fb = Vpρfg

Drag Force fd = 1
2ρfCD

πd2
p

4 |u− vp| (u− vp)

Particle Reynolds Number Rep = ρf ϵf |u− vp,i| dp/µf

Drag Coefficient [20] CD =
(
0.63 + 4.8√

Rep

)2

|u− vp| ϵηf

Saffman Lift Force [21, 22, 23]fSaff = 1.161CSd
2
p(µfρf )

1/2 |ωc|−1/2
[(u− vp)× ωc]

Vorticity ωc = ∇× u

Saffman Lift Coefficient CS =


(1− β) e(−Rep/10) + β, for Rep ≤ 40

0.0524(αRep)
1/2, for Rep > 40

Magnus Lift Force [24] fMag = 1
2ρfApCLR |vp − u| (vp − u)

Magnus Lift Coefficient [25] CLR =
dpωp

|u−vp|

Vortical Torque [26] Mvor = πd3pµf

(
0.5ωc,i)

Rotational Dissipation

Torque [26]
Mrot = −πd3pµf

(
ωp,i)

η 2−
[
3.7− 0.65e

(
−(1.5−log10(Rep))

2/2
)]

α α = [dp/ (2 |u− vp|)] |ωc|

β β = 0.3314α1/2

There exist several models for the calculation of the drag force. The drag155

model used in this work is the DiFelice drag model [20] as it is shown to give good

results and is often used in the literature. Other drag models, such as the Rong

drag model [27], were tested within the present work and led to similar results

as the DiFelice model. Both the Saffman and Magnus lift forces are applied in

this work. Considering the large shear rate that occurs in the vicinity of the160
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wall and the large particle angular velocity observed experimentally (discussed

in a later section), these forces are no longer negligible in liquids and they might

have an effect on the simulation results. When the Magnus lift force is applied,

a rotational dissipation torque as given in Table 1 should be applied to the

particles. This will allow the dissipation of the particles rotational velocities165

and prevent them from spinning uncontrollably which can result in nonphysical

values of the Magnus lift as it is proportionally dependent on the particles

rotational velocities.

2.2. Solid Phase Modelling

The solid particles are individually tracked by integrating Newton’s equation170

of motion and Euler’s angular momentum equation. Newton’s equation is:

mi
∂vp,i

∂t
=

∑
j∈Ci

fij +
∑
w

fw,i +mig + ffp,i (7)

where mi is the mass of particle i, vp,i is the particle i velocity, fij are

the contact forces between particle i and particle j, Ci includes all particles

in the contact list of particle i, fw,i are the interactions between particle i

and the walls where w loops over all walls in contact with particle i, g is the175

gravitational acceleration and ffp,i = −fpf,i are the interactions between the

fluid and particle i which represent the coupling forces between the two phases.

The particle rotational movement is described by:

Ii
∂ωp,i

∂t
=

∑
j∈Ci

(
M t

ij +M r
ij

)
+M ext

i (8)

where Ii is the moment of inertia of particle i, ωp,i is the angular velocity

of particle i, M t
ij and M r

ij are respectively the tangential and rolling friction
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torques due to the contact between particles i and j, and M ext
i denotes all other180

external torques. In this work, an external torque known as viscous torque is

applied as described by Derksen [26] that takes into account the fluid vorticity

at the particle position (vortical torque Mvor) and the particle angular velocity

(rotational dissipation torque Mrot). DEM is described briefly in this section.

For more detailed information about DEM, we refer the reader to the paper by185

Golshan et al. [2].

Since we are dealing with dense solid-fluid systems, the soft-sphere DEM

model is used where artificial overlaps and a set of imaginary springs and dash-

pots are used for the modelling of contact forces and torques resulting from

particle collisions. This allows for multiple collisions that last several time190

steps and allows for overlap between the particles during collision. The par-

ticle contact force can be calculated using several contact models such as the

linear visco-elastic model, non-linear visco-elastic model, and the elastic per-

fectly plastic models. In this work, we use a non-linear visco-elastic model. The

particle contact force (fij) can be decomposed into its normal and tangential195

components as [28]:

fij = fn,ij + ft,ij = −kn,ijδn,ij − γn,ij δ̇n,ij − kt,ijδt,ij − γt,ij δ̇t,ij (9)

where k and γ are the spring stiffness and damping coefficients and are a

function of the Young’s modulus (Y ), the coefficient of restitution (er), and

the Poisson ratio (ν). δ is the overlap, and δ̇ is the time derivative of the

overlap which represents the velocity. The tangential overlap δt,ij is limited by200

Coulomb’s criterion [28]:
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δt,ij ≤ −µd,ij |fn,ij |
δn,ij

|δn,ij |
(10)

where µd is the coefficient of dynamic friction [28]. The tangential, rolling,

and viscous torques are obtained as:

Mt,ij = ri × (fct,ij) (11)

Mr,ij = −µr,ij |fct,ij |
ωp,ij

|ωp,ij |
Re,ij (12)

Mviscous,i = πd3pµf

(
0.5ωc,i︸ ︷︷ ︸
Mvor

− ωp,i︸︷︷︸
Mrot

)
(13)

where µr,ij is the coefficient of rolling friction, Re,ij is the effective radius, ri

is the distance between particle i and the contact point, and ωp,ij is the relative205

angular velocity of particle i with respect to particle j. In this work, only the

rotational dissipation torque portion of the viscous torque is enabled to allow

for the dissipation of the particle angular velocity and prevent unrealistic values

of the Magnus lift force. The vortical torque is not applied as the fluid vorticity

is deemed to be not sufficiently resolved to obtain realistic and stable results.210

The necessary DEM parameters and their respective equations are given in

Table 2.
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Table 2: Normal and tangential spring and damping constants for the visco-elastic model.

Parameters Equations

Normal spring constant kn = 4
3Ye

√
Reδn

Normal damping coefficient γn = −2
√

5
6β

√
Snme

Tangential spring constant kt = 8Ge

√
Reδn

Tangential damping coefficient γt = −2
√

5
6β

√
Stme

Effective mass 1
me

= 1
mi

+ 1
mj

Effective radius 1
Re

= 1
Ri

+ 1
Rj

Effective shear modulus 1
Ge

= 2(2−νi)(1+νi)
Yi

+
2(2−νj)(1+νj)

Yj

Effective Young’s modulus 1
Ye

=
(1−ν2

i )
Yi

+
(1−ν2

j )

Yj

β β = ln e√
ln2 e+π2

Sn Sn = 2Ye

√
Reδn

St St = 8Ge

√
Reδn

The DEM time step is commonly chosen to be between 10 % and 20 % of

the critical time step (∆tcrit) required for stability of the DEM simulation. To

calculate the critical time step, the Rayleigh characteristic time is used where215

the smallest Rayleigh time step among all particles is taken to be the critical

time step. It is determined as [29, 28]:

∆tcrit = min
i∈Np

(
πri

0.1631νi + 0.8766

√
ρi
Gi

)
(14)

where Np is the total number of particles, ρi is the particle density, Gi is the

particle shear modulus, νi is the particle Poisson’s ratio, and ri is the particle

radius.220
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3. Experimental and Simulation Setup

In the present section, the materials and experimental setup as well as the

simulation parameters and setup are introduced.

3.1. Rotary Kiln Experiment

Several types of particles are mixed with various fluids having different densi-225

ties and viscosities and made to rotate in a lab-scale rotary kiln using a rotating

ball mill in an attempt to create a simple validation test case with complex

fluidization regimes for CFD-DEM simulations.

3.1.1. Ball Mill Setup

The lab-scale rotary kiln is made from acrylic and has a removable lid on230

its top wall which allows its filling and emptying. The lid is fixed onto the kiln

using 15 screws. Below the lid exists a water tight gasket that prevents any

leakage. The rotary kiln is of cylindrical shape with a length of 0.185m and a

radius of 0.069m . The experimental setup is shown in Fig. 2.
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Figure 2: The experimental setup showing the rotary kiln and the rotating ball mill.

The water-tight rotary kiln is constructed in-house in the lab of Polytech-235

nique Montreal. It is placed on an off-the-shelf lab roll ball mill with the fol-

lowing specifications: manufacturer Changsha Tianchuang Powder Technology

Co., LTD, model QM-5, dimensions 70x415x260 mm, net weight 32 kg and mo-

tor operating frequency range of 0Hz-600Hz. The setup is easily reproducible

at a modest cost. The front roller is connected to the motor shaft located in-240

side the control panel and is the one that rotates. The back roller is a passive

roller which is entrained by the motion of the front roller and its position can be

changed depending on the size of the rotary kiln. The camera used is a Logitech

Brio camera with an operating range of 30-60 frames per second.

3.1.2. Characteristics of the Particles245

We used three types of particles to carry out the experiments: acrylonytrile

butadiene styrene (ABS) and two sizes of glass beads which are relatively cheap
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to buy. All particles are considered to be completely spherical with a sphericity

of 1 and a uniform particle size distribution. The diameter of the ABS particles

is 5.95mm and their density is 1813 kgm−3. The glass beads used were of250

diameters 3mm and 5mm and a density of 2500 kgm−3. The different particles

are represented in Fig. 3.

Figure 3: The different particles used in the experiment: (a) 3mm glass beads, (b) 5mm glass
beads, and (c) 5.95mm ABS particles.

3.1.3. Synthesis of the Fluid

Since the goal is to create a simple validation experiment with no complex

equipment, the fluids with varying viscosities used were air, water, and sucrose255

aqueous solutions with 50 %, 66.66 %, and 100 % ws/ww sucrose to water

weight fractions. The sucrose solutions are prepared by mixing 3 L of water

corresponding to 2.991 kg with the equivalent mass of table sugar which is the

main cost related to the synthesis of the viscous solutions. The properties

of each fluid are shown in Table 3. The densities of the sucrose solution are260

interpolated from the data tables by Cerdeirina et al. [30] while the viscosities

are interpolated from the data tables by Telis et al. [31] for a temperature of

25 ◦C.
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Air Water Sucrose Solution

Sucrose Fraction (ws/ww) 0 % 0 % 50 % 66.66 % 100 %

Sugar Mass (kg) 0 0 1495.5 1993.8 2991

Fluid Mass (kg) 0 0 2991 2991 2991

Density (kgm−3) 1.225 997 1138.5 1175.62 1229.25

Viscosity (mPa · s) 0.016 1 3.49 5.17 11.5

Table 3: Fluids used in the experiment and their composition.

2L of hot water are mixed with the table sugar and stirred continuously

until most of the sugar is dissolved. Then, 1 L of room temperature water is265

added to the mixture and stirred manually to homogenize the temperature of

the mixture and ensure all table sugar is dissolved. The mixture is left several

hours until it cools down to room temperature and the mixture color turns clear.

3.1.4. Experimental Procedure

Particles are emptied inside the rotary kiln until a height of packing of 6.7 cm270

is reached and the fluid of choice is poured over the particles until they become

fully submerged. They are left to soak for several hours while shaking the kiln

several times during the soaking period in order to remove as many air bubbles

as possible from the particle packing. Later, the kiln is completely filled with

the fluid of choice. Finally, the lid of the kiln is screwed in place and the kiln275

is checked for any potential leakages before being placed on the rotating ball

mill. The rotating mill is started and the velocity of rotation is controlled by

manipulating the frequency of the motor.
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Frequency

(Hz)
20 60 140 200 300 400 500

Velocity

(rps)
0.13 0.35 0.8 1.13 1.6 2.2 2.8

Velocity ω

(rad s−1)
0.8164 2.198 5.024 7.0964 10.048 13.816 17.584

Table 4: Kiln rotational velocities as a function of motor frequencies.

The studied velocities in this experiment for all particle and fluid types

are given in Table 4. For each frequency, the behavior of the rotating kiln is280

captured using the camera where a video is recorded and snapshots of the video

are analyzed comparing them to those of the simulations.

3.2. Rotary Kiln Simulation

The simulations are carried out in Lethe [32, 33, 19, 2], an open source

CFD, DEM, and CFD-DEM software based on the finite element method. The285

detailed parameters for the simulation setup is given in Table 5. The number of

particles is calculated based on the experimental packing height of 6.7 cm and

an average packing solid fraction of εs = 1 − εf = 0.62. The simulations are

run for different finite element orders (Q1-Q1, Q2-Q1, Q3-Q2, and Q4-Q3) for

both velocity and pressure to determine the effect of the finite element order on290

the simulation results. We recall that element order p leads to p + 1 order of

accuracy.

The DEM time step is determined by dividing the CFD time step by the cou-

pling frequency f . The coupling is performed at each CFD time step. The first

order backward difference (BDF1) scheme is used for time-stepping. Lethe mod-295

els turbulence using implicit Large Eddy Simulations (ILES) through the finite

element stabilized formulation of the volume-averaged Navier-Stokes equations

18



[33].

Table 5: Simulation parameters.

Parameter ABS Glass Glass

Simulation time (s) 5 5 5

Time integration method BDF1 BDF1 BDF1

CFD time-step (∆tCFD)(s) 0.01 0.005 0.01

Coupling Frequency (f) 200 100 200

Radius of the kiln (R)(m) 0.069 0.069 0.069

Length of the kiln (Hb)( m) 0.185 0.185 0.185

Mesh (∆r ×∆z) 8 × 10 16 × 20 8 × 10

Number of particles (Np) 6000 45362 9490

Diameter of the particles (dp)(mm) 5.95 3 5

Density of the particles (ρp)(kgm
−3) 1813 2500 2500

Young’s modulus (Y )(MPa) 2.4 3 3

Poisson ratio (ν) 0.37 0.25 0.25

VANS model type A A A

Void fraction calculation scheme QCM QCM QCM

Void fraction smoothing length 2dp 2dp 2dp

Boundary conditions at the walls Dirichlet Dirichlet Dirichlet

Drag model DiFelice [20] DiFelice [20] DiFelice [20]

Gravity (g)(m s−2) 9.81 9.81 9.81

As the 3mm particles are smaller than the other particles, the mesh used

for the simulation of these particles is finer than that used for the larger parti-300

cles. Fig. 4 shows the difference in the mesh for the smaller and larger particle

types. The mesh is chosen to better resolve the fluid closer to the particle scale;

therefore, the smaller the particles, the finer the mesh should be. However,
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unresolved CFD-DEM limits the size of mesh elements to around 3 dp. There-

fore, going below this limit is not feasible as the volume averaging assumptions305

that govern the VANS equations will no longer be valid leading to inaccurate

calculation of the void fraction and affecting the stability of the solver. This

is why the boundary layer cannot be resolved better than it already is. One

solution would be to use a finer mesh at the boundary but this is unfeasible

in unresolved CFD-DEM because if a particle goes towards the boundary, the310

void fraction becomes incorrect for the finer mesh portion. Another solution to

improve the resolution of the fluid near the walls would be to use wall functions,

however we are not aware of wall-function formulations which are adequate for

the low Reynolds number considered in this work and which take into account

the effect of particles. Thus, they cannot be used in unresolved CFD-DEM. This315

is one of the reasons we propose the use of high order elements for unresolved

CFD-DEM where the boundary is better resolved without having to refine the

mesh since the higher order polynomials allow for a steeper velocity gradient in

the vicinity of the walls. The CFD time step chosen for the simulations depends

on the Courant-Friedrichs-Lewy (CFL) condition number for which a CFL ≲ 1320

is aimed for. As the mesh for the 3mm glass beads is refined once, that is the

mesh elements are divided once in each direction, then the CFD time step is

also halved once to obtain stable simulations at higher velocities. Isoparametric

elements are used in cells close to the rotating wall to ensure consistency of the

high-order finite element method.325
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Figure 4: Top and side views of the two meshes used in the simulation for: (a) 3mm glass
beads, (b) 5mm glass beads, and 5.95mm ABS particles.

The void fraction is calculated using the quadrature centered method (QCM)

[34] as it is an analytical method that results in a void fraction profile that is

continuous in time and space. To enhance numerical stability of the VANS

solver, the void fraction is smoothed using a smoothing length L = 2dp which

is added to the L2 projection equation of the void fraction resulting in the330

following:

∫
Ω

φiεf,jφjdΩ+

∫
Ω

L2∇φi∇φjdΩ =

∫
Ω

εf,iφidΩ (15)

where εf,i and εf,j are respectively the cell value and the projected nodal
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value of the void fraction, and φ is the finite element basis function. We refer

the reader to the article by El Geitani et al. [33] for details about the smoothing

strategy.335

The simulation time was chosen to be 5 s to ensure that steady state has

been reached inside the kiln. Multiple snapshots of the results are taken and

compared to the experimental results. For the various velocities, fluids, and

particle types, the sliding and rolling friction coefficients as well as the coefficient

of restitution are calibrated. This is done by examining the angle of inclination340

of particles in the kiln for the rolling flow regime and comparing the results

between experiments and simulations. Moreover, the effect of these parameters

on the transitioning between regimes is determined.

4. Results and Discussion

In this section, the experimental results are extracted and analyzed, fol-345

lowed by a detailed comparison between experimental and simulation results

in an attempt to better understand the effect of surface parameters, particle-

fluid interactions, and the order of the numerical scheme on the accuracy of

predictions of CFD-DEM simulations of rotary kilns.

4.1. Dimensional Analysis of the System350

The system is non-dimensionalized to remove all physical dimensions, result-

ing in a simplified and parameterized description. This clarifies the relative size

and importance of the different terms and makes solving the system at different

limits straightforward. The following variables are considered in the dimen-

sional analysis of this problem: the radius of the rotary kiln (R), the diameter355

(dp) and density (ρp) of the particles, the rotational velocity (ω) of the kiln, the

density (ρf ) and viscosity (µf ) of the fluids, and the gravitational acceleration
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(g). These quantities as well as the dimensionless numbers characterizing the

problem are summarized in Table 6.

Table 6: Dimensions and dimensionless numbers associated with the physical quantities for
the rotary kiln.

Physical Quantities SI Units MLT System

R m L

dp m L

ω s−1 T−1

µf kgm−1 s−1 ML−1T−1

ρp kgm−3 ML−3

ρf kgm−3 ML−3

g ms−2 LT−2

Dimensionless Numbers Expression

Π1
R
dp

-

Π2
µf

ρfd2
pω

-

Π3
ρp

ρf
-

Π4
g

dpω2 -

The basis of length (L), time (T), and mass (M) are taken to be dp, ω
−1, and360

ρfd
3
p respectively. From the dimensional analysis performed, four dimensionless

numbers are obtained. Π1 represents the size ratio between the rotary kiln and

the particles. Π2 represents 1/Reω where Reω is the particle rotational Reynolds

number where a new definition of velocity ωdp is obtained. Π3 represents the

density ratio between the fluids and the particles. Π4 represents 1/Frp where365

the length used in Frp is the diameter of the particle instead of the radius of the

kiln. As such, in order to determine the regime change in the rotary kiln, the

dimensionless numbers considered are those that take into account the rotational
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velocity of the kiln upon which the the flow regime is highly dependent.

4.2. Regime Change in Rotary Kiln370

For varying values of Π2 and Π4, the regime type has been plotted to create

a map of regimes as shown in Fig. 5. For the same particle type, the regime

change is dependent on both Π2 and Π4 where it is seen that for a given parti-

cle diameter, the relation between both dimensionless numbers and the regime

change is always linear. As both Π2 and Π4 decrease, meaning Frp and Reω375

increase, the regime changes mostly from rolling to cascading. Some cases ex-

hibit cataracting regime while others exhibit centrifuging regime as their end

regimes.

10 2 10 1 100

2

101

102

103

4

slipping
slumping
rolling

cascading
cataracting
centrifuging

5.95 mm ABS particles
3 mm glass particles
5 mm glass particles

Figure 5: Rotary kiln regime map as a function of Π2 and Π4.

For each particle type, the largest value of Π2 represents the experiment with
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air where the value of Π3 is the smallest and the smallest value of Π2 represent380

the experiment with water. The 3mm glass particles are the only particles that

exhibit centrifuging regime in air.

Additionally, for the region with a low Frp (Π4 > 3 × 102), the domi-

nant regime is the rolling regime for all particle types and fluids except for

the 5.95mm ABS particles at 100 % sucrose solution where a sliding regime is385

observed for the smallest rotational velocities. For Π4 < 3 × 102, the regime

changes and evolves as a function of increasing Frp. The centrifuging regime

is dominant at small Π4 numbers and large Π2 numbers which signifies that

the fluid viscosity plays an important role in accelerating the regime transition.

Only 5mm glass beads produce the slumping regime for 66.66 % and 100 % su-390

crose solutions. It is important to note that despite all efforts taken in ensuring

that the rotary kiln does not slip over the rollers of the rotating ball mill, the

heavier the contents of the rotary kiln are and the larger the rotational velocity

is, the less certain we are that the experiments are slip free. Therefore, it might

be that some regimes that should have manifested in the experiment did not as395

an effect of the slight slip.

For most of the cases and particle-fluid combinations, the trend of the regime

change is straightforward where in general the regimes follow what is shown in

Fig. 1. The choice of the fluid as a liquid with varying viscosities plays a role

in accelerating the appearance of the regimes, that is making the same regime400

appear at lower rotational velocities, and in making visible some regimes that

would otherwise not appear in air, specifically the sliding and slumping regimes.

4.3. Rotation of Particles in Kiln

The application of the Magnus lift force and the rotational dissipation torque

is valid if the particles are spinning inside the rotary kiln. To determine whether405

or not the particles are rotating, we mark 10 ABS particles with a black marker
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on one side and a red marker on the other and place them inside the rotary

kiln along with the remainder of the particles. The kiln is rotated at various

rotational velocities and the results are captured using the Logitech camera.

Figure 6: Snapshots of ABS particles in rotary kiln with (a) air and (b) 50 % sucrose solution
where marked particles rotate considerably in a short time interval.

Fig. 6 demonstrate that the particles rotate significantly in both gas and410

liquids. As such, the application of the Magnus lift force as well as the rotational

dissipation torque is justified.

4.4. Effect of the Finite Element Order on Regime Change

Different finite element orders are used in the simulation to determine the

effect of accurately resolving the fluid on the regime change in the rotary kiln.415

For this, simulations of ABS particles and 100 % sucrose solution using Q1-Q1,

Q2-Q1, Q3-Q2, and Q4-Q3 elements are run and results are compared. Fig.

7 demonstrates the regime obtained as well as the fluid boundary layer for a

motor frequency of 140Hz using the four finite element orders.
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Figure 7: The regime of particle motion and the time-averaged steady-state velocity magnitude
of particles and fluid as a function of finite element orders and the sliding friction coefficient
for (a) Q1-Q1 and µs = 0, (b) Q2-Q1 and µs = 0.24, (c) Q3-Q2 and µs = 0.8, (d) Q4-Q3 and
µs = 0.8, and the comparison with (d) experimental result.

At low rotational velocities, Q1-Q1 simulations lead to angles of inclination420

larger than those obtained in the experiments. Additionally, for higher veloci-

ties, it can be seen that Q1-Q1 simulations result in the wrong regime compared

to the experimental result as shown in Fig. 7 . This is explained by the pres-

ence of a large boundary layer equivalent to two particle diameter due to the

diffusion of the fluid velocity within a cell when using Q1-Q1 elements as shown425

in Fig. 7 (a). This large boundary layer traps the particles at and near the

wall and translates them with the same velocity as the fluid. This results in a

fake centrifuging regime caused by the diffused boundary layer even for a sliding

friction coefficient of 0. This is also visible looking at the fluid where a minimal

velocity is observed in the center of the kiln and a maximum velocity at the430

boundary.

On the other hand, the low rotational velocity simulations show good agree-

ment in the angle of inclination of the particles in the kiln between the simulation

and the experimental results for Q2-Q1, Q3-Q2, and Q4-Q3 elements. However,

only Q3-Q2 and Q4-Q3 simulations correctly capture and reproduce the inflec-435
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tion point in the middle of the inclined plane. Additionally, for higher velocities,

the higher order elements lead to similar results and allow the correct regimeto

be obtained. This is because the boundary layer for these higher order elements

is smaller than a single particle diameter as it is not as diffused as for the case of

Q1-Q1 elements. As such, it is considered to move the particles correctly with440

a lesser effect of numerical dissipation. Nonetheless, the accuracy in resolving

the fluid changes considerably between Q2-Q1, Q3-Q2, and Q4-Q3 simulations.

Q3-Q2 and Q4-Q3 elements result in the most accurate predictions as shown in

Fig. 7 where the fluid velocity profile is similar, contrary to Q2-Q1 simulations

where the fluid velocity profile differs considerably. This translates into accurate445

regime prediction for the two highest orders studied.

As the element order increases and the boundary layer becomes smaller, the

sliding friction coefficient in the simulations need to be increased in order to

obtain correct flow regimes until it converges to a certain value and becomes

independent of the order. This can be concluded from Fig. 7 where using450

µs = 0.24 gives correct results for Q2-Q1 and using µs = 0.8 gives correct

results for Q3-Q2 and Q4-Q3 simulations. For Q1-Q1 simulations, no matter

the value of µs, a complete regime change is observed where the boundary layer

is large and even smaller sliding friction coefficients lead to the centrifuging

regime at intermediate velocities. This means that µs changes between element455

orders as it takes into account mesh inadequacies and aims at compensating for

them. Therefore, Q2-Q1 elements where µs is still mesh dependent, and Q3-Q2

elements where µs becomes mesh independent are chosen for all the simulations,

because using Q4-Q3 elements has an increased computational cost with similar

accuracy in the prediction of regimes, requires increased computational resources460

and results in large simulation times compared to using Q3-Q2 elements. It is

important to mention that the calibrated data using Q2-Q1 are only valid for
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Q2-Q1 and Q2-Q2 simulations but those calibrated for Q3-Q2 are valid for Q3-

Q2 and all higher order elements as these properties become order independent.

4.5. Calibration of Surface Properties and their Effect on Regime Change465

Three main particle surface properties should be calibrated for each particle

type. These are the sliding friction coefficient (µs), the rolling friction coefficient

(µr) and the coefficient of restitution (er). These parameters are calibrated by

simulating the rotary kiln for each particle and fluid type at low velocities in the

rolling regime and measuring the angle of inclination comparing it to the angle470

obtained experimentally. To determine the effect of µr, several simulations have

been launched for the same fluid and particle types while varying only µr. It was

found that a choice of µr in the range of 0.2-0.3 works well for all simulations

and any change in the value within the given range has a negligible effect on

the angle of inclination and at higher velocities did not play a role in the regime475

change. For the higher kiln rotational velocities, the choice of µr < 0.2 affected

the rotational velocity of the particles where using a µr = 0 led to much higher

rotational velocities of the particles. Therefore, since the start, we set µr = 0.2

for all simulations of the ABS particles and µr = 0.3 for the 3mm and 5mm

glass beads considered in this work.480

The remaining parameters requiring calibration are µs and er. µs was cal-

ibrated based on the angle of inclination in the rolling regime while er was

determined as the value that allows for the centrifuging regime where possible.

The calibrated values are given in Table 7 for Q2-Q1 simulations and in Table

8 for Q3-Q2 simulations.485
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Fluid Type

Particle

Type

Surface

Property
Air Water

50 %

Sucrose

66.66 %

Sucrose

100 %

Sucrose

ABS

(dp = 5.95mm)

µs

er

0.3

0.9

0.24

0.2

0.24

0.2

0.24

0.2

0.24

0.2

Glass

(dp = 3mm)

µs

er

0.4

0.97

0.3

0.2

0.3

0.2

0.3

0.2

0.3

0.2

Glass

(dp = 5mm)

µs

er

0.45

0.97

0.35

0.2

0.35

0.2

0.35

0.2

0.35

0.2

Table 7: Calibrated surface properties µs and er for Q2-Q1 simulations.

Both parameters are affected by the particle and fluid types. They change

drastically when moving from air to liquid. Even though Joseph et al. [6] show

that the particle coefficient of restitution decreases with an increase in the vis-

cosity of the fluid, we find that in Q2-Q1 simulations, it decreases significantly

between air and water and that for the sucrose solution with increasing viscosi-490

ties, using the same er and µs as water works well. This means that in Q2-Q1

simulations, the angle of inclination as well as the regime observed are still mesh

dependent. The same trend is observed for the coefficient of restitution in Q2-

Q1 and Q3-Q2 simulations meaning that as long as the coefficient of restitution

is small in liquids, the correct regime is obtained.495
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Fluid Type

Particle

Type

Surface

Property
Air Water

50 %

Sucrose

66.66 %

Sucrose

100 %

Sucrose

ABS

(dp = 5.95mm)

µs

er

0.3

0.9

0.33

0.2

0.37

0.2

0.39

0.2

0.8

0.1

Glass

(dp = 3mm)

µs

er

0.4

0.97

0.42

0.2

0.5

0.2

0.55

0.2

0.6

0.1

Glass

(dp = 5mm)

µs

er

0.45

0.97

0.5

0.2

0.52

0.2

0.55

0.2

0.7

0.1

Table 8: Calibrated surface properties µs and er for Q3-Q2 simulations.

However, for the sliding friction coefficient (µs) calibrated using Q3-Q2 sim-

ulations, the value increases with an increase in the viscosity of the fluid. This

allows us to deduce that the regime change and the angle of inclination are no

longer mesh dependent. The increase in the sliding friction coefficient observed

is explained by the lubrication force that is not explicitly applied in the un-500

resolved CFD-DEM solver but that is compensated for by the sliding friction

coefficient.

The values of µs and er shown in Tables 7 and 8 above allow for a good

agreement between experimental and simulation results for all motor frequencies

as shown in Fig. 8 for Q2-Q1 simulations and in Fig. 9 for Q3-Q2 simulations.505

Table A.9 and Table A.10 show the angle of inclination obtained through

the experiments and the corresponding simulations. All dashes in the tables

represent a change from the rolling regime where an angle of inclination can no

longer be measured. Parity plots showing the variation of the angle of inclination

between the simulations and the experiments are shown in Fig. 8 for Q2-Q1510

simulations and Fig. 9 for Q3-Q2 simulations.
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Figure 8: Comparison between the angle of inclination obtained from both experiments and
Q2-Q1 simulations for all particle types.
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Figure 9: Comparison between the angle of inclination obtained from both experiments and
Q3-Q2 simulations for all particle types.
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The maximum angle difference between the simulations and experiments

is of 4◦ while the minimum is 0◦ where the experiment and simulation agree

100 %. The choice of both µs and er affects the regime change in the rotary

kiln. For example, in the sucrose solution where experimentally we observe the515

centrifuging regime, if an er > 0.2 is chosen, the particles will not centrifuge

at the correct kiln velocity and will remain in the cascading or cataracting

regime. Similarly, the choice of µs is important. If the chosen µs is smaller than

the calibrated value, the angle of inclination would be much smaller than the

experimental value and the regime change would be delayed, meaning a much520

higher kiln rotational velocity is required to move from one regime to the other

compared to the experiment. If the chosen µs is greater than the calibrated

value, then regimes might change much more quickly than they should and at

lower kiln rotational velocities than observed experimentally. This can lead,

for the same rotational velocity, to a completely different regime than the one525

manifested in the experiments.

Additionally, Q3-Q2 simulations show better agreement with the experimen-

tal angles of inclination compared to Q2-Q1 simulations. This is demonstrated

by Fig. 9 where the points are closer to the centerline compared to those in

Fig. 8. As such, Q3-Q2 simulations lead to better predictions of the angle of530

inclination.
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Figure 10: Comparison between the regime for experiments (filled) and Q2-Q1 simulations
(hollow) at several kiln rotational speeds and for all particle types.
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Figure 11: Comparison between the regime for experiments (filled) and Q3-Q2 simulations
(hollow) at several kiln rotational speeds and for all particle types.
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Figs. 10 and 11 show the regime change of the particles flow inside the kiln

for the different kiln velocities of both experiments and simulations. For most of

the simulations, predictions agree well with what is obtained experimentally. In

some simulations, the regime change is faster than that of the experiments. This535

can be attributed to the slipping of the kiln on the rotating ball mill, since even

slight slipping can reduce the kiln velocity and prevent the correct regime from

manifesting itself. The slipping and slumping regimes observed experimentally

for the 5mm glass particles are not reproduced computationally. These regimes

might have appeared experimentally due to certain particle or kiln properties540

that are not taken into account in the simulations. Nonetheless, the overall

regime transition follows well what is observed experimentally.

We calculate the percentage accuracy of the prediction as the fraction of

velocities for which the regimes agree to the total number of velocities studied

for all fluid types. For Q2-Q1 simulations, the percentage accuracy of regime545

prediction is roughly 87 % for 3mm glass particles, 58 % for 5mm glass par-

ticles, and 73 % for 5.95mm ABS particles while for Q3-Q2 simulations, the

percentage accuracy of regime prediction is 96% for 3mm glass particles, 58

% for 5mm glass particles, and 84 % for 5.95mm ABS particles. In general,

the accuracy of regime prediction improves considerably from Q2-Q1 to Q3-Q2550

simulations; however, simulations of 5mm glass particles suffer for both orders.

These particles possess the highest particle Reynolds number (Rep) which might

explain why their results are not as accurate. As such, the weak accuracy of the

5mm glass beads for both orders means that the problem is not related to the

fluid flow but can be an issue with the experimental setup or with the particles555

properties themselves.
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4.6. Effect of Lift Force on Regime Change

Usually, unresolved CFD-DEM simulations account for the following forces

between the solid and fluid phases: gravity including buoyancy, drag force, pres-

sure gradient force, and shear stress force. Lift force is sometimes implemented560

depending on the application as demonstrated by Ferreira et al. [4]. The lift

force being discussed is the combination of both Saffman lift force and Magnus

lift force which has a contribution to the particles translational momentum. The

Saffman lift force appears when the pressure on the two sides of the particle is

different due to a velocity gradient in the fluid above and below the particle565

and thus it is termed continuous-phase vorticity-induced lift. The Saffman lift

force acts in the direction from the lower relative velocity to the higher rela-

tive velocity between the particle and the fluid. The Magnus lift on the other

hand is generated due to the rotation of particle and is perpendicular to the

direction of particle motion and fluid flow. In gaseous fluids, the lift force is570

usually negligible compared to the drag force. However, in liquids, lift can play

an important role. Consequently, we studied the influence of the lift force on

the regime transition and manifestation as a function of the kiln rotational ve-

locity. We simulated ABS particles at a frequency of 400Hz for a 100 % sucrose

solution with a combination of lift forces and with no lift force. The simulation575

results as well as the experimental results are shown in Fig. 12
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Figure 12: ABS particles flow regimes in 100 % sucrose solution at 400Hz for Q2-Q1 simula-
tions with: (a) no lift force, (b) Saffman lift force only, (c) Saffman and Magnus lift force and
(d) Magnus lift force only, and its comparison with (e) experimental result.

In the complete absence of the lift force and in the presence of only the

Saffman lift force, the particles do not centrifuge at the high velocities, which

contradicts the experimental result. The simulation gives the correct regime

when both the Saffman and Magnus lift forces are enabled and when only the580

Magnus lift force is enabled. This shows that the Magnus force is the dominant

component of the overall lift force at high kiln rotational velocities. According

to the conclusions drawn by Loth [35], for particles with low particle Reynolds

number (Rep), the Saffman lift force dominates, while for higher Rep, the Mag-

nus lift becomes substantial and might dominate the overall lift force. As such,585

for the rotary kiln simulation, Rep is around 140 and thus, the Magnus lift plays

an important role in the characterization of the flow regime inside the rotary

kiln. This is amplified by the rotational nature of the confined flow in the kiln.
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Figure 13: Forces acting on a single particle in a rotary kiln under the effect of a shear velocity
flow u.

Since the fluid velocity is maximum at the wall of the rotary kiln and lower

towards the center of the kiln, the lift force is expected to act perpendicular to590

the rotary kiln wall and outwards toward the wall. Fig. 13 demonstrate the

main force balance acting on a single particle in the rotary kiln. Therefore, at

high velocities, the lift force pushes the particles towards the wall and when it

is large enough overcomes drag and gravity and prevents them from falling into

the middle of the kiln, thus creating what is known as the centrifuging regime.595

5. Conclusions

This work presents a simple and effective experimental validation bench-

mark for unresolved CFD-DEM using a liquid-filled rotary kiln. It is a strong

validation experiment since it exhibits many regime transitions which can be

used to validate the unresolved CFD-DEM model. Another advantage of this600

experimental procedure is its simplicity, time efficiency and construction costs

compared to other experiments used for CFD-DEM validation such as fluidized

and spouted beds. Additionally, the different parameters and interactions that

have a major effect on the results were analyzed and discussed. We found that

the choice of particle surface properties such as the sliding friction coefficient605

and the coefficient of restitution and the order of the finite elements as well as
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accounting for the different components of the lift force play an important role

in determining the simulation fidelity. We proved that the particles spin around

themselves inside the kiln and thus explained the importance of applying the

Magnus lift in order to obtain the centrifuging regime where applicable. Finally,610

the rigorous validation and parameter calibration applied in this work can be

used in any unresolved CFD-DEM software as it is readily reproducible. The

rolling ball mill can be purchased from the manufacturer, while the cylinder can

be cheaply manufactured using acrylic. The particles are commercially avail-

able, while the sucrose solution only requires table sugar for its preparation.615
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Appendix A. Values of the Angle of Inclination for the Experiments

And Simulations

The tables below summarize the angle of inclination in the rolling regime for

the rotary kiln cases in both experiments and simulations. The dashes in the770

table represent a change from the rolling regime where an angle of inclination

can no longer be measured.

46



Motor Frequency (Hz)

20 60 140 200 300

Particle

Type

Fluid

Type
Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

ABS

(5.95mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

23

26

27

27

32

23

24

24

25

28

26

27

29

30

38

26

26

27

29

34

27

29

31

31

-

27

29

31

31

-

29

32

33

33

-

29

33

33

33

-

30

33

-

-

-

30

35

-

-

-

Glass

(3mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

28

29

31

31

32

28

28

29

29

31

31

32

35

36

41

30

31

34

35

38

39

36

44

44

-

39

35

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Glass

(5mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

30

30

32

33

32

28

30

29

29

30

31

35

35

37

-

31

32

33

34

-

35

38

36

-

-

35

38

38

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Table A.9: Inclination angle comparison between experiments and simulations for Q2-Q1
simulations.
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Motor Frequency (Hz)

20 60 140 200 300

Particle

Type

Fluid

Type
Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. Sim.

ABS

(5.95mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

23

26

27

27

32

24

26

28

28

33

26

27

29

30

38

26

28

30

33

42

27

29

31

31

-

27

29

33

33

-

29

32

34

34

-

29

33

33

33

-

30

32

-

-

-

30

35

-

-

-

Glass

(3mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

28

29

31

31

32

26

28

60

30

30

31

32

35

36

41

31

31

35

35

41

39

36

44

44

-

39

36

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Glass

(5mm)

Air

Water

Sucrose

50 %

66.66 %

100 %

30

30

32

33

32

27

28

30

32

31

31

35

35

37

-

30

34

35

36

-

35

38

36

-

-

35

38

38

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Table A.10: Inclination angle comparison between experiments and simulations for Q3-Q2
simulations.
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