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Abstract - Rotary drums can show different granular flow regimes each one with its own specific flow
behavior, which increase the complexity in their study. The way particles move inside the rotary drum is
directly related to the mass and energy transfer rates, and consequently to the process performance. Thus, an
experimental investigation regarding the transition between different flow regimes inside a rotary drum was
carried out in the present work. To the best of our knowledge, the hysteresis phenomenon was observed for
the first time in the transition between cataracting-centrifuging regimes, which was shown to be dependent on
the physical properties of the particles such as sphericity, density and particle-wall friction coefficient. A new
expression for the centrifuging critical rotation speed was proposed in this work.
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INTRODUCTION

Many industrial processes use rotating drums in
several applications, such as mixing, granulation,
milling, coating and drying (Fernandes et al., 2009;
Arruda et al., 2009a; Lobato et al. 2008; Arruda et
al., 2009b; Lisboa et al. 2007). As a result, the fluid
dynamic behaviour in rotating drums has attracted
numerous research efforts from both the engineering
and physics communities over the past few decades
(Silvério et al., 2011; Santos et al. 2015).

Depending on some of the geometric dimensions
(drum diameter and length), operating conditions
(filling degree and rotation speed), and particle proper-
ties (size, shape and friction characteristics), the bed
material inside rotary drums can flow in different
ways (sliding, slumping, rolling, cascading, cata-
racting and centrifuging regimes). The slumping,
rolling and cascading regimes are the most used

*To whom correspondence should be addressed

regimes in industrial processes, e.g., mixing, granu-
lation, drying and coating, while the cataracting re-
gime is mainly used in milling processes. On the
other hand, the sliding and centrifuging regimes are
not used at all and must be avoided (Henein et al.,
1983; Mellmann, 2001; Santomaso et al., 2003).

Most of these flow regimes have been studied
(Boateng and Barr, 1997; Ding et al., 2001; Ding et
al., 2002; Chou et al., 2010; Yada et al., 2010; Huang
et al., 2012; Chou and Hsiau, 2012; Demagh et al.,
2012; Santos et al., 2013; Dubé et al., 2013; Lee et
al., 2013), although there are a restricted number of
works dedicated to the transition phenomenon be-
tween the regimes (Henein et al., 1983a,b; Watanabe,
1999; Mellmann, 2001; Santomaso et al., 2003; Juarez
etal., 2011).

Very low rotation speeds combined with a smooth
drum wall can induce the sliding and slumping
regimes to occur. The sliding regime is characterized
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by a static bed of material perfectly sliding adjacent
to the drum wall with no particle mixing. As the
drum rotation speed or the wall roughness increases,
the slumping regime appears as a combination of
upward and downward solid movements. In this
regime the material moves as a rigid body, reaching
an upper angle of repose and then sliding down or
avalanching until a lower angle of repose is estab-
lished. At higher rotation speeds, the transition to the
rolling regime takes place. This regime presents a
nearly flat surface with a constant inclination, charac-
terizing the dynamic angle of repose of the material.

With further speed increments, an “S” shaped
curve develops at the bed surface corresponding to
the cascading regime. For even higher rotation speeds,
the cataracting regime is observed, since particles are
projected from the surface into the air space (Blum-
berg and Schliinder, 1996; Mellmann, 2001; Liu et
al., 2005; Juarez et al., 2011).

According to Watanabe (1999) the critical rota-
tion speed for centrifuging can be defined in two
different ways: the critical rotation speed is reached
when the particles are pushed against the drum wall,
forming a ring all together (Figure 1(a)); otherwise,
when just the outermost layer of the bed material
forms a ring, the critical rotation speed is achieved
(Figure 1(b)).

Figure 1: Different definitions for centrifuging tran-
sition: (a) the particles form a ring all together; (b)
just the outermost layer of the bed material forms a
ring.

As claimed by Blumberg and Schliinder (1996), a
quantitative analysis of the flow regime transition
boundaries can be assessed by using the Froude num-
ber (F,). The Froude number, F,=w’R/g, is defined as
the ratio of centrifugal force to gravity, where w, R
and g are the drum rotation speed, drum radius and
the gravitational acceleration, respectively.

Based on the centrifuging definition depicted in
Figure 1(a), some specific relationships have been
developed, over the last few decades, in order to fore-
cast the cataracting-centrifuging transition (Table 1).

Table 1: Different models for the cataracting-
centrifuging transition prediction.
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In classical mechanics, the equilibrium of forces
is achieved when the Froude number is equal to one
and the corresponding rotation speed is well known
as the critical rotation speed for centrifuging (w.)
(Equation (1)). Efforts have been concentrated on the
consideration of particle physical properties and geo-
metric effects in the cataracting-centrifuging boundary
position modeling (Equations (2)-(5)), where r, 8s and
[ are the particle radius, the angle of repose and the
filling degree, respectively.

Juarez et al. (2011) studied the effect of particle
diameter, filling degree and interstitial fluid on the
critical rotation speed for centrifuging in a quasi-2D
rotary drum by means of experiments and numerical
simulations. Based on experiments in liquid granular
systems, the authors proposed an expression for the
critical rotation speed, where p,and ps are the densi-
ties of the fluid and solid phases, respectively (Equa-
tion (6)).
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Although some expressions for the critical rota-
tion speed have been proposed, the transition phe-
nomenon between the different regimes, mainly to
the centrifuging regime, has not yet been systemati-
cally examined. Additionally, since the industrial
process efficiency depends on the granular flow re-
gime established under given operating conditions of
the rotary drum, the ability to predict the particle mo-
tion inside this equipment, including the particle
properties effect, is of primary importance.

So, the present work is dedicated to an under-
standing of how the critical rotation speed is related
to the material properties, such as particle shape,
density and diameter.

EXPERIMENTAL SETUP

For the particle dynamics study, a batch rotary
drum composed of a cylindrical part made of stain-
less steel with a 0.22 m inner diameter and 0.50 m in
length was used. To enable the cross-section obser-
vation of the granular flow, a glass front wall was
adopted. The following flow regimes were investi-
gated in the present work: rolling, cascading, cata-
racting and centrifuging (Figure 2).

In order to avoid the occurrence of the sliding re-
gime, a suitable sandpaper (P80) was glued to the in-
side wall of the drum. The critical rotation speeds for
the transition between the regimes were determined
as a function of the filling degree varying from 0.1 to
0.6 stepped by 0.05.

It is worth noting that, in this work we consid-
ered, as a criterion for the cataracting-centrifuging
transition, the case where just the outermost layer of

the bed material forms a ring (Figure 2(d)).

Five different granular materials were used: rice,
corn, tablet (placebo tablets with a concave cylindri-
cal shape), soybean and glass beads. The material
densities were measured by means of a Micromerit-
ics AccuPyc 1331 gas pycnometer. For the particle
size characterization, the volume based particle size
(Dy), which is defined as the diameter of an equiva-
lent sphere having the same volume as a given
particle, was adopted.

With regards to the determination of particle
sphericity, dynamic digital images were analyzed for
each granular material using the CAMSIZER® dy-
namic image analysis system, which allows the stor-
age and processing of a large number of projected
images at various measurement angles (Figure 3)
(Cardoso et al., 2013).

After image analysis Equation (7) was used for
sphericity (¢) calculation, where d¢; and dcc are the
inscribed and the circumscribed circle diameters, re-
spectively (Peganha and Massarani, 1980):

dC[
¢= E (7

The particle-wall friction coefficient was deter-
mined by lifting an inclined plane covered with the
same material as the inside drum wall (sandpaper
P80) with free particles on it. When the particles
started rolling down the plane, the plane inclined
angle (f) was used for the particle-wall friction co-
efficient (u,-w) calculation (Equation (8)):

ty . = tan(f) @®)

Figure 2: Transverse bed motions in a rotary drum investigated in the present work: (a)
rolling regime; (b) cascading regime; (c) cataracting regime; (d) centrifuging regime.

Brazilian Journal of Chemical Engineering Vol. 33, No. 03, pp. 491 - 501, July - September, 2016



494 D. A. Santos, R. Scatena, C. R. Duarte and M. A. S. Barrozo

®) 4 AT
st/ v
1N '
F ‘\ \ (] . 4
et ! I
= \ .‘ \
. AR ) S
e )
c,
© SPe ©e oo
belat % e0 4 0
};‘«?{\& e ¢ =
_,;.w.s,k - «
S WO " o
{0 ® o O
L0 00 b

(@

@
‘i : l‘o

Figure 3: Different materials used in the present investigation along with the respective projected
shadows processed by means of the CAMSIZER®™ analysis system: (a) corn; (b) rice; (c) tablet
(placebo tablets with a concave cylindrical shape); (d) soybean; (e) glass bead A; (f) glass bead B.

RESULTS AND DISCUSSION

In order to investigate the effect of particle char-
acteristics on the transition flow regime phenomenon
observed in a rotary drum, different types of granular
materials were used whose physical properties are
shown in Table 2, where ps, Dy, ¢ and .. are the
solid density, volume based particle size, sphericity,
and particle-wall friction coefficient, respectively.
These granular materials have been used in several
applications (Barrozo et al. 1996; Santos et al., 2012;
Ribeiro et al. 2005; Silva et al. 2011; Oliveira et al.
2009).

Table 2: The main physical properties of the used
granular materials.

Materials ps [kg/m?] Dy [m] ¢ [-1 | ppw [-]
Tablet 1517 0.00662 0.50 0.90
Corn 1288 0.00788 0.66 0.76
Rice 1465 0.00277 0.35 0.73
Soybean 1164 0.00639 0.84 0.31
Glass bead A 2460 0.00113 091 0.48
Glass bead B 2460 0.00422 0.86 0.35

It can be observed, by means of Table 2, that the
particle-wall friction coefficient (up-») is higher for
irregular particles (lower values of ¢) compared to
round particles (higher values of ¢), which can be

attributed to the fact that irregular particles have
higher surface contact area and their rotations are
therefore more suppressed, as would be expected.
All of the transition curves were determined visu-
ally, using a high speed video camera, by both gradu-
ally increasing the rotation speed (increasing curve),
from the rolling regime until the centrifuging regime,
and gradually decreasing the rotation speed (decreas-
ing curve), from the centrifuging regime until the
rolling regime, as a function of the filling degree.

Investigation of the Rolling-Cascading Flow Re-
gime Transition

For the rolling-cascading transition, Blumberg
and Schliinder (1996) observed, by means of experi-
ments carried out using two different drum diameters
(0.1 m and 0.29 m), and different particle diameters
(0.55-5.0 mm), a strong dependence of the drum
rotation speed required for cascading on the particle
size (Equation (9)):

2d
F re = 3 (9)
where F., D and d are the critical Froude number for
cascading, the inner drum diameter and the particle di-
ameter, respectively (Blumberg and Schliinder, 1996).
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Due to lack of validation of Equation (9) for
different types of particles, Figure 4 presents a com-
parison between experimental rolling-cascading
transition curves, measured in the present work using
different materials, and the predicted values using
the Blumberg and Schliinder (1996) equation (Equa-
tion (9)). Since no significant differences were ob-
served between the increasing and decreasing curves
for cascading regardless of the material used, just the
experimental increasing curves were plotted in
Figure 4.

It can be seen that the effect of filling degree on
the rolling-cascading transition, observed experimen-
tally, is not taken into consideration in Equation (9).
Generally speaking, the best agreement between
experiment and the predictions of Equation (9) were
obtained when using round particles (higher values
of ¢), since Equation (9) was originally developed
using spherical particles of aluminium silicate.

In spite of typical critical Froude number ranges

495

for the rolling regime condition being reported in the
literature, e.g. 10 < F, < 102 (Mellmann, 2001) and
5x10™ < F, < 2x107* (Henein et al., 1983), the parti-
cle shape effect should be considered besides the
rotational speed and particle diameter, in order to
better represent the rolling-cascading transition phe-
nomenon. So, we suggest the replacement of the di-
ameter (d) in Equation (9) by the volume equivalent
diameter (Dy) multiplied by the sphericity (¢)

(Equation (10)):

< 2Dvd
D

F

rc

(10)

The results obtained using Equation (10) are also
presented in Figure 4 in comparison with those deter-
mined by means of Equation (9). Table 3 shows the
critical Froude number relative errors calculated as
averages over the filling degree range.
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Figure 4: Transition curves between rolling-cascading regimes: (a) tablet; (b) corn; (c) rice; (d) soybean; (e)

glass bead A; (f) glass bead B.
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Table 3: Relative average error between Equation
(9) and Equation (10) in the critical Froude
number prediction for cascading.

Eq. (9) mean Eq. (10) mean

Materials percentage percentage

error (%) error (%)
Rice 176.31 15.20
Tablet 59.71 20.14
Corn 99.53 43.83
Soybean 24.66 20.51
Glass bead A 20.68 23.07
Glass bead B 52.29 38.02

It should be noted that the errors using Equation
(9) were larger than those using Equation (10), main-
ly for irregular particles. Despite of the improvement
given by Equation (10) in the rolling-cascading
transition prediction, including round and irregular
particles, further investigation concerning the filling
degree effect is required.

Investigation of The Cataracting-Centrifuging Flow
Regime Transition

Regarding the cataracting-centrifuging transition,
Watanabe (1999) and Mellmann (2001) observed that
the critical rotation speed for centrifuging signifi-
cantly depends on the filling degree, since lower
values of filling degrees require a very high rotation
speed (F. > 1) in order to centrifuge.

Since the critical Froude number for centrifuging
(Fc) approaches, approximately, to a value of unity
asymptotically as the filling degree (f) increases, the
authors of the present work propose the following
expression for the cataracting-centrifuging transition:
F.=1+Aexp(-7f) (11)

Substituting F,.= .’ R/g into Equation (11) and
solving for the critical rotation speed (w.), results in:

Y \/g[1+/1exp(—rf)]

R

(12)

It can be noted, by means of Equation (12), that
depending on the value of 7 as f — 1 the term Aexp(-
7f) — 0 and, consequently, Equation (12) reduces to
Equation (1) (£, = 1), which corresponds to the theo-
retical force equilibrium. On the other hand, as f
decreases (f—0), the critical rotation speed for cen-
trifuging increases (Fy. > 1), which is in accordance
with experimental observations (Watanabe, 1999;
Mellmann, 2001).

So, A is the additional effect of the Froude number
necessary for the centrifuging transition when using
low values of filling degrees and r is related to the
exponential decay of critical rotation speed for
centrifuging (w.) with filling degree (f) during the
cataracting-centrifuging transition. Both parameters
are expected to be dependent on the physical charac-
teristics of the particle.

Figure 5 shows the experimental cataracting-cen-
trifuging transition curves (critical Froude number
plotted against filling degree) in a rotary drum, using
different granular materials, along with the corre-
sponding fitted curves using Equation (11).

It can be seen that the critical rotation speeds for
centrifuging, in the case of decreasing rotation speed
(closed squares), were different from that in the case
of increasing rotation speed (closed triangles), and
the effect was more pronounced for round particles
(higher values of ¢) at lower values of filling de-
grees. Therefore, for the first time, the hysteresis
phenomenon was observed, in the transition between
the cataracting-centrifuging regimes.

The hysteresis was strongly influenced by the
particle shape, which can be attributed to the fact that
for round particles, where the contact area between
particle-wall and particle-particle is significantly
reduced to a near single point, the transfer of mo-
mentum is more inefficient when compared to ir-
regular particles. Additionally, irregular particles can
form stable structures upstream, which facilitate par-
ticles sticking to the drum wall. Thus, the cataracting-
centrifuging transition boundaries occur, in the case
of increasing curves, at much higher rotational speeds
for round particles than for irregular particles.

In the present investigation, the parameters A and
7 from Equation (11) for both the centrifuging in-
creasing curve (4; and 7;) and centrifuging decreasing
curve (Ap and 7p) were adjusted for different granular
materials (Figure 5), by means of a nonlinear regres-
sion (Table 4).

The correlation coefficients were above 0.96 for
all the cases, showing an exponential trend between
critical Froude number for centrifuging (F.) and
filling degree (f).

As can be observed in Table 4, the materials were
divided into two different groups, called here Group
1 and Group 2. Group 1 was composed of particles
with lower values of 1 and 7 (irregular particles)
while the materials that presented higher values of
parameters A and 7 (rounded particles) were put into
Group 2. Significant differences can be observed
between the flow of round particles and that of
irregular particles.
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Figure 5: Transition curves between cataracting-centrifuging regimes: (a) tablet; (b) corn; (c) rice; (d) soybean;

(e) glass bead A; (f) glass bead B.

Table 4: The adjusted 4 and 7 parameters by means
of a nonlinear regression using Equation (11).

Increasing Decreasing
Materials Curve Curve

A TI Ap ™
Tablet 0.88 2.34 0.66 2.37
Group 1 | Corn 1.25 333 0.96 3.30
Rice 0.97 2.89 0.80 2.88
Soybean 4.40 6.66 1.49 6.18
Group 2| Glassbead A | 3.24 6.00 1.15 3.64
Glassbead B | 8.38 8.35 1.23 6.44

It can be noted that all of the irregular particles
(Group 1) showed no significant differences between
Arand Ap and between z;and 7p, which means that, for
this class of particles, the increasing and the decreas-
ing curves for centrifuging were quite similar and,
consequently, the hysteresis was less pronounced.

On the other hand, round particles (Group 2),
which were characterized by lower values of particle-
wall friction coefficient (u,-») and higher values of
sphericity (¢), were strongly affected by the hystere-

sis phenomenon (4;# Ap and 77# 7p) (see Table 4 and
Figure 5).

The effect of particle size on the cataracting-cen-
trifuging transition can be assessed by comparing
glass bead A and glass bead B. It can be seen that, for
a constant density, the hysteresis is more accentuated
for the particle having the greater diameter.

It is also worth noting that, for all the materials
that belong to Group 1, the averages of the parame-
ters A and 7 (including increasing and decreasing curve
values) were 0.92 and 2.85 and the standard devia-
tions were 0.19 and 0.43, respectively. This effort
represents an attempt to generalize the cataracting-
centrifuging transition expression for this class of
particles, although additional experiments using other
materials should be carried out in order to confirm
these findings.

To further investigate the particle shape effect on
the granular flow transition, dynamic angles of re-
pose were measured for the current materials as a
function of filling degree (f) and drum rotation speed
(w) (Figure 6).
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Figure 6: The measured dynamic angle of repose as a function of rotational speed and filling degree: (a) tablet;
(b) corn; () rice; (d) soybean; (e) glass bead A; (f) glass bead B.

The present drum rotation speed range was chosen
in the dynamic angles of repose measurements in
order to guarantee the rolling regime condition for all
the materials (0.006 < F.<0.01).

Figure 6 shows that the use of particles from Group
1 resulted in significantly higher dynamic angles of
repose when compared to the respective values using
particles from Group 2. As also observed by Dubé
et al. (2013), instead of rolling, a different packing
mechanism takes place, which enables the interlock-
ing of irregular particles and, consequently, the
construction of a particle bed skeleton near the drum
wall, thus yielding higher dynamic angles of repose.

So, the dynamic angle of repose, which is related
to the particle shape and roughness, provides a suita-
ble guide to the cataracting-centrifuging transition
phenomenon since the higher the particle dynamic
angle of repose the lower the critical rotation speed
for centrifuging and, consequently, the lower the
hysteresis effects.

It is also interesting to note that, within the ex-
perimental error, the measured dynamic angles of

repose using the materials from Group 1 were more
dependent on drum rotational speed than on filling
degree and this dependence tends to decrease as the
particle-wall friction coefficient (u,.) decreases
(Figures 6(a), (b) and (c)). On the other hand, for the
materials from Group 2 (Figures 6(d), (e) and (f)),
the dynamic angles of repose were more influenced
by the filling degree than by the drum rotation speed,
which makes the influence of particle shape on the
flow dynamics inside a rotary drum evident.

CONCLUSIONS

» Based on experiments carried out in a rotary
drum over a wide range of rotation speed and filling
degree and using different granular materials, it was
possible to investigate the transition phenomenon
between different flow regimes, whose main conclu-
sions are as follows:

» The rolling regime is the most commonly
operated flow regime in industry and the majority of
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industrial granular materials differ significantly from
round particles. Although a correlation for the rolling-
cascading transition has been proposed by Blumberg
and Schliinder (1996), this model fails to predict the
granular flow involving irregular particles. Thus, a
modification of the Blumberg and Schliinder model
equation for the rolling-cascading transition was
proposed by the introduction of the particle shape
effect, represented here by the sphericity. In spite of
the improvement given by this model in the rolling-
cascading transition prediction, including round and
irregular particles, further investigation concerning
the filling degree effect is required;

» For the first time, the hysteresis phenomenon
was observed in the transition between cataracting-
centrifuging regimes, which was shown to be de-
pendent on the physical properties of the particles
such as sphericity, density and particle-wall friction
coefficient;

» Design and operating decisions regarding the
majority of processes performed in rotary drums are
routinely made based on a fixed theoretical critical
rotational speed, without a fundamental understand-
ing of the transition phenomenon. For instance, in
fertilizer granulation processes, independent of the
filling degree and particle properties, the rotational
speed is usually fixed between 25% and 40% of the
critical speed beyond which centrifugation occurs. In
this sense, a new expression relating the critical rota-
tion speed for centrifuging as a function of the filling
degree, which takes into consideration the particle
properties and the hysteresis effects, was proposed
by the present authors;

= The higher the particle dynamic angle of re-
pose, which is related to the particle shape and rough-
ness, the lower the critical rotation speed for centri-
fuging and, consequently, the lower the hysteresis
effects;

= Additional experiments, using other materials
such as fertilizer (used in granulation processes), dif-
ferent tablet shapes (used in coating processes), cy-
lindrical polyethylene pellets (used in plastics manu-
facturing processes) etc., should be carried out in
order to confirm these findings.
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LIST OF SYMBOLS
der inscribed circle diameter [m]
dcc circumscribed circle diameter [m]
d particle diameter [m]
Dy volume based particle size [m]
f filling degree [-]
F, Froude number [-]
F critical Froude number for flow regimes
"" transition [-]
g gravity acceleration [m.s™]
R drum radius [m]
Greek Symbols
angle of inclination used in the particle-wall
b friction coefficient measurement [°]
Os angle of repose of the material [°]
A parameter of Eq. (11) [-]
1 parameter of Eq. (11) for increasing
curve [-]
i parameter of Eq. (11) for decreasing
curve [-]
Up-w particle-wall friction coefficient [-]
or fluid density [kg.m™]
ps solid density [kg.m™]
T parameter of Eq. (11) [-]
. parameter of Eq. (11) for increasing
curve [-]
. parameter of Eq. (11) for decreasing
curve [-]
w drum rotation speed [s™]
We critical rotation speed for centrifuging [s™']
@ sphericity [-]
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