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The effect of particle cohesion on the flow dynamics inside a spheronizer is investigated by means of a recent technique
developed in our group, which relies on the polymer coating of the particles. It is shown that the interparticle forces can be
controlled with the temperature and the coating thickness, as is also confirmed by measurements of the dynamic density of
the particle bed. Four different flow states were observed as the level of interparticle forces was increased. The results are
reported in a flow map that compares the forces that come into play in the spheronizer with other interparticle forces
encountered during wet granulation processes. By isolating the impact of the cohesive forces on granulation, these results
show the potential of the polymer coating technique to study the effect of particle cohesion on the flow patterns in such
processes. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1491–1501, 2013
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Introduction

The cohesive particle flow behavior encountered in differ-
ent applications, such as granulation or particle mixing, has
an impact on the performance of these processes.1–3 In the
case of dry powder mixing, in tumblers for example, the
interparticle forces change with respect to the particle-size
distribution (PSD) or from the build-up of electrical charges
if the blender is not grounded appropriately.4 The particle
properties, such as size, do not change significantly during
the mixing process and the interparticle forces remain almost
constant. On the other hand, other processes (e.g., granulation
or milling) change the PSD, which modifies the interparticle
forces. In the case of granulation, the change of cohesion is
also affected by an increase in the binding agent concentra-
tion.5 The granulation processes were considered for a long
time as perfectly mixed systems and were modeled accord-
ingly before it became obvious that the particle flow had an
impact on the product obtained.6–9 The particle flow affects
the velocity gradient as well as the collisional and the resi-
dence times of the particles, which vary between the different
areas of a granulator. Also, the way the shear stress propa-
gates throughout the particle bed and the presence of dead
zones are examples of the many factors affecting how the
PSD evolves with respect to time in such processes.

In addition, segregation is subject to occur when the PSD
is not monodispersed. This has been observed and character-
ized for various equipments used for granulation, such as ro-
tary drums,10 rotating pans,11 vertical high-shear mixers,12

rotor-processors, and fluidized beds.13 Size segregation will
cause an alteration of the frequency of collisions between

granules of different sizes and their associated velocities. It
can also cause a nonhomogeneous distribution of the binder
agent, which can favor the larger particles that pass more
frequently in the spraying area than their smaller counter-
parts. The ability to predict the intensity of the different
granulation mechanisms (e.g., nucleation, coalescence, or
breakage) then depends on the knowledge of the flow pat-
terns of the segregated particles and their corresponding
velocity scales within the different flowing zone of the
equipment.

The characterization of the particle flow patterns within
granulators is not an easy task because the flow field contin-
uously changes over time from the modification of the parti-
cle properties. The time scale of granulation runs is typically
less than half an hour for laboratory granulators (e.g., high-
shear mixers or fluid-bed granulators). Due to such a short-
time scale, it is challenging to accumulate enough data that
are representative of the particle flow at specific times during
the process. This time-scale problem could be circumvented
if one had a means to adjust the interparticle forces inde-
pendently of the particle properties. It would then be possi-
ble to mimic the flow behavior observed in granulation
equipments at specific operation times.

In a previous paper, we proposed a new approach to intro-
duce cohesive forces between particles without affecting
their PSD while being processed in powder equipments.14

This approach consists of coating on the particles a uniform
layer of an amorphous copolymer [poly ethyl acrylate
(PEA)/poly methyl methacrylate (PMMA)] characterized by
a low-glass transition temperature. It was shown that, due to
changes in the polymer properties, it is possible to increase
the cohesive forces between particles by increasing the tem-
perature. The level of intensity of these forces depends on
the molecular interdiffusion rate of the polymer chains and
the particle contact time. The time required to reach the
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maximum adhesive force can be approximated by the repta-
tion time sD,15 which can be estimated from the William–
Landel–Ferry empirical model

log
sD
sR

� �
¼ �c1ðT � TRÞ

c2 þ ðT � TRÞ
; (1)

where sR is the reference reptation time known at temperature
TR, T is the temperature, and c1 and c2 are regression constants
that depend on the polymer species. When the polymer chains
diffuse through the interfaces, the resultant adhesion force
increases, which means that it depends on the time during
which the particles are in contact. The estimation of the
particle contact time tc, is discussed in Ref. 14 and can be
evaluated by the following relationship16
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where q is the particle density, t is the Poisson ratio, E is the
Young’s modulus, a is the particle radius, and tn is the normal
collision velocity, which is estimated by the product of the particle
size and the shear rate (tn ¼ a _c).17 Once it has been estimated, it
can be used to calculate an effective adhesion energy W, from the
maximum value of this adhesion energy Wm

18

W ¼ Wm½1 � expð�atbcÞ�; (3)

where the regression constants a and b vary with the polymer
properties. This adhesive energy can then be used to evaluate
the interparticle force Fadh, on the basis of the Johnson-
Kendall-Roberts (JKR) theory for spherical polymer-coated
particles.14,19–21 Note that Eqs. 1–3 could be used for other
thermoplastic materials by adjusting adequately the parameters
and regression constants appearing in these equations.

Dimensional analysis can be used to describe the bonding
regime that characterizes the separation of coated particles.
The first dimensionless number is the Bond number (Bo)
which is the ratio between the adhesive force binding the par-
ticles and the particle weight. A modified Bond number is
used here to take into account not only the impact of the
weight of the particle, but also the shear rate in the equipment

Bo ¼ Fadhffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmpgÞ2 þ ð2mpR _c2Þ2

q ; (4)

where R and mp are the particle radius and mass and g is the
gravitational constant. The second dimensionless number is
the Deborah number (De)

De ¼ VdsD
h0

; (5)

where the ratio of the debonding velocity to the initial polymer
layer thickness Vd=h0, which corresponds to the average initial
strain rate, can be approximated by the shear rate _c. This
dimensionless number is then the ratio of the reptation time to
a characteristic process time (1/ _c).

The objective of this work was to apply the technique we
introduced in Ref. 14, which is based on the polymer coating
of particles and temperature control, to investigate the effect
of particle cohesion on the flow dynamics inside a spheron-
izer. Note that while varying the temperature may also affect
particle properties such as the friction factor (it is expected
to increase with an increase of temperature) or the normal
dissipation (it is expected to decrease with an increase of
temperature), it is assumed that the impact on particle cohe-
sion is more significant. The flow patterns in this device are
representative of those found in rotor-based granulator
equipments (e.g., the flat standard rotor used with the rotor
granulators from Glatt and the conical rotor used with the
Granurex

VR

from Freund Vector). The use of a spheronizer
simplifies the investigation of the flow patterns as the par-
ticles are pushed toward the wall of the equipment due to
the centrifugal force. The toroid shape thus created is
assessed by measuring the surface profile with a laser sheet
profiler.14 The effect of particle cohesion is investigated by
measuring the changes of the surface position and analyzing
the surface fluctuations caused by the presence of agglomer-
ates when the particle adhesion is strong enough. The
impacts of the process temperature and the polymer coating
thickness on the particle cohesion are discussed and catego-
rized as a function of the different flow behaviors observed.
The impact of cohesion on the dynamic density of the parti-
cle bed is examined as it is related to the flowability of the
particles within the equipment.3,22 Finally, the results
obtained in this work are discussed with regard to the flow
dynamics in granulation equipments. To our knowledge, this
is the first time that such a thorough experimental investiga-
tion of the particle flow behavior in a spheronizer has been
realized.

Methodology

The experimental work first required the production of
particles made of pharmaceutical excipients (by means of a
wet powder process). These particles were then coated with
a polymer film using an atomization process to obtain a uni-
form coating layer on their surface. After these preparation
steps, the particulate material was used inside the spheron-
izer and submitted to different temperatures that altered the
polymer properties and the cohesive forces.

Production of coated particles

The particles, which contained microcrystalline cellulose
(MCC) and lactose monohydrate, were first produced with an
extrusion-spheronization process. They are spherical, have a
density of 1.5 � 103 kg m3, and are characterized by a nar-
row PSD with a mean size of 1.2 mm, as shown in Figure 1.

The next step consisted of coating a polymer layer onto
the surface of these particles. To achieve this task, a

Figure 1. Particle-size distribution.14
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spheronizer (Caleva 380) was modified to incorporate an air
line located below the rotating disc. Different batches were
coated with a polymer suspension (Eudragit

VR

) whose compo-
sition is indicated in Table 1. The PEA/PMMA copolymer
(Tg � �6�C) in a molar ratio of 2–1 induces the cohesive
effect while nonoxynol, a plasticizer, brings flexibility to the
polymer. Different masses of polymer suspension, defined as
high (H), medium (M), and low (L), were added to the
batches without modification in the proportions indicated in
Table 2. The coating layer thicknesses indicated were esti-
mated by assuming an equal distribution of the polymer on
all the particles while taking into account the PSD of Figure
1. The operation protocols used to produce and then coat the
particles with Eudragit

VR

is described in detail in Ref. 14.
Note that the bonding between the pharmaceutical excipients
in the particles and the coating layer is stronger than the one
that would be obtained with common glass beads.

Measurement of the bed surface profile and spheronizer
operation parameters

The impact of cohesion forces on the particle flow behav-
ior inside the modified spheronizer that was used to coat the
particles was assessed by measuring the surface position of
the toroid shape obtained with the help of a line scanner pro-
filer. The ScanControl 2800 laser line triangulation (LLT)
(Micro-Epsilon) projects a laser sheet onto the particulate
shape to triangulate its position. Figure 2 shows a schematic
that explains how profile measurements were acquired. The
position of the laser head was adjusted to project the laser
sheet perpendicularly to the toroid surface and the distance
from the particulate bed was chosen so that the complete
profile of the toroid can be scanned. The laser scanner sys-
tem operates according to the principle of optical triangula-
tion (light intersection method). Once the laser line is pro-
jected onto the surface, the reflected light is replicated on a
complementary metal-oxide-semiconductor (CMOS) array by
a high quality optical system and evaluated in two dimen-
sions (2-D). This equipment was set to give the accurate
position of 512 points per profile with a height resolution of
40 lm at a frame rate of one profile per second. On the basis
of experimental observations and the discrete element simu-
lation of particle flow in the spheronizer,23 the time interval
was chosen to ensure that the toroidal shape had the time to
reorganize between two measurements and that each profile
was different from the previous one.

For each batch investigated, 50 profiles of the toroid sur-
face were acquired with the line scanner profiler. After the
experiments, the profiles were analyzed simultaneously with

an homemade Matlab
VR

code that calculated the mean posi-
tion of the toroid and its variance. Figure 2 shows the mean
position as the line that crosses the cloud of points. The do-
main used to calculate the variance is represented by the
green rectangular box. To investigate the periodic behavior
of the toroid surface profile (see section Results and Discus-
sion), the frame rate was increased to five profiles per sec-
ond along with an acquisition duration higher than the char-
acteristic period time related to the surface dynamics. The
toroid surface position was acquired with the spheronizer
operating parameters presented in Table 3. All the parame-
ters were kept constant throughout the tests except for the
temperature of the particulate bed, which was step incre-
mented during each experiment, and the polymer coating
thickness, which changed between the different batches. The
range of temperatures selected was above the glass transition
temperature of the polymer and was set to obtain a variation
of the cohesive behavior of the flowing particles, which
occurred above 25�C. The air flow rate coming from the bot-
tom of the equipment was adjusted as indicated in Table 3;
it was set to a low value to modify the temperature of the
particles and to avoid infiltration of material below the rotat-
ing disc. To obtain a uniform temperature inside the spher-
onizer chamber, the bowl was closed with an acrylic cover
on top of which an infrared captor was positioned toward
the toroid surface. The measurement was taken when no
temperature gradient was observed between the heated inlet
air and the powder surface. An air flow rate between 12 and
15 cubic feet per minute (CFM) resulted in no significant
changes on the particulate flow behavior when compared to
an operation in absence of air flow.

Results and Discussion

The effects of the temperature and the coating thickness
on the interparticle forces are discussed with the help of

Table 1. Coating Suspension of Eudragit
VR

NE30D

Materials Mass (%)

Water 68.5
PEA/PMMA 2:1 30.0
Nonoxynol 100 1.5

Table 2. Final Particle Coating Characteristics

Materials Batch H Batch M Batch L

Spherical particles (kg) 3.000 3.000 3.000
Eudragit coating (kg) 0.180 0.090 0.045
Percentage of coating (% wt) 7.3 3.0 1.5
Coating layer thickness (lm) �15 �7 �3.5

Figure 2. Surface measurement setup with the 2800-
LLT ScanControl.

The box used to calculate the variance of the profile

position is oriented so that the longer edge of the green

rectangle is perpendicular to the mean profile. [Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table 3. Spheronizer Operating Parameters

Parameters Values

Disc rotational rate (rpm) 230
Air flow rate (m3/h) 20.4–25.5
Temperature range (�C) 25–45
Particle bed mass (kg) 3
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measurements of the surface position and shape of the toroid
as well as dynamic density data. Their effects on the particle
bed flow behavior are next analyzed by comparing the
results of batches H, M, and L (see Table 2). Finally, a so-
called flow state map is introduced to provide more insight
into results obtained and link them to the operating condi-
tions of other granulation processes.

Influence of the temperature on the shape of the toroid

When the toroid is created with noncohesive material,
the particles flow with a characteristic spiral motion in the
azimuthal direction of the spheronizer.14 Depending on the
process temperature, the particulate bed can behave follow-
ing four different states, as presented in Figure 3. Each state
is accompanied with a representative snapshot taken during
the experiments, a graph highlighting the mean, and the var-
iance associated to the profiles measured by the laser sheet

profiler, and a schematic of the cut-away view of the toroid
changes as the temperature was incremented. No profile is
presented for the third state because periodic patterns were
observed in this case, as further explained below.

The first state (FS-I) was observed at ambient conditions
and for temperatures below 36�C. FS-I corresponds to a tor-
oid shape that remains stable with respect to time and is
characterized by a free-flowing behavior of the particles. The
toroid profile is not affected significantly by a change of
temperature.

In the second state (FS-II), the toroid shape was also sta-
ble during the experiments. The difference from FS-I comes
from the presence of isolated agglomerates at the toroid sur-
face. As shown in Figure 3, the presence of these agglomer-
ates has a significant impact on the variability of the toroid
profiles measured. The schematic of FS-II also shows that
the size of the agglomerates and the volume occupied by the

Figure 3. Flow states (FS) of the toroid as the temperature increases.

Snapshots taken with batch H are compared with the profiles obtained from the superposition of 50 measurements taken during

each experiment. The variance indicated is related to the mean profile represented by the line passing trough the cloud of points.

The schematics of the FS exaggerate the toroid profile variations to highlight how the temperature affects the particle bed shape

and volume. Although for FS-I only a smooth flowing layer is indicated, the other states present either agglomerates (FS-II) indi-

cated as shaded shapes, or a consolidated secondary layer (FS-III) represented as a hatched shape. The schematic for FS-IV repre-

sents the flowing and secondary layers using different colors. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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toroid increase with the temperature. FS-II persisted until
the temperature reached a threshold value (Tper) at which the
isolated agglomerates gathered to form a secondary layer of
particles.

The third state (FS-III) is a particular case as the toroid
behavior is completely different from that of the other flow-
ing states, which explains why it is treated differently in Fig-
ure 3. When the process temperature reaches the threshold
value Tper, the particle flow changes significantly and the
surface of the toroid becomes unstable with the occurrence
of periodic fluctuations. FS-III was observed to persist over
a narrow temperature range that depended strongly on the
coating thickness.

The fourth state (FS-IV) presented an oscillatory but sta-
ble surface profile characterized by a solid mass motion of
the toroid and occurred when the process temperature was
above Tper.

The next three sections explain how the temperature
affects the behavior of the particle flow for states FS-II–FS-
IV. Because no significant changes were observed when the
temperature was varied, FS-I is not further discussed.

Toroid flow state FS-II

As shown in Figure 4a, FS-I was observed when the tem-
perature was near the ambient conditions and the particles
were able to flow freely throughout the toroid domain. As
the temperature was increased from 20 to 26�C, the surface
of the toroid profile was not significantly affected. For batch
H, FS-II appeared once the temperature reached 36�C (Fig-
ure 4b) with the presence of agglomerates at the surface of
the bed, which increased in size as the upper temperature
limit for FS-II (38�C) was approached (Figures 4c, d). The
presence of these agglomerated particles caused variations
on the position and the profile of the toroid measured with
the laser scanner, which resulted in an increase of the var-
iance around its mean position (Figure 3).

As can be seen in Figure 5a, the shape of the surface pro-
file does not change significantly between 36 and 38�C. On
the other hand, a comparison of the mean profile positions
reveals small differences for this range of temperatures. In
fact, a slight expansion of the volume of the toroid occurred
when the temperature was increased. Figure 5b shows that
the variance of the surface position is affected by the tem-
perature (empty symbols), which can be explained by the
increase in number and size of agglomerates at the surface
of the toroid (see also Figure 3). At this level of tempera-
ture, it was observed that these agglomerates were short-
lived as they got destroyed by the spheronizer disc when
they flew toward it. Beyond 38�C, the flowing state FS-III
appeared and the agglomerates were replaced by a secondary
consolidated layer, as discussed in the next subsection. Such
behavior is due to the effect of temperature on the magni-
tude of the interparticle cohesive forces resulting from the
polymer coating at the surface of the particles.

For the temperature range covered in FS-II, the particles
were constantly convected throughout the toroid. The
appearance and the growth of the agglomerates with the tem-
perature indicate a gradual increase of the cohesion forces
between the particles. Three parameters contribute to the ad-
hesive force between colliding particles: the contact area
between the polymer layers, the particle contact time and the
rate of interdiffusion of the polymer chains through the inter-
face.14 The contact area and the contact time are affected by

Figure 4. Snapshots of the toroid surface as the tem-
perature was incremented in FS-II for batch H.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Surface position of the particle bed with respect to the temperature for batch H.

Empty symbols are related to FS-I and FS-II flow states while the solid symbols correspond to FS-IV. The graphs highlight the

effect of temperature on (a) the mean position and (b) the variance of the surface profile. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

AIChE Journal May 2013 Vol. 59, No. 5 Published on behalf of the AIChE DOI 10.1002/aic 1495



the elastic modulus of the polymer. Its value is known to
decrease with an increase of the temperature until it reaches
a stable value that depends on the polymer properties.24 For
the PEA/PMMA copolymer, the elastic modulus stabilizes at
6 � 106 Pa around 35�C and remains around this value as
the temperature is increased to 60�C.25 The contact area and
contact time are also affected by the pressure applied on the
polymer layer during a collision. However, the pressure
plays a lesser role in this work because the disk rotational
rate remained the same for the experiments. For these rea-
sons, the adhesive energy and the intensity of the interpar-
ticle forces are considered for FS-II to be mainly affected by
the interdiffusion rate.

Toroid flow state FS-III

When the temperature reached a value higher than 38�C,
a change of the flow structure became apparent as the
agglomeration phenomena was replaced by the creation of a
second flow layer. Beyond this temperature, the agglomer-
ates disappeared at the surface of the toroid to be replaced
by a consolidated layer of particles, on top of the original
flowing layer, in the vicinity of the spheronizer wall, as
shown in Figure 3. It resulted in two distinct zones with dif-
ferent flow behaviors. The bulk region, located at the bottom
of the spheronizer, is characterized by a fast spiral-like
motion of particles with no agglomerates. The second region,
located on top of the first one, behaves differently, with par-
ticles that move as an apparent solid mass but at a slower
pace. This zone has the properties of a dead zone, showing
an absence of mixing and particles that remain trapped with
no apparent interchange with the bulk region. In fact, FS-III
was observed to be unstable because the two layers continu-
ally changed of shape and volume in a cyclic manner. Once
created, the top layer increased in volume as the neighboring
particles from the bottom layer were swallowed into it. The
enlargement of the top layer continued until it reached
the disc of the spheronizer and then collapsed, which caused
the toroid to return to its initial state with one single bulk
layer. After a short period of time, the top secondary layer
reappeared and its volume expanded, initiating the beginning
of a new cycle. Typical profiles observed during one cycle
are presented later in this article for batch M. Note that meas-
urements were difficult to obtain for batch H as the periodic
behavior was somewhat blurred and appeared more sensitive
to temperature. Once the temperature setpoint was reached,
the behavior persisted for a short period of time before the
flow state FS-III transited to FS-II or FS-IV depending on the
temperature fluctuations in the spheronizer. Also note that FS-
III was not observed for batch L (see Table 4).

The prolonged contact time of the particles in the second-
ary layer generates strong cohesion forces. This prevents a
free flowing behavior and rather promotes the formation of a
consolidated layer. The agglomerated particles can only be
separated by the shear stress in the vicinity of the spheron-
izer disk. These cohesion forces surpass the shear forces at
the surface of the toroid in FS-III. This explains the presence
of the secondary layer and its cyclic behavior. The period of
existence of this layer is related to a balance between the
rate at which its volume expands and the time it takes to
reach the high shear zone near the spheronizer disk where it
is broken. The PEA/PMMA copolymer reptation time is not
known; the measurement of this parameter could help clarify
the evolution of the secondary layer by estimating the

time-dependent magnitude of the cohesion forces prevailing
in this layer, as discussed in section Introduction.

Toroid flow state FS-IV

When the process temperature reached 39�C for batch H,
the particulate bed moved as a solid mass with no apparent
spiraling motion at the surface, which indicates that the
cohesion forces have become larger than the inertial forces
resulting from the shear provided by the rotating disc. As
can be seen in Figure 5, the mean surface positions above
39�C are different from those at lower temperatures, with a
lower height of the toroid near the wall of the spheronizer
and an expansion of this toroid toward the center of this
equipment as the temperature increases. The variances of the
surface measurements along the length of the profiles are
also different. The material located near the spheronizer disc
is submitted to high stresses, which result in the rupture of
the toroid surface in this vicinity and the formation of super-
imposed blocks of aggregated particles, as depicted in the
corresponding schematic of Figure 3. The presence of these
blocks and the associated fracture lines create a nonregular
surface with peaks and valleys that explains the large values
of the variance along the first half of the length of the sur-
face profile in Figure 5. The snapshot for FS-IV in Figure 3
shows no blocks of particles in the vicinity of the spheron-
izer wall, hence the decrease of the variance in the second
half of the surface profile length.

In FS-IV, the particles endures prolonged contact, which
favors the increase of the adhesion forces. The absence of
particle flow at the surface of the toroid means that, when
this flow state is reached, the forces resulting from the shear
rate induced by the spheronizer disc are inferior to the inter-
particle forces. The particle bed is then characterized by a
quasistatic flow regime in which the particles flow as one
single mass in the spheronizer. It is most probable that a
thin layer of particles just above the spheronizer disc obeys
a dense flow regime, although this phenomenon was not
observed.

Influence of the coating thickness on the shape
of the toroid

As explained earlier, the coating thickness was decreased
from batches H to L (see Table 2). As the coating layer
became thinner, a higher temperature was required to induce
the different FS, as shown in Table 4. For batches M and L,
that is for coating thicknesses of 7 and 3.5 lm, agglomerates
were generated at process temperatures equal to 40 and
44�C, respectively. This tendency is confirmed by the results
obtained for batch H, let alone for a coating thickness of 15
lm, where a temperature of 36�C was necessary to produce
the first agglomerates. FS-II was observed between 40 and
43�C for batch M while it occurred between 44 and 50�C
for batch L. Hence, decreasing the coating thickness of
the polymer layer allowed the expansion of the range
of temperatures at which FS-II was observed. Figures 6

Table 4. Temperature Boundaries for the Four Different
Flowing States with Respect to the Coating Thickness

Coating Thickness FS-II (�C) FS-III (�C) FS-IV (�C)

H 36–38 38–39 39\
M 40–43 43–45 45\
L 44–50 50–? –
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(batch M) and 7 (batch L) show the mean positions of the
toroid surface profiles and the associated variances for differ-
ent temperatures and repetitions of the same experiment. All
the profiles shown can be associated with FS-I or FS-II. It
can be noticed that the decrease of the coating thickness led
to a reduction in the variability of the results, especially as
regards the variance measurements.

The numerous measurements made during these experi-
ments indicate that the coating layer thickness has an impact
on the existence of FS-III. For the batch H, FS-III occurred
within a temperature range of 1�C, which prevented its stabi-
lization. Because of that, FS-III was temporarily observed as
FS-II transited to the FS-IV behavior. On the other hand, for
batch L, the existence of the FS-III behavior was observed,
but the characteristic period was difficult to estimate pre-
cisely as the layer at the top of the toroid was breaking at a
varying rate. The cohesive forces, in this case, were outdone
by the shear stresses present in the bulk layer, which pre-
vented the creation of a coherent agglomerated structure at
the top of the toroid. Contrary to the other two cases, state
FS-III for batch M presented the periodic behavior depicted
in Figure 8. The evolution of the top layer can be clearly
observed in the insets associated with the profile curves. To
ease the interpretation of the surface position profiles pre-
sented in this figure, schematics of the bulk (gray particles)

and aggregated particle (red particles) layers have been
added. When comparing the surface profiles measured at dif-
ferent times, one can see that the toroid returned to its initial
shape between 14 and 16 s after the measurements started.
In fact, this cycle repeated itself constantly for the tempera-
ture considered (�44�C).

Influence of the toroid flow state on the dynamic density

The volume dilatation of a particle bed or the reduction of
its bulk volume can be used to assess its flowability.26,27

Noncohesive particles flow freely and give place to a slight
expansion of the bed volume through collisional interference
that increases the interparticle porosity. On the other hand,
when flowing, cohesive particles generate soft agglomerates
that roll over each other. As the intrinsic porosity of these
agglomerates is larger than the one of a noncohesive particle
bed, the volume expansion thus becomes more important as
the interparticle forces increase. With the addition of a poly-
mer coating on the particles, the volume of the particle bed
changes depending on the interparticle forces induced, which
increase with the temperature.14 Indeed, it was in that previ-
ous paper that the dynamic density decreases with an
increase of the temperature. Figure 9 shows the variation of
the measured dynamic densities (mass of the particle bed
divided by the volume of the toroid calculated from the

Figure 6. Surface position of the particle bed with respect to the temperature for batch M.

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

Figure 7. Surface position of the particle bed with respect to the temperature for batch L.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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measured surface profile) and the corresponding surface
profile variances with respect to temperature, for the three
different batches.

It can be noticed that the variance remained constant
when the temperature was increased from laboratory condi-
tions (25�C) until it reached a point where it drastically
increased. This threshold temperature corresponds to the
appearance of agglomerates at the toroid surface, that is to a
change of flow state from FS-I to FS-II. As the coating
thickness was reduced, the temperature at which the variance
began to increase moved toward a higher value, as explained
in section Toroid flow state FS-III. The dynamic density
decreased slowly in a linear fashion with the temperature as
long as agglomerates were absent. When the cohesion forces
became strong enough to cause the agglomeration of par-
ticles, the linear decrease of the dynamic density was accen-
tuated due to a larger expansion of the toroid resulting from
the large particle clusters. This is evidenced by the breaking
points in the dynamic density and surface variance curves,
which occur at similar temperatures.

Flow state map and potential use in granulation

The applicability of the polymer coating approach to study
cohesive flow in granulators is discussed in this section.
Beforehand, the interparticle forces observed with a change
of temperature or coating thickness are compared to other
typical forces encountered during granulation using dimen-
sional analysis.

Figure 10 displays a flow state map as a function of the
dimensionless Bond number (Bo) and the modified Deborah
number (De*). The latter number is obtained by dividing the

value of De defined in Eq. 5 by its value at maximum shear
rate (the shear rate was varied between 0.1 and 100 s�1).
Such normalization facilitates the comparison of different
temperature/coating cases. It can be noticed from Eq. 1 to
Eq. 4 that Bo and De depend, in particular, on the reptation
time sD, the interparticle adhesion force Fadh, and the normal
collisional velocity tn. The interparticle cohesion force is
related to the adhesive energy, which depends on the contact
time tc. The reptation time is unknown for the PEA/PMMA

Figure 8. Position of the toroid surface with respect to time for batch M.

The red profile corresponds to the profile (0 s) taken at the beginning of one cycle. The dotted lines indicate the profiles measured

just before and after the cycle was completed. The enclosed pink area between these two dotted lines indicates that the period of

the cycle is around 15 s. One can also noticed the laser beam at the surface of the bed in the three snapshots corresponding to 2 s,

8 s, and 12 s. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Dynamic density (DD) and surface profile var-
iance (SV) with respect to the temperature for
the three different batches.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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copolymer and its value was estimated as that of a PEA
homopolymer of the same molecular weight, sR ¼ 11:5 s at
TR ¼ 291 K, as proposed in Ref. 14. Because the Tg value
for the PEA homopolymer (� �20

�
C) is smaller than that

for the PEA/PMMA copolymer (� �6
�
C), this estimated

value of the reptation time is smaller than the actual one.
Using this value as a reference reptation time at 291 K, the
reptation time was then calculated by means of the WLF
empirical model in Eq. (1) and values c1 ¼ 7; 0; c2 ¼ 90
taken from Ref. 28. The contact time was calculated while
taking into account the change with temperature of the elas-
tic modulus of the PEA/PMMA copolymer.25 Different val-
ues of the shear rate from 0.01 to 200 s�1 were used to cal-
culate the mean normal collision velocity, which are repre-
sentative of the values considered in Refs. 23 and 29.
Finally, it was shown in Ref. 14 that the adhesive energy
increases linearly from 0.022 J/m2 at 20�C to 0.09 J/m2 at
50�C for a PEA/PMMA coating thickness of 120 nm. There-
fore, these adhesive energies were scaled proportionally to
the thickness of the polymer layer on the particles.30

For the spheronizer, the highest shear rate within the tor-
oid is found near the rotating disc (highest De* value) and
the lowest near the surface in the vicinity of the wall (lowest
De* value).23 Each curve presented in Figure 10 was
obtained by varying the shear rate and can then be seen as
the profile of cohesion in the particle bed from the surface
of the toroid toward the a position near of the spheronizer
disc as De* increases. Flow state regions have been added to
the graph on the basis of the results presented earlier for
varying temperatures and coating thicknesses. Note that the
concept of flow state is a local one as it may and often does

change from the surface of the toroid to the vicinity of the
spheronizer disc. For example, the top-most curve,
corresponding to a 15-lm coating thickness and a tempera-
ture of 50�C, shows that, under these conditions, the surface
of the toroid is in flow state FS-IV, its core region in flow
state FS-II, and its bottom, near the disc, in free-flowing ag-
glomerate-free flow state FS-I. It is true; however, that these
FS were defined from observations at the surface of the bed.
FS-I was observed to extend to Bo values around 10 with
the absence of agglomerates in this range, which complies
with the findings of McCarthy et al.31 as regards weakly co-
hesive particle flow. Values of Bo between 10 and 40 led to
strongly cohesive flow behavior and are represented by FS-
II, which is in agreement with the work of Khinast et al.5

FS-III is a difficult state to position within the graph because
it is characterized by two particle layers that present differ-
ent shear rate intensities along with a periodic behavior.
Another difficulty comes from the fact that this state was not
observed in the case of batch L and it did not exist for a
long enough period of time for batch H. FS-III requires that
the shear rate and the adhesion force at the surface in the vi-
cinity of the spheronizer wall are sufficiently low to sustain
a secondary layer. The FS-III zone in Figure 10 was set
accordingly and shows that the two curves corresponding to
15 lm (20�C) and 3.5 lm (50�C) represent cases where FS-
III was observed. Finally, FS-IV was placed in the graph for
Bond numbers higher than 40, which corresponds to the ex-
perimental observations for batches M and H.

To compare the Bond number of the polymer coating
layers to the forces encountered in granulation systems, two
common interparticle forces found in such processes, let
alone the capillary and van der Waals forces, have been
added to Figure 10. As a general indication, a dashed ellipse
representing the common operation zone of granulators and
covering three FS has also been added to the graph. As can
be seen, the capillary force curve lies between Bond num-
bers 2 and 20. As expected, the van der Waals forces do not
have a significant impact for the mean particle size consid-
ered (1.2 mm) in this work, as the related curve lies in a
region where Bo \ 1.

The use of the polymer coating approach allowed modify-
ing significantly the flow behavior in the spheronizer as
described by the different flowing states and the dynamic
density values representing the bulk cohesivity of the particle
bed. Because the method can be used without affecting the
PSD, its employment in a spheronizer that mimics particle
flow in granulation equipment sheds light on the impact of
cohesion on the progression of more complex granulation
processes.

In Figure 10, the wet granulation zone indicates that the
flow state FS-II should be observed under efficient operating
conditions. In FS-II, the particles are mixed homogeneously
during the operation and the interparticle forces are strong
enough to promote their agglomeration. These two opera-
tional characteristics are not found for the other FS. The
interparticle forces are too weak in FS-I and do not promote
the particle agglomeration. Moreover, the flow pattern is di-
vided into two different zones in FS-III and the particles do
not mix at all in FS-IV.

The granulation zone is bounded above by a Bond number
close to the maximum capillary force curve where the parti-
cle bed becomes binder saturated. If this limit is surpassed,
it means that the maximum capillary force is reached, which
can potentially cause the flow state to migrate from FS-II to

Figure 10. Flow state map associated with the
cohesion induced by polymer coating in
comparison with typical interparticle forces
encountered in granulation.

The converted maximum capillary (surface tension ¼
0.073 N/m) and Van der Waals (AH ¼ 6.5 � 10�20 J

and h ¼ 4 Å) forces have been added for a mean parti-

cle size of 1.2 mm. The details concerning the calcula-

tion of these forces are presented in Ref. 14. The regions

marked by roman numbers expose qualitatively the

boundary limits of the FS. The zone inside the ellipse

represents the expected flow conditions during wet gran-

ulation. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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FS-III and lead to a fast and difficult to control particle
growth. The granulation zone is bounded below by a Bond
number associated with small interparticle forces that are too
weak to promote particle agglomeration found in FS-II. In a
granulation process, such a phenomenon is observed when
the binder content is too low. The granulation zone is also
limited by Deborah number values which can be directly
linked to the intensity of shear rate provided by an agitator
or a rotating disc, for example. The minimum Deborah num-
ber corresponds to a low shear rate (slow agitator or disc
speed) and relatively poor particle mixing, which is typical
of the FS-III behavior. The maximum Deborah number cor-
responds to high shear rate (high agitator or disc speed),
which favors particle breakage and prevents particle agglom-
eration. Note that the granulation zone presented here is a
general indication of where the process should be operated
to obtain a homogeneous product with optimal performance.
The binder content that affects the interparticle forces, and
the speed of the agitator should be set to obtain the FS-II
behavior. On the other hand, their exact values should be
determined according to the desired product properties,
which also depend on the evolution of the particle flow dur-
ing the whole operation.

Recently, the flow behavior in a high shear granulation
process was evaluated in 3-D with a nonintrusive positron
emission particle tracking (PEPT) method.9 The results
revealed the existence of different regions with characteristic
flow patterns that change over time. To accumulate enough
data to represent these flow patterns, a 35-minutes granula-
tion run was divided into seven smaller time periods. It
resulted in a characterization of the particle flow during a
period of 5 min and led to a rough estimation of the velocity
profile and the residence time of the PEPT tracer within the
particle bed. A longer data acquisition time could be consid-
ered to refine the information obtained so far, but this
assumes that the flow patterns remain stable during the mea-
surement. The use of polymer coating offers the possibility
to control the interparticle forces without affecting the PSD.
It means that specific flow patterns representative of those in
a granulation system at a specific time could be reproduced
and characterized easily with this method.

Conclusions

This work used inert particles coated with a layer of a
PEA/PMMA copolymer to investigate how temperature-de-
pendent interparticle forces affect the flow behavior in a
spheronizer. Four different FS were observed depending on
the temperature of the particle bed. The FS-I is associated
with free-flowing behavior of the particles and was observed
near the ambient laboratory conditions. The FS-II is charac-
terized by agglomerates appearing at the surface of the parti-
cle bed, the size of which increases as the temperature is
incremented. The third flow state concerns the formation of
a secondary layer of agglomerated particles whose volume
changes in a periodic fashion with time. The FS-IV is char-
acterized by a solid-like motion as the particles are com-
pletely agglomerated. A flow map presenting the flowing
states was derived to show the potential use of the polymer
coating approach for mimicking the flow behavior in granu-
lation processes. A more elaborate characterization of the
forces between PEA/PMMA copolymer layers will be done
in a near future so as to gain more insight into the interdiffu-
sion rate and the increase of adhesive energy with respect to

temperature and contact time. These measurements will help
refine the model parameters used in this work and, thus,
improve the predictability of the phenomena observed. These
measurements will also help develop a cohesive force model
for the discrete element simulation of the particle flow dy-
namics in the spheronizer considered in this work or other
related granulation processes.
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