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The mechanisms of segregation in solids mixing, even in simple rotating drums, are not clearly understood. Although
most past studies have focused on binary mixtures, this work investigates the effect of polydispersity on granular flow,
mixing, and segregation in a rotating drum operated in rolling regime through particle trajectories obtained from the
radioactive particle tracking technique. Velocity profiles, radial segregation, and axial dispersion coefficients for mono-
disperse and polydisperse systems of glass beads are analyzed with respect to rotational speed and particle size. A
model is introduced to predict the residence times along streamlines and evaluate the rate at which the material renews
at the free surface and within the inner layers of the bed. Our results reveal similar velocity profiles and residence times
for monodisperse and polydisperse systems. They also indicate that the particles distribute along the radial direction of
the drum, although not necessarily in a core/shell configuration. VC 2013 American Institute of Chemical Engineers
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Introduction

Particulate materials are present in many industries,
including ceramic, metallurgical, chemical, food, cosmetics,
coal, plastics, and pharmaceutical. In some of them, it is
preferable to separate species of a mixture, whereas in many
others, the final product is obtained by mixing the
ingredients so that their final concentrations meet specific
requirements within a given level of scrutiny. Blenders are
commonly used in such industries to obtain a homogeneous
mixture. Despite the wide applications reported for these
blenders, their mechanisms of mixing are still poorly under-
stood,1 so much that the dynamics of granular materials was
identified as one of the 125 questions (Can we develop a
general theory of the dynamics of turbulent flows and the
motion of granular materials?) that point to critical knowl-
edge gaps in science.2 In fact, during the last few decades, a
large body of work has focused on the flow of granules and
powders. However, more investigations are needed. Here, we
restrict ourselves to the simple rotating drum, which is used,
for instance, as a granular mixer, a dryer, a coater, or a gas/
solid reactor. In the rotating drum, different types of flow
regimes are obtained by increasing the Froude number,
Fr 5 x2R

g , where x, R, and g stand for the rotational speed,
the drum radius, and the gravitational acceleration, respec-
tively.3,4 In this article, we focus on the rolling regime that
is common for mixing purposes. It is characterized by a flat
surface layer, where the particles flow at a given dynamic

repose angle with respect to the horizontal. This dynamic
repose angle depends on granule properties such as size and
surface roughness, as well as on the tumbler dimensions and
rotational speed.3

As shown in Figure 1, the granular bed in the rolling
mode can be divided into two distinct regions: (1) a thin
lens-like flowing or active layer and (2) a larger passive
layer beneath the active layer. In the passive region, the par-
ticles flow as a solid body and rotate with the drum at fixed
axial and radial positions. When particles reach the surface,
they slide down within the active layer and eventually rejoin
the passive layer.

One of the phenomena that makes mixing of granules
difficult is segregation (demixing). In mixers, segregation
happens when particles have different properties, such as
size, density, shape, and roughness. Although segregation
occurs in tumbling blenders, its mechanisms are not clearly
understood and all known theories or explanations have
exceptions. Segregation can happen in both radial (trans-
verse) and axial directions in a tumbling drum. As the radial
mixing mechanism is mainly convective, radial segregation
appears rapidly in the first few revolutions.5 Depending on
the particle-size distribution and the fraction of large par-
ticles, fine and dense particles generally migrate to the core
region of the material bed near the rotation axis.5–8 As the
particle axial and radial positions do not change in the pas-
sive layer owing to the solid-like motion, segregation starts
in the active layer near the free surface and only a very slow
rearrangement of the particles occurs below this flowing
layer.9,10 Segregation in the transverse plane (that parallel to
the drum ends) mainly results from the downward movement
of small (or dense) particles within a thin surface layer,
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which displace larger (or lighter) particles upward.3 After a
long enough period of the time, axial bands of coarse and
fine particles are often formed. These bands are generally
rich in one type of particles, but not necessarily pure. Axial
banding segregation has been the topic of numerical and
experimental works.6,10–15 In particular, Hill and Kakalios15

showed that blends that appear mixed at low rotational speed
may form bands at higher speed. The governing mechanism
for such axial segregation is not clear. However, it has been
shown that differences in the dynamic repose angle of the
components of a blend may trigger the formation of these
axial bands.15,16 Recently, Chen et al.17 showed the effect of
the end walls of the cylindrical drum on axial segregation.
As the governing mixing mechanism in the axial direction is
dispersion, axial segregation occurs more slowly than radial
segregation and may require hundreds or even thousands of
revolutions.

In the studies mentioned earlier, binary mixtures of gran-
ules were considered. In fact, investigations on the flow of
polydisperse blends are rare, one example being the work of
Ingram et al.18 Therefore, it is of interest to investigate the
effect on granular flow of a distribution of particle sizes
inside the bed. This would help to find out whether theories
and correlations that have been developed for monodisperse,
and binary mixtures are valid for more complex polydisperse
systems.

The aim of this study is to gain insight into the flow
dynamics of polydisperse particles in a cylindrical drum as
well as the underlying mixing and segregation mechanisms.
Parameters such as the residence time, active layer thickness,
and axial dispersion are discussed in detail. Understanding of
these parameters is important, as it may provide guidelines
for the design of efficient mixing processes and other unit
operations involving particles. In this work, only free flowing
particles are considered, so that noncontact forces such as
cohesive forces are neglected. Radioactive particle tracking
(RPT), which was used to capture the flow of particles inside
the rotating drum, is described in next section. These RPT
experiments differ from previous studies, because the tracers
used and the particles in the drum have identical properties.
The methodology and RPT experiments are then fully
described, and the results obtained are presented thoroughly
discussed.

Methodology

Characterizing the flow and the arrangement of the par-
ticles inside the drum can be done by extracting samples
from it. However, such methods interfere with the matter
and may affect the measurement itself.19,20 In addition, ana-
lyzing samples containing many species is tedious and takes
a long time. To overcome these limitations, noninvasive
methods such as laser Doppler anemometry and particle
image velocimetry are appealing at first sight, but the opaque
nature of granular media renders such methods useless.
Another possibility is to resort to characterization methods
based on radioactive measurements. Two such methods have
been applied in the field of solid mixing. The first one relies
on positron annihilation and is called positron emission
particle tracking (PEPT).21,22 The second method, which is
applied in this work, uses gamma rays emitted from a single
radioactive tracer.23 This technique is known as RPT and, in
comparison with PEPT, is inexpensive, compact and can be
used for large mixing vessels. Our group has extended RPT,
so that it can be used in blenders.24

RPT

RPT tracks the position of a single radioactive tracer with
respect to time using an array of scintillation detectors

located around the vessel to capture gamma rays emitted by
this tracer. The set of recorded gamma ray counts depends

on the position of the tracer. The position of this tracer is in
fact reconstructed by minimizing the discrepancy between

the recorded and calculated counts using a model proposed
by Beam et al.25 This method uses Monte Carlo simulation

to generate a dictionary that contains the number of gamma
rays expected to be intercepted by the detectors when the

tracer is in a given position. More details on this method can
be found in Larachi et al.23 and Doucet et al.24 The RPT

method has a resolution of 2–3 mm in all three directions
(x, y, and z) under the conditions of this work.

RPT with 24Na

One important step of the RPT method is the preparation
of the tracer. In particular, this tracer should match the inert
particles in size, density, and shape. One way to achieve this
consists of radioactivating particles that are identical to those
in the vessel. For instance, the glass beads used in this work
contain 13–14% soda lime, which includes 23Na that can be
converted to 24Na isotope using the Slowpoke reactor of
�Ecole Polytechnique de Montr�eal. In practice, only one parti-
cle in the vessel is radioactive, the tracer, and the others are
inert. The activation time of the tracers depends on their size
and may vary from 30 to 90 min. 24Na emits gamma rays
with two levels of energy (1.368 and 2.754 MeV). In this
study, only events related to the gamma rays with the higher
energy are captured to prevent recording diffracted rays. The
problem of 24Na is its short half-life (�15 h). Depending on
the duration of an experiment, the dictionaries that are valid
at the beginning of such an experiment may then become
inaccurate due to the decay of the 24Na isotope, which may
lead to large errors in the reconstruction of the tracer trajec-
tory. To overcome this problem, recorded events must be
corrected. To do so, a second tracer, which is similar to the
first one, is used as a sentinel outside the vessel to monitor
with the help of a dedicated NaI-Tl detector the loss of
activity with time and then correct the number of events
captured by the detectors around the vessel. Note that this

Figure 1. Rolling regime in a cylindrical drum.
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so-called blank source is shielded in such a way that it does
not affect the measurements made by these detectors.

Experiments

Material

The RPT technique was applied to investigate flow behavior
and mixing inside a horizontal rotating drum made from plexi-
glass. The drum has a 24-cm inner diameter and is 36-cm
long. The drum was filled up to 35 vol % with glass beads (q
5 2.5 kg/L) of varying diameter between 3 and 6 mm. The
rotational speed of the drum was set to 11.6 RPM, which is
the maximum velocity for the rolling mode. To study the
effect of the rotational speed on the granular flow behavior,
other sets of experiments were carried out at about 50% of the
maximum rolling regime velocity (5.4 RPM). A schematic of
the setup used for the experiments is given in Figure 2. Eight
300 3 300 NaI-Tl scintillation detectors were installed around
the drum. Six detectors were strategically placed at 120� from
each other around the drum, and two other detectors were
positioned at both its ends. The distance between the detectors
and the drum was fixed in such a way to avoid the saturation
of gamma rays. The dwell time, let alone the time for each
measurement by a detector, was set to 10 ms to minimize
event fluctuations and track the tracer with adequate accuracy
with respect to the maximum particle velocity inside the drum.

The approximate activity level was 60 lCi initially. To
eliminate the effects of the other isotopes (e.g., antimony),
which have a shorter half-life, the tracers were used 1–2 h
after their activation in the Slowpoke reactor. The only
change in the properties of a tracer after its activation was a
darkening of its original color. The darker color of the tracer
helps find it inside the bed after an experiment. Because chip-
ping or erosion of the tracer may affect its properties as well
as the RPT accuracy, the inner surface of the drum was
checked for contamination with accurate germanium detectors
after each experiment. It confirmed that the tracers did remain
sealed, and their surface and physical properties remained
identical to those of the other particles in the drum.

Details of the experiments

Mixing experiments were performed with 3-mm monodis-
perse glass beads and polydisperse mixtures of glass beads,

the diameter of which were 3, 4, 5, or 6 mm. The composi-
tion of the polydisperse systems was chosen to ensure a
rapid segregation in the drum (Table 1). Overall, 10 different
experiments were performed. In each one, the radioactive
tracer was tracked using RPT for a period of 210 min to
make sure that it travels everywhere inside the drum. Details
of the experiments are given in Table 1. The RPT data were
then postprocessed to reconstruct the trajectory of the tracer.

Results

The RPT data can be exploited to gain insight into the
flow behavior and mixing performance in the drum. First,
velocity profiles on a transverse plane are presented. A
model is then proposed to characterize the residence time of
the glass beads in the active and passive layers, and its valid-
ity is assessed with experimental data. Finally, the radial
segregation and the axial dispersion of the polydisperse mix-
tures with respect to the drum rotational speed and tracer
size are analyzed.

Occupancy plots

As mentioned in the previous section, the particles retain
their properties, when they are irradiated. This can also be
assessed indirectly by checking that the occupancy plot of a
tracer in a monodisperse system is homogenous, which
means that it appears the same amount of time everywhere

Figure 2. Schematic of the setup.

Table 1. Mixing Experiments Involving Monodisperse and

Polydisperse Particles

Case Type

Rotational
Speed
(RPM)

Tracer
Size

(mm)

MD1 Monodisperse (3 mm) 5.4 3
MD2 Monodisperse (3 mm) 11.6 3

PD1.3 Polydisperse�
3mmð15vol%Þ; 4mmð35vol%Þ;
5mmð35vol%Þ; 6mmð15vol%Þ

� 5.4 3
PD1.4 5.4 4
PD1.5 5.4 5
PD1.6 5.4 6

PD2.3 Polydisperse�
3mmð15vol%Þ; 4mmð35vol%Þ;
5mmð35vol%Þ; 6mmð15vol%Þ

� 11.6 3
PD2.4 11.6 4
PD2.5 11.6 5
PD2.6 11.6 6
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in the volume of the drum and that no segregation, therefore,
takes place. Obtaining occupancy plots using the RPT tech-
nique is straightforward, as this method collects large
amounts of tracer positions during an experiment. These
positions can be projected onto transverse planes of the
drum to yield occupancy profiles (see Figure 8 for an exam-
ple). Occupancy plots for monodisperse cases MD1 and
MD2 indeed indicate (not shown here) that the tracer travels
homogenously inside the drum.

Velocity profiles

The velocity of the tracer can be obtained by differentiating
its position with respect to time. To obtain an average value
of the velocity profile in a transverse plane, all of the recon-
structed tracer positions and their corresponding velocities are
projected onto it. Figure 3 shows typical velocity profiles in
the transverse plane of the drum for cases MD2 (monodis-
perse) and PD2 (polydisperse). The velocity profile of the pol-
ydisperse mixture has been obtained by averaging the velocity
profiles of all particles, irrespective of their sizes. Similar
qualitative patterns can be observed for the monodisperse and
polydisperse systems, and it seems a priori that the velocity
profile is independent of the particle-size distribution.

A qualitative comparison of the monodisperse and polydis-
perse cases can be done by looking at the corresponding
velocity profiles in the streamwise (x) and transverse (y) direc-
tions. Coordinate (0,0,0) is located at the center of the drum, x
is parallel to the free surface in the direction of the flow,
whereas y is perpendicular to the free surface and points out-
ward. The z axis is aligned with the axial direction. Only the
streamwise and transverse velocities for a rotational speed of
11.6 RPM are presented, as the results at the lower speed
show the same trend. Figure 4 presents the transverse (v) and
streamwise velocity (u) variations along the line at x 5 0.
These data were obtained by projecting the full data on the
transverse plane of the drum by means of 2 3 2 mm2 cells.
On average, the tracer passes in each cell more than 400 times
in each experiment, thus, providing statistically reliable data.

It is commonly assumed in the literature that there is no
transverse velocity (m) at x 5 0. Recently, Jain et al.26 per-
formed experiments with steel balls and showed that the

transverse velocity varies slightly around zero. Our results
show that the mean transverse velocity along the depth of
the granular bed at x 5 0 is 2 1.46 3 1023 m/s (standard
deviation 5 6.4 3 1023) and 2.2 3 1023 m/s (standard
deviation 5 6.9 3 1023) for the polydisperse and monodis-
perse cases, respectively. In the passive layer, the glass
beads flow as a solid body, whereas in the active layer, these
particles can slightly move in the y-direction.

As regards the streamwise velocity (u), one may observe that:
� Despite the occurrence of radial segregation for the

polydisperse cases, as will be discussed later, there are
no significant differences in the streamwise velocity
profiles with respect to particle size;

� There are no significant differences between the veloc-
ity profiles of the polydisperse and monodisperse sys-
tems. The only small difference is that the velocity
profile of the monodisperse mixture is slightly above
those of the polydisperse mixtures, indicating a slightly
thinner active layer in the former case;

� The streamwise velocity varies approximately linearly
with respect to y in the active and passive layers,
although with different slopes.

The linear behavior of the streamwise velocity is a well-
known phenomenon and similar results, based on either
numerical simulation or experimentation, have been reported in
the literature.3,12,27–29 Each of the two regions (active and pas-
sive) is characterized by a line and a slope. This behavior
remains valid for other positions in x, as can be seen in Figure 5.
The solid lines are the best fitted lines in the active layer for dif-
ferent positions in x, and the dashed line is what is expected in
the passive layer and the solid body rotation found therein. The
slope of the solid lines in the active layer increases with increas-
ing x. When x 5 0, the linear velocity profiles in the active and
passive layers were obtained from the following correlations

uact 5 umax 11
y1H

d�

� �
(1)

upas 5 xy (2)

where umax is the maximum value of the streamwise velocity
on the free surface, H, the distance from the free surface to
the center of the drum, and d�, the distance from the surface

Figure 3. Velocity vectors in the transverse plane of the drum for (a) monodisperse (case MD2) and (b)
polydisperse (case PD2) glass beads.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to the depth at which the glass beads change direction along
the x axis, hereafter called the active layer thickness.

Another important aspect involves the variation of the
streamwise velocity along the free surface. For example,
Chen et al.17 evidenced the effect of the surface flow on
axial segregation. To show the surface flow, normalized
velocities for the monodisperse and polydisperse cases were
evaluated from the RPT data. The results are reported in
Figure 6a. Note that, due to the probability of particles jump-
ing off the surface, the data are shown a few millimeters
beneath the top of the bed. The streamwise velocities were
normalized with respect to the maximum value (umax)
attained at the middle of the surface when x 5 0. Along the
free surface, the particles accelerate until they reach the mid-
dle point and then decelerate as they proceed toward the
downstream endpoint. It can be shown that the particle
velocity profile along the free surface can be expressed as30

u

umax

5 12
x2

L�2
(3)

umax 5 xL�2=d� (4)

where L�5 Ljy 5 2H corresponds to half the length of the free
surface and, more generally, L corresponds to half the length
of the corresponding streamline (see Figure 1). As illustrated
in Figure 6a, the experimental data of the velocity profiles
along the upstream half of the free surface can be adequately
modeled by Eq. 3 (dashed curve). The downstream half is
better approximated by a change in the exponent of Eq. 3
(solid curve), as has been reported by Ding et al.31 It can
also be seen that one single curve is needed to represent the
streamwise velocity profile along the free surface for all
monodisperse and polydisperse cases. The same model (with
L* replaced by L) can be applied for the streamlines in the
inner layers of the bed. In this case, the velocity is normal-
ized with respect to uact, which is the maximum streamwise
velocity evaluated from Eq. 1. Similar conclusions can be
drawn, as can be seen in Figure 6b. Despite a slightly better
fit of the solid curve in the downstream half of the graph of

Figure 6b, the following expression, similar to Eq. 3, will be
used in the rest of the article

u 5 uactð12ðx=LÞ2Þ (5)

Active layer thickness

The active layer thickness is an important parameter in mod-
els used for the material transport in rotating drums.32 In fact,
the thickness of the active layer has an impact on the mixing
and segregation phenomena occurring in the drum. As a result,
its determination is key to a better understanding of the kinetic
and the extent of such phenomena. For instance, in a kiln oper-
ated in rolling regime, it has been shown that the thermal effi-
ciency is proportional to the fraction of the mixing zone.33 In
direct-fired rotary kilns, the heat is mainly transferred into the
bulk of the material bed through the active layer.34

The intersection point of the velocity profiles in the active
and passive layers is known as the active layer lower

Figure 4. Variation of the (a) transverse and (b) streamwise velocities for a rotational speed of 11.6 RPM in the
transverse plane of the drum along the line at x 5 0.

H is the distance from the free surface to the center of the drum, d is the distance from the free surface to the depth at which

glass beads change direction along the x axis, and d0 is the distance from the free surface to the depth at which the solid body

rotation stops.

Figure 5. Streamwise velocity profiles for the polydis-
perse mixture of case PD2 for different
positions in x.
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boundary where the particles stop rotating as a solid body
and start free flowing. This is indicated by d0 in Figure 4b.
In other studies, this boundary is defined as the point where
the particles change direction (u 5 0) along the x axis, as
defined by d in Figure 4b.18 This second definition, called
the “turning point criterion,” is associated with a parabolic
representation of the boundary

y 5 ax22ðH1doÞ (6)

where d� 5 djx 5 0. Parameter a 5 d�=L�2 is the parabolic con-
stant, where L* 5 11.5 cm, the value of which depends on the
fill level and the radius of the drum. The depth of the active
layer at x 5 0 (as expressed by d0� 5 d0jx 5 0 and d�) for the dif-
ferent experiments is given in Tables 2 and 3. Note that PD1
and PD2 correspond to average values obtained for the four
corresponding polydisperse cases. Contrary to the belief that
the active layer is a rather thin layer, it can be around 30–
40% of the total bed depth, based on these two definitions. As
can be seen in the tables, the depth of the active layer is
thicker for a polydisperse mixture and increases when the
rotational speed is increased. This is in agreement with most
of the data reported in the literature.40–43

Being able to evaluate the active layer thickness is impor-
tant, because it affects the particle velocity profile. There are
correlations in the literature that predict the thickness of the
active layer as a function of x. Unfortunately, many of them
include parameters (e.g., the maximum surface velocity) that
are difficult to measure, mostly in industrial scale unit opera-
tions.30 We propose here to resort to a model that predicts
the depth of the active layer based only on the operating
conditions, the material properties, and the geometrical char-
acteristics of the rotating drum.3,44,45 It is given by

d0ðxÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x= _cðL�22x2Þ

p
(7)

where the shear rate _c depends on the material properties

_cðxÞ5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gcosbðxÞsinðbd2bsÞ

dpcosbdcosbs

s
(8)

with dp the particle size and b(x) the angle between the hori-
zontal axis and the boundary between the active and passive

layers. bs and bd are the measured static and dynamic angles
of repose, which are equal to 25� and 27�, respectively. At x
5 0, bð0Þ ! bd and the calculated values of d0� are given in
Table 2. As can be seen, this model predicts accurately the
thickness of the active layer except for the case PD1, where
a reasonable 17% discrepancy is obtained.

Recently, Cheng et al.35 applied an incomplete similarity
theory for estimating d� when the drum was half filled. They
extended their correlation to cover various fill fractions and fit-
ted the underlying constants using experimental data of Felix
et al.,46,47 where glass beads have been used. Other expressions
have been developed by Ding et al.,36,37 Weir et al.,39 and Liu
et al.34,38 As these models suffer from weak predictions or
need fitting constants, in this work, a new correlation is pro-
posed for d�. Given that the linear streamwise velocity profiles
in the active (Eq. 1) and passive (Eq. 2) layers meet at
y 5 2ðd0�1HÞ (see Figures 4 and 5), it follows that

uactjy 5 2ðd0�1HÞ5 upasjy 5 2ðd0�1HÞ (9)

d� 5
d0�umax

umax1xðH1d0� Þ
(10)

and, from Eq. 4

12
L�2

d2
o

d0�2d�

H1d0�
5 0 (11)

The values of d� using Eq. 11 and those obtained with the
correlations from the literature are presented in Table 3. A
good agreement with the experimental data is obtained in all
cases, when Eq. 11 is used. This shows the ability of this

Figure 6. Streamwise velocity profiles along the x-direction; (a) on the free surface and (b) in the inner layers, in
the case of MD2.

d stands for the distance from the free surface, L 5 L(y) corresponds to half the length of the corresponding streamline in the

active layer, and L* 5 Ljy 5 2H . uact is the velocity at the middle of each streamline.

Table 2. Depth of the Active Layer d08

Case Type
x

(RPM)
d08 [Measured;

cm (%)a]
d08 [Eq. 7;
cm (%)a]

MD1
Monodisperse

5.4 2.6 (30) 2.6 (30)
MD2 11.6 3.8 (43) 3.8 (43)
PD1

Polydisperse
5.4 3.5 (40) 2.9 (33)

PD2 11.6 4.2 (48) 4.2 (48)

aPercentage of bed depth.
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expression to predict the active layer thickness, which can
then be used to derive velocity profiles by means of Eqs. 1
and 4. Among the correlations from the literature, the one by
Weir et al.39 yields the best results. Their model predicts
that d� increases with increasing particle size or rotational
speed. However, it brings into play an author-dependent
coefficient (k), the value of which depends on particle prop-
erties, the geometrical characteristics of the drum and the
operating conditions. They used k 5 1 for glass beads based
on the experimental data of Felix et al.,46 which was used in
the last column of Table 3 to predict the value of d� with
their expression. As the operating conditions in Felix et al.46

are close to the conditions of the experiments of this work
(dp < 2 mm, x 5 2.0-10.4 RPM, and R 5 0.06–0.20 m),
very small discrepancies are observed between the values
predicted by this model and the measured values of d�. How-
ever, a larger error could be obtained for operating condi-
tions far from those considered to fit coefficient k. The
advantages of Eq. 11 comes from the fact that its parameters
are easy to obtain: H and L* from geometrical conditions
and d0 using Eqs. 7 and 8. The predictions from the models
of Liu et al.34,38 and Cheng et al.35 underestimate the thick-
ness of the active layer, although the former does predict the
behavior of d� when the rotational speed increases or the
mixture changes from MD to PD. Finally, the model by
Ding et al.36,37 performs rather well as regards the thickness
of active layer (average error of 13%) and succeeds to pre-
dict the behavior of d� when the type of mixture changes,
but fails to correctly predict the trend when the rotational
speed changes.

Residence time

In the cylindrical drum, the transverse motion of the par-

ticles is the primary factor that controls the renewal of the

material at the exposed bed surface. In particular, the rate of

surface renewal affects the heat/mass transfer from the free-

board to the bed.48 For example, in industrial pan coaters,

where a nozzle sprays the surface of the bed, the coating

time is related to the residence (cycling) time of the granules

on the free surface.49 Another example is the granulation

process with rotating drums, where the determination of the

residence time in the different layers of the granular bed

could help estimate local rates of granulation and then the

granulation time. These facts have provided the impetus to

model the residence time of the particles on the free surface

as well as in the inner layers of the granular bed.
In Figure 7, the total residence time of the glass beads

along streamlines (tt), as evaluated from RPT data, is shown
vs. the angle a of these streamlines (Figure 1) for the mono-
disperse and polydisperse cases. It corresponds to the time
taken by these particles to make one full circulation along a
closed streamline. As can be noticed, there is a linear
increase in the residence time when the angle of the stream-
lines increases. To analyze these results in more detail, the
residence time can be divided into two components corre-
sponding to the active and passive layers. In the passive
layer, because of the solid body motion, a linear increase of
the residence time is expected when a increases. This can be
shown for an arbitrary streamline that displaces particles
from i1! j1 (see Figure 1). Due to the solid body rotation

Table 3. Depth of the Turning Point Active Layer (d�)

Case x (RPM) Measured Eq. 11 Cheng et al.35 Ding et al.36,37 Liu et al.34,38 Weir et al.39

MD1 5.4 2.1 (24) 2.4 (27) 1.9 (21) 2.5 (28) 1.5 (18) 2.1 (24)
MD2 11.6 2.8 (32) 3.3 (37) 2.1 (24) 2.3 (27) 2.0 (23) 2.6 (30)
PD1 5.4 2.6 (30) 2.6 (30) 1.8 (21) 3.0 (34) 1.6 (18) 2.4 (28)
PD2 11.6 2.9 (33) 3.5 (40) 1.7 (20) 2.8 (32) 2.1 (24) 3.0 (34)
Average error (%) - 13 27 13 30 4

All data are in centimeter (percentage of bed depth).

Figure 7. Variation of the residence time vs. the angle of the streamlines for (a) cases MD1 and PD1 and (b) cases
MD2 and PD2.

The symbols correspond to experimental data. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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in the passive layer, the traveling time along this streamline
from i1 to j1 is equal to the traveling time from i2 to j2,
along the drum wall

ti1!j1 5 ti2!j2 5
distancei2!j2

velocityi2!j2

(12)

The velocity along the drum wall is related to the angular
velocity (x) of the rotating drum so that

tpas 5 ti2!j2 5
Ra
Rx

5
1

x
a (13)

which means that the residence time tpas along any stream-
line in the passive layer is proportional to a.

The residence time in the active layer has been modeled
in the literature by Sturman et al.50

tact 5
pffiffiffiffiffiffi
x _c
p (14)

Here, another point of view is proposed and compared with
Eq. 14. To do so, it is assumed that the glass beads travel
along a straight line in this region (dashed line j1 2 i1 in
Figure 1). This assumption neglects the curvature at the be-
ginning and end of this streamline where the particles flow
rapidly in the transverse direction. The consequence is that it
increases the particle residence time, especially for small
angles a where higher curvature is found. The streamwise
velocity profile u along a streamline in the active layer obeys
Eq. 5. The residence time in the active layer is tact 5 2

Ð L
0

dx
u ,

which can be approximated by 2L=�u, where �u 5 1
L

Ð L
0

udx

5 2
3

uact. By combining these expressions, it follows that

tact 5
3L

umax 11
y1H
d�

� � (15)

The value of L for a given streamline can be obtained from
the location of the boundary between the active and passive
layers, by setting x 5 L in Eq. 6

L 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y1d�1H

a

r
(16)

Substituting Eq. 16 and umax from Eq. 4 into Eq. 15, and
recalling that a 5 d�=L�2 yield

tact 5
3d�

xL�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

11
y1H
d�

q (17)

This equation shows that the residence time in the active
layer should increase with an increase of the depth y. Intro-
ducing f 5

y1H
d� and considering that in most of the reported

data (as can be seen from Figure 7) f 2 ð20:8; 0Þ, 1ffiffiffiffiffiffi
11f
p can

be approximated by its value at middle point f 5 20.4.
Equation 17 then becomes

tact 5
3:87d�

xL�
(18)

According to Eq. 18, the residence time in the active layer
depends only on the operating conditions (x) as well as the
geometrical characteristics of the drum (L*) and the thick-
ness of the active layer d�.

To asses the validity of Eqs. 13, 14, and 18, the residence
times of the glass beads in the active and passive layers vs.
the angle of the streamline are given in Figure 7. It can be

readily seen that there are no significant differences between
the monodisperse and polydisperse cases. One may notice
that the residence time in the passive layer varies linearly
when the angle of the streamlines increases, whereas it is
constant in the active layer. Consequently, the total residence
time (tt, the summation of the residence times in both layers)
also varies linearly. Moreover, there is a good agreement
between the experimental data and what is expected from
the short dashed lines (solid body rotation according to Eq.
13) in the passive layer, the dotted lines (Eqs. 14 and 18) in
the active layer, and the solid lines (total residence time
from the sum of Eqs. 13 1 14 or 13 1 18). Average values
of the residence time in the active layer from Eqs. 14 and 18
are compared with those deduced from RPT data in Table 4.
Note that these experimental data were obtained by averag-
ing the residence times of many randomly selected stream-
lines in the active layer. A good agreement can be noticed in
all cases between the measured and predicted values.

Segregation

The difference in the size of the glass beads in the poly-
disperse cases (see Table 1) is large enough for radial segre-
gation in the cylindrical drum to manifest itself in the first
few drum rotations. To characterize the particle segregation,
occupancy plots obtained from RPT data can be used. In
Figure 8, the red and blue colors correspond to the higher
and lower probabilities of occurrence of the tracer at a given
position, respectively. Note that the blends of glass beads
were mixed initially. The small particles end up in the cen-
tral core of the bed, whereas the large particles concentrate
mainly in the surrounding shell section. More precisely, 3-
mm particles are present in the core, 4-mm particles are
present everywhere in the granular bed but mainly in the
inner layers, whereas large 5- and 6-mm particles surround
the small particles.

To provide a more quantitative analysis, the occurrence
probabilities of the different tracers along the middle line at x
5 0 are presented in Figure 9 for the PD1 (5.4 RPM) and PD2
(11.6 RPM) cases. First, it can be readily noticed that the
impact of the drum rotational speed is not significant. More
precisely, it can be observed that, for both cases, the small 3-
mm particles are located in the core of the granular bed,
whereas the large 5- and 6-mm particles surround these small
particles. Moreover, the 4-mm particles can be found every-
where in the granular bed, and it seems that they do not accu-
mulate in the core region close to the material axis of rotation.
This is contrary to the literature where it is always assumed
that small particles are mainly present in the core.6 Thus, in an
operation where one or more species need to be distributed
across the radial direction of the drum, inert granules of

Table 4. Average Residence Time in the Active Layer

Case

Rotational
Speed
(RPM) Experiment

tact Eq. 14;
(Measured

d�—Table 3)

tact Eq. 18;
(Measured

d�—Table 3)

MD1 5.4 1.47 6 0.12 1.26 1.25
PD1 5.4 1.46 6 0.12 1.39 1.54
MD2 11.6 0.87 6 0.04 0.86 0.77
PD2 11.6 0.84 6 0.06 0.95 0.80

All data are in second. The range indicated for the experimental data
corresponds to the standard deviation.
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different sizes could be added to the granular media to regulate
the species concentrations along this direction.

As mentioned before, differences in the dynamic repose
angle of the components of a mixture are believed to be the
main reason for the occurrence of axial segregation and the
formation of axial bands.15,16 In our experiments, there were
no measurable differences in the dynamic repose angle of
the monodisperse and polydisperse mixtures (�27�), and the
glass beads of different sizes did not form axial bands, even
after around 2500 revolutions. Similar results for glass beads
were reported by Zik et al.10

Axial dispersion

To be efficient, mixing must take place in both the axial
and the radial directions of the cylindrical drum. The govern-

ing mechanisms are dispersion in the axial direction and a
combination of convection and dispersion in the radial direc-
tion. As dispersion is slower than convection, tumbling blen-
ders always suffer from weak axial mixing.51 Therefore, the
axial dispersion coefficient, Daxial, is a useful index to quan-
tify the relative motion of the particles and thereby asses
mixing efficiency in the axial direction.

Particles slowly drift along the drum axis of rotation, so
that, in our experiments, they could only travel the full
blender length a few times during 2500 revolutions. In par-
ticular, this indicates that the axial dispersion of the glass
beads inside the drum was indeed very slow. It has been
shown that the distribution of particle axial displacements is
similar to a normal distribution.18 The axial displacement
distribution for the 3-mm tracer, measured for each cycle, is

Figure 8. Occupancy plots for the different tracers in the polydisperse mixtures; the upper and lower plots refer to
cases PD1 and PD2, respectively.

The white curve highlights the boundary between the passive and active layers on the basis of the turning point criterion. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Probability of the occurrence of the different tracers along the middle line at x 5 0; (a) case PD1 and (b)
case PD2.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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given in Figure 10 for case MD2. The dispersion coefficient
in the axial direction can be approximated by means of
Einstein’s law52

Daxial ¼

Xn

i
ðDzi2�DziÞ2=Dti

2n
(19)

where Dzi is the axial displacement of the tracer during the
ith cycle (i 5 1,…,n), Dti the time interval, and �Dz the mean
axial displacement, which should be 0 for a large number n
of cycles.

Daxial corresponds to the variance of the measured dis-
placements and is in fact the sum of two variances that
come from the tracer displacement and the measurement
error. Large time intervals generally lead to a high variance
due to large displacements, whereas the variance related to
the measurement error remains constant. The latter can then
be made negligible by increasing the time interval. In this
study, the residence time of granules along streamlines was
chosen as the time interval, which guarantees that the mea-
surement error does not alter significantly the dispersion
coefficients, as discussed by Sherritt et al.53

Daxial is a function of the glass beads properties as well as
the drum geometry and the operating conditions. Figure 11
shows the variation of the axial dispersion coefficient along
the line x 5 0 in the transverse plane of the drum. To obtain
these results, this transverse plane has been divided into thin
annuli, and an axial dispersion coefficient has been calcu-
lated in each section. The figure shows that the axial disper-
sion coefficient is nearly constant in the inner layers and
slightly increases near the drum wall. This trend is shown
with solid and dashed lines for the low and high rotational
speeds, respectively. These lines were obtained by averaging
the experimental data points in each rotational speed. These
results are reasonable, as, in the layers close to the wall, the
particles have more freedom to move axially because they
eventually reach the free surface. Consequently, greater val-
ues of the axial dispersion coefficient are expected for the
large particles that are in the outer layers. Rather similar
results have been obtained by Ingram et al.18 who showed
an increase in axial dispersion with an increase of the parti-
cle size except for very large particles that ended up in the
core of the bed. Values of Daxial for the different tracers are
given in Table 5. First, these values are comparable to those
reported in the literature. Ding et al.31 obtained an axial dis-

persion coefficient of 3 3 1026 m2/s for 3-mm glass beads
and a drum rotational speed of 9.6 RPM, whereas Sherritt
et al.53 reported values of the order of 1025 m2/s for rota-
tional speeds of 5–25 RPM. Next, it can be noticed that
Daxial is proportional to the drum rotational speed and that
its value slightly increases with an increasing particle size.

Finally, Table 6 summarizes most of the findings of this
work in the case of monodisperse and polydisperse systems
of glass beads.

Concluding Remarks

In this work, the flow of monodisperse and polydisperse
systems of glass beads were investigated inside a rotating
cylindrical drum when operated in rolling mode. RPT, a
powerful tool for characterizing the granular flow of opaque
systems, was used to track a single radioactive tracer. 24Na
was used as the radioactive isotope, thanks to the presence
of 23Na in the glass beads. This resulted in a tracer with
physical properties (size and density) identical to those of
the nonradioactive glass beads. No significant differences
were observed for the flow behavior of the monodisperse
and polydisperse mixtures considered in this work. Note that
different behaviors might be observed for large particle size
ratios.18 The following findings were obtained:
� There are only small differences between the velocity

profiles and the active layer thicknesses of the monodis-
perse and polydisperse cases. This was confirmed by
both experimental data and predictive models devel-
oped within the scope of this work;

� Small particles (3 mm) are present in the core section
of the bed, whereas large particles (5 and 6 mm) sur-
round them. Particles with an average size (4 mm) are

Figure 10. Typical axial displacement distribution for
the 3-mm tracer in the monodisperse case
MD2.

Table 5. Axial Dispersion Coefficient for the Different

Experiments

Case Tracer Size

Daxial (m2/s)

5.4 RPM 11.6 RPM

Monodisperse 3 mm 8.3 3 1026 15 3 1026

Polydisperse 3 mm 7.0 3 1026 16 3 1026

4 mm 9.2 3 1026 18 3 1026

5 mm 10.9 3 1026 19 3 1026

6 mm 12.2 3 1026 21 3 1026

Average value 9.5 3 1026 18 3 1026

Figure 11. Variation of the axial dispersion coefficient
along the line at x 5 0 in the transverse
plane of the drum.
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found in the whole volume of the drum. This is true for
the two rotational speeds considered (5.4 and 11.6
RPM);

� Particles do not have a lot of freedom when flowing in
the axial direction, and the axial dispersion coefficient
was found to be small in all cases. It was observed to
increase slightly with an increase of radial position and
to be proportional to the drum rotational speed;

� A model was developed to predict the residence time of
granules in the active layer, and its validity was tested
against RPT data. It was shown to predict correctly that
the residence time is nearly constant in the active layer,
whereas it varies linearly with an increase in the angle
of the streamlines in the passive layer.
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