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In this work the particle dynamic behavior in a rotating drum under different operating conditions has been an-
alyzed based on experimental results and simulations. The Eulerian–Eulerianmultiphase model with the kinetic
theory of granular flow was used in the simulations. In order to evaluate the simulation results, different solid
flow regimes and velocity distributions of the particulate phase were compared with experimental data. The
experimental particle velocity distribution was obtained by using a high-speed video camera technique. The
numerical simulation has contributed to understanding the main particle dynamics phenomenon present in
rotating drums.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rotating drums are used in many industrial processes as mixers,
dryers, granulators and reactors for processing granular materials. As a
result, granular behaviour in rotating drums has attracted numerous re-
search efforts from both engineering and physics communities over the
past few decades [1–5]. However, the mechanisms of solids movement
in rotating drums are still not completely understood. Knowledge of the
solids flowpattern in rotating drums is essential to their design, because
the particles' trajectories must meet process requirements.

Mellman [6] presents an overview of the forms and transition be-
havior of the transverse motion of bed materials in rotating drums. Dif-
ferent regimes of solids motion in a rotating drum have been identified
as the rotational speed increases: sliding, surging, slumping, rolling, cas-
cading, cataracting and centrifuging.

In the rollingmode, bedmaterial can be divided into two distinct re-
gions: passive and active. In the passive layer the particles are carried
upward by the drum wall like a rigid body whereas in the active layer
particles flow down the sloping upper bed surface. So, the entiremixing
mechanism takes place in the active layer [7].

Many experimental studies have been conducted on rotating drums
[8–11]. However, most of these studies have investigated drums operat-
ed only in or close to the rolling mode, which is not enough to validate
mathematical models. Among many other variables, the measurement
of particle velocity distribution atmid-chord of the bedmaterial surface
in the rotating drum is of fundamental importance to determine the
magnitude of the active layer.

Ding et al. [12] employed the positron emission particle tracking
(PEPT) to follow particle trajectory and velocity. However, according
to Huang et al. [13], these experimental methods are limited in the
size of observation, and applicable only for radioactive powders, not
readily for ordinary granular flow studies.

Boateng and Barr [4] used optical fiber probes tomeasuremean par-
ticle velocities both within the bed and at the bed surface. Since this is
an intrusive technique, it causes perturbations and consequent large
measurement errors.

Based on the work developed by Duarte et al. [14] in spouted beds,
the present authors suggest the use of a non-intrusive technique,
which is composed by a high-speed video camera, in order to measure
particle velocity in a rotating drum.

Nowadays, with the great development of the computational area,
as regards the improvement of data processing and storage, the CFD
(Computational Fluid Dynamics) technique has become a very useful
tool in order to obtain detailed information about flow phenomena.
Studies of numerical simulation by CFD technique have become popular
in the field of gas–solid flow, in several applications [15–19]. Otherwise,
this great technological advantage contrasts with the scarce of experi-
mental data, which are of fundamental importance to validate mathe-
matical models [20].

The two approaches commonly used in the simulation of particle dy-
namics in rotating drums are the Euler–Euler and Lagrange. In the La-
grange approach or Discrete Element Method (DEM), the forces acting
on every particle in the system are calculated based on certain parti-
cle–particle interaction laws. On the other side, the DEM has a fatal
problem, that is, the number of calculated particles is restricted due to
the excessive calculation cost.

Yang et al. [21] investigated the granular flow dynamics in different
regimes using the discrete element method. By varying the rotation
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speed and particle–wall sliding friction over a wide range, six flow re-
gimes were produced. The macroscopic and microscopic behaviour of
the particle flowwere systematically analyzed. Many other researchers
have adopted this kind of approach in the simulations of rotating drums
[22–31].

In the Euler–Euler approach, the different phases are treatedmathe-
matically as interpenetrating continua. Since the volume of a phase can-
not be occupied by the other phases, the concept of phasic volume
fraction is introduced. These volume fractions are assumed to be contin-
uous functions of space and time and their sum is equal to one.

Few reports have dealt with the fluid dynamic study of rotating
drums using an Eulerian multiphase model [13,32,33]. Although DEM
simulations provide microscopic information at particle level, Euler–
Euler simulations require less computational time and are preferred
for large scale granular flow modeling [13].

The prediction of the solids flow pattern in rotating drums is of pri-
mary importance to their design and applicability. So, the present work
embodies an experimental campaign which was mounted for the pur-
pose of obtaining direct measurement of the main variable related to
granular flows, i.e. the particle velocity, by means of a non intrusive
technique (high speed video camera), in rotating drums. The primary
object was to provide guidance in the selection of constitutive relations
which might enable granular flow modeling for rotating drums using
the Eulerian approach.

2. Experimental setup

The experimental apparatus used in this work was composed by a
drum and the associated driving and controlling unit. The cylindrical
part was constructed with acrylic, while the two end plates were made
from transparent glass to ease the flow pattern observations. Since the
two end plates of the drum were made of transparent glass, which has
low friction coefficient, the friction effect on the particle dynamics near
the ends of the drum can be considerer of minor importance. So, as ob-
served experimentally under the conditions investigated in the present
work, the velocities observed at one end of the drum can be considered,
approximately, the same as that at the middle of the drum. The drum
was 19.5 cm in inner diameter and 50 cm in length. The inside wall of
the drum was coated with a layer of rough material to prevent slippage
between the bed material and the drum wall (no-slip condition). Rota-
tion speed of the drum was measured by non-contact laser tachometer.
A frequency inverter was used to control the motor speed.

Particles for the current study were glass beads of 1.09 mm and
3.68mm inmean diameters and a density of 2460kg/m3. For these par-
ticles the loosely packed voidage was found to be 0.37. The fill levels of
18.81% and 31.40%were used for each particle diameter. The drum rota-
tional speed was set at 1.45rad/s, 4.08rad/s, 8.91rad/s and 16.4rad/s to
allow generation of four different regimes of solids motion: rolling, cas-
cading, cataracting and centrifuging.

In order to measure the particle velocity, images of the transverse
plane of thematerial bed were recorded using a high-speed video cam-
era (maximum speed of 2000 frames per second). After recording, par-
ticle paths were observed and their velocity measured by the distance
traveled and the respective number of frames. This procedure was
used at mid-chord of the bed material surface in the rotating drum op-
erated in the rolling regimewith fill level of 18.81% and drum rotational
speeds of 1.45 rad/s, 2.31 rad/s and 3.14 rad/s.

3. CFD simulations

3.1. Description of the model

Amultiphase flow arises when the averagemotion of onematerial is
essentially different from that of another. Thus, to model a multiphase
flow, it's necessary to take into account the properties' conservations
as well as the interaction between the involved phases. In the present

investigation, the Eulerian multiphase model is used to model the
flow in a rotating drum.

3.1.1. Conservation equations of mass and momentum and drag models
The mass conservation equation for fluid and solid phases is repre-

sented by the following equations:

∂
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where v! f and v!s are the velocities of the gas and solid phases. The gas
volume Vf, is defined by

V f ¼
Z
V

α f dV ð3Þ

The conservation of the gas and solids momentum is given by the
following equations:
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where F
!
q, F

!
lift and F

!
vm are an external body force, a lift force and a virtual

mass force, respectively. In this investigation, only drag and gravity are
considered with the lift force and virtual mass force neglected.

In order to couple themomentum transfer between gas and particle
phases, a model for the drag force is required. This drag force is repre-
sented by the momentum exchange coefficient between the phases
considered.

The momentum exchange coefficient (Ksf) between solid phase s
and fluid phase f can be written in the following general form:

Ksf ¼
αsρs f d

τs
ð6Þ

where fd is the drag function and τs is the “particulate relaxation time”
defined as:

τs ¼
ρsd

2
s

18μ f
ð7Þ

where ds is the diameter of particles in the solid phase (s) and μf is the
fluid viscosity.

The definition of fd includes a drag coefficient (CD) that is based on
the relative Reynolds number (Rer), defined as:

Rer ¼
ρ f v! f− v!s

��� ���ds
μ f

ð8Þ

In this paper, the momentum exchange coefficient is calculated fol-
lowing the model of Gidaspow et al. [34], which is a combination of
the Wen and Yu [35] model and the Ergun equation [36].

The solids–fluid exchange coefficientKsf takes the following form:for
αfN0.8:

Ksf ¼
3
4
CD

αsα fρ f v!s− v! f

��� ���
ds

α−2:65
f ð9Þ
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