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Dynamic (flow — induced) expansion (dilation) of fine powders inside a rotating drum
is investigated. Most previous work on powder dilation is based on two-phase effects,
where the presence of air either drives the flow (fluidized bed), or air needs to be displaced
for the powder to flow (hoppers). Experimental results show that for many common
powders the bed dilates visibly up to 25%, depending on powder composition, particle
size, and the rotation speed of the drum. Discrete element simulations were performed in
parallel for various values of powder cohesion, rotation rates, and drum size. Results
show qualitative agreement between experiments and simulations. In experiments, after
the initial transient behavior, the density reached at equilibrium for all materials tested
is lower than the static “bulk density” reported in the literature. In both experiments and
simulations, increase in powder cohesion enhances dilation. DEM simulations are used to
analyze local density fluctuations and coordination numbers, which decrease with in-
creasing cohesion. As cohesive forces become dominant, large pores are formed in the
bed, leading to substantial fluctuations in local (micro) density that can have tremendous
consequences for product uniformity and quality. © 2006 American Institute of Chemical
Engineers AIChE J, 52: 4124-4132, 2006
Keywords: dilation, granular flow, discrete element method
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Introduction

Storage and flow of cohesive powders is relevant to many
industries including food, agriculture, mining, and pharmaceu-
ticals. Since the pioneering work of Bagnold,!-? extensive work
has focused on the area of particle flow properties of nonco-
hesive materials.’>-> To this date, the majority of research has
been carried out for cohesionless materials, ®° with particle
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size larger than 100 wm. Fundamental studies of fine powders
(particle diameter between ~ 1 wm and ~ 100 wm) have been
scarce despite their commercial importance.

Some recent studies have added water or oil to glass beads
or sand to “simulate” cohesion,®!'3 but dry fine particles where
cohesion is due to forces other than capillary surface tension
effects have only recently been taken into consideration in the
past few years.'*'7 For these materials, as the particle-size
decreases, the interparticle forces (for example, van der Waals
forces) become stronger leading to an increase in cohesion. The
increase in cohesion plays a dominant role in flow dynamics as
it directly impacts the bulk flowability of solid material. In-
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creased cohesiveness can cause jamming of the flow of gran-
ular material, even under conditions where the cohesionless
material flows. As cohesive forces become dominant large
pores are formed in the bed, leading to substantial fluctuations
in local (micro) density, and have been seen in powders leading
to fluctuations in surface profiles, avalanche size and an-
gle.”-13-18 [n recent years, researchers have attempted to quan-
tify cohesion and flow characteristics of granular materials by
primarily analyzing powder behavior in its consolidated
state.19-22

Dilation is an important phenomenon in fine powder flow
dynamics. Once any granular assembly is perturbed, it has to
dilate (expand in volume) in order for flow to commence. As
mixing dynamics depend on vessel fill levels in confined ves-
sels (tumbling blenders), the amount of dilation can have a
dramatic impact on the performance of blending processes.
While it is known that density of cohesive materials varies
substantially depending on shear history, flow-induced dilation
has not been studied. The concept is not new; some early
investigations of granular materials conducted by Hagen?3, and
by Reynolds?*, formulated the idea of dilatancy (expansion of
a closely packed assemblage of particles when the bulk is
deformed). Endersby?> found that loosely packed sands failed
gradually, whereas tightly packed material failed by shear.
However, very little fundamental understanding of the dilation
phenomena exists today.

In the literature, most previous work on powder dilation is
based on two-phase effects, where the presence of air either
drives the flow (fluidized bed), or air needs to be displaced for
the powder to flow (hoppers). In a fluidized bed, an increase in
gas velocity increases the voidage to maximum (unlocking of
the bed), resulting in a pressure drop equivalent to the weight
of the bed?¢. Once the bed expands, the pressure drop remains
constant and is not affected by increasing gas velocity. In the
case of fine powders in hopper flow, pressure gradients in the
interstitial gases lead to compression in the upper part of the
hopper, and dilation in the lower part. 27-32

A dense granular material resists shearing, both because of
internal friction and because it must dilate to deform. The
dilation of the bed weakens the interlocking between the par-
ticles and reduces the internal friction. However, cohesive
forces increase normal stress at contact points between parti-
cles. According to Jaeger, dilation remains constant as no
material can dilate infinitely and the state of deformation
reaches steady state. For shear-induced dilation (as seen in
tumbling blenders), it is unclear how important a role air
entrainment plays in affecting the dynamics of dilation. Re-
cently, Castellanos et al.33-34 assigned air entrainment an im-
portant role in the mechanics of avalanche flow. They stressed
that powders exhibit plastic flow properties and undergo a
transition from the solid-plastic regime to the fluidized regime
inside a rotating cylinder due to strong interaction between
particles and interstitial air. However, the dynamics of dilation
was not a focus of their study.

This article is organized into five sections. The first section
describes the experimental setup and details of the experi-
ments, the second section describes the simulation method and
the model systems along with parameters used in this work.
The quantification technique used for dynamic dilation is de-
scribed in the third section. Simulation and experimental re-
sults and their interpretations are the subject of the fourth
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Figure 1. Experimental setup.

Cylinder setup on the roller, connected to a motor, interfaced
to a PC. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

section. In this section, the main result is to demonstrate that
dilation can be predicted using a model where air entrainment
is not accounted for, providing a strong hypothesis that air is
not a significant requirement for powders to dilate. The final
section highlights the main conclusions of this work.

Experimental Method

The experimental equipment used in this article, illustrated
in Figure 1, is a computer-controlled roller assembly on which
a cylinder up to 10 in. in dia. and 12 in. long can be mounted.
The cylinders are made of transparent Plexiglas, which allows
for observation of the flow dynamics and measurement of
dilation of the powder within the cylinder. Digital video is set
to capture images at the rate of 30 frames per s. In each
experiment, the cylinder is loaded with the powder to 50% fill
by volume. Experiments consider three rotation rates (7, 16 and
29 rpm) chosen to cover different powder-flow behavior. Data
is recorded over the first 11 revolutions, during which the
system reaches steady-state flow. The initial state of the pow-
der is taken into account by pretreating the different powders in
a similar way. This is done by shaking the powder bed hori-
zontally and vertically a fixed number of times, and allowing
the powder bed to settle by itself to maintain consistency in
their initial states. The shaking also eliminates air entrainment
that might have been caused during filling of the blender.
External variables, such as humidity and temperature are kept
the same.

An experimental device called the gravitational displace-
ment rheometer has been developed for characterizing the
cohesion of dry materials.?® The flow indices, measured using
the GDR, which is a measure of the cohesiveness of the
powders are incorporated in Table 1.

Materials.  We used suitable combinations of commer-
cially available powders (Table 1) to create a family of “stan-
dard” systems of varying cohesion. Typical pharmaceutical
excipients, glass beads and sugar were used, pure and in
mixtures. These particles range from 50 um to a few mm in
dia. [Glass beads (noncohesive, 700 wm), fast-flo lactose (the
least cohesive, 100 wm), Avicel 102 (90 wm), Avicel 101 (60
mum), Regular Lactose (50 wm, the most cohesive)]. These
materials are some of the most common pharmaceutical ex-
cipients and in the interest of brevity their SEM images are not
included in this article but can be found in multiple sources
(see, for example, “Handbook of Pharmaceutical Excipi-
ents’).3>
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Table 1. Materials Used with Corresponding Size and Degree of Cohesiveness

Name Size and Morphology Flow Index Vender, City, State
Glass bead ~700 wm, sphere 7.1 Potter Industries, Carlstadt, NJ
Fast-Flo Lactose ~100 pm, spherical 27.8 Foremost farms, Newark, NJ
Avicel 102 ~90 wm, needle-like 38 FMC, Rothschild, WI
Avicel 101 ~60 wm, needle-like 44.2 FMC, Rothschild, WI
Milled Lactose ~50 wm, irregular shape 48.0 Foremost farms, Newark, NJ

Simulation Method

There are numerous models in the literature that deal with
modeling cohesion using liquid bridge models.37-3 The dis-
crete element method (DEM), originally developed by Cundall
and Strack,*> 4! is used to simulate the dynamic behavior of
cohesive powder in the rotating vessel. We considered fric-
tional, slightly elastic particles, each of which may interact
with its neighbors, or with the boundary only at contact points
through normal and tangential forces. The normal forces (Eq.
1) between pair of particles in contact are calculated using the
Walton and Braun’s latching spring model* 43

Fo= Ka,
N K (ay — ag),

for loading

for unloading @)
The stiffness coefficients (K, and K,) are chosen to be large
enough to ensure that the overlap («, and «,) remains small
compared to the particles sizes. Inelasticity of collisions is
incorporated in this model by including a coefficient of resti-
tution e = VK,/K, (0 < e < 1, where e=1 implies perfectly
elastic collision with no-energy dissipation, e=0 implies com-
pletely inelastic collision).

Tangential forces are calculated employing Walton’s incre-
mentally slipping model.** After contact occurs, tangential
forces buildup nonlinearly, causing displacement in the tangen-
tial plane of contact. These forces obey Coulomb’s law; if the
magnitude is greater than the product of the normal force, and
the coefficient of static friction, they lead to sliding with a
constant coefficient of dynamic friction

Sliding if: Fy = uFy )

For simplicity, in this article, the static and dynamic-friction
coefficients were considered of equal value in the simulations
(future work will consider different values for dynamic and
static friction). A list of the system parameters used in the
simulations is given in Table 2.

In general, cohesion in particulate solids can be classified in
two very broad types: “wet” and “dry” cohesion. In wet (or
moisture-induced cohesion), capillary forces play a major role.
In “dry cohesion”, for solids smaller than 100 microns, Van der
Waals forces become relevant, such as those calculated in the
classical work by Johnson, et al. 45> and Derjaguin et al.*¢ using
contact mechanics. Electrostatic forces also become relevant
for dry cohesion, affecting the flow of systems with particle
size from one micron to a few mm. In this work, dry cohesive
forces between two particles and between a particle, and the
wall are simulated using a square-well potential, whenever
particles are in contact. In order to compare simulations con-
sidering different number of particles, the magnitude of the
force is represented by using the dimensionless parameter K =
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F./mg, where K is called the granular Bond number and is a
measure of cohesiveness that is independent of particle size.
This force is only added when there is particle/particle or
particle/wall contact. The magnitude of the cohesive bond
number K is not set arbitrarily. In fact, we chose a similar range
for the values of K chosen by Baxter*’, which is supported by
previous work by our group using AFM.48

The total resultant force on each particle is given by the sum
of all the contact forces, gravitational force, and the cohesive
force. The resultant torque is the sum of the moments of all the
tangential contact forces acting on the particle. The procedure
followed for simulations is similar to the experiments; initial-
izing was carried out by vibrating the bed and then allowing it
to settle under the influence of gravity.

Dilation measurements technique

In this section we describe the details of the quantification
technique used to measure dilation of the powder bed under
confined conditions. Each of the experimental video images
and numerical simulation snapshots are manually edited to
further highlight the voidage fraction in the cylinder. Figure 2
depicts the quantification technique, where the granular bed is
colored black and the voidage region is blue. A custom —
designed pixel-counting program is used to determine the rel-
ative volumes of powder to void. It is assumed that bed dilation
is uniform along the axis of the cylinder; visual observations
and snapshots along the length of the cylinder support this
assumption. Analysis of pixel data is done for snapshots taken
at every 0.3 s for simulations and 1 s for experiments. The
initial volume of the bed at time t = 0 s (no rotation) is
considered as Volume ,,;,;,,, and at any later time as Volume ,,,,,.
Dilation is quantified as the percent increase in bed volume
relative to the initial volume. Time t = 0O is taken as the last
frame before the onset of powder movement

Table 2. Parameters Employed in DEM Simulations

Total number of particles 20,000
Radius of the particles 1.0 mm
Density of the particles 1500 kg/m*
Frictional Coefficients
Particle/particle 0.4
Particle/wall 0.7
Coefficient of restitution
Particle/particle 0.7
Particle/wall 0.5
Normal Stiffness Coefficient
Particle/particle 6000 N/m
Particle/wall 6000 N/m
Tangential Stiffness Coefficient
Particle/particle 4200 N/m
Particle/wall 4200 N/m
Time step (At) 2.5 X 107° sec
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Figure 2. Results from transforming the experimental
pictures — the powder region is black, the
voidage is blue, and the background is green.

Volume,,,, — Volume,,;,;,;

% Increase in Bed Volume =
Volume,y,;;;

In order to evaluate the reproducibility of the experiments and
the technique, multiple sets of experiments were carried out. As
shown in Figure 3, for Avicel 101, the bed expansion was
reproducible to within 5% RSD. Similar reproducibility was
achieved for different materials, at different rotation rate and
scale, which will be discussed in the next sections.

Results

As will be discussed in the next sections, the aim of this
article is to illustrate that the changes in packing, driven di-
rectly by cohesion, is a major factor in dilation. The fact that air
is not accounted for in the simulations is a strong indicator that
air entrainment is not the root cause for powders to dilate. This
analogy contradicts Jaeger (who implies that dilation should be
constant) and Castellanos (who emphasizes the role of air).

Mechanics of dilation

Once a material has failed either through tensile cracking or
by sliding, it flows down the surface of the cascade. Powder
cohesion plays a strong role in determining the type/size of
avalanches/failures and the flow dynamics. For completely
free-flowing materials (that is, dry glass beads ~200 w or
larger) run at moderate rotation rates (<30rpm), flow is con-
tinuous on the surface, and the flowing surface remains nearly
flat. Particles flow as individual grains, enter the cascade, flow
downward, and then re-enter the area of solid-body rotation.
Dilation is minimal (< 5%); just enough to allow flow (similar
to that described by Jaegar).

For slightly cohesive materials (fast-flow lactose), particles
flow freely, resulting in nearly continuous flow in the form of
waves (that is, weak avalanches). The free surface remains
nearly flat, nearly smooth. As cohesion increases; in this case
for Avicel 102, Avicel 101 and regular lactose, flow is char-
acterized by distinct avalanches. Large portions of the material
fail and flow down the surface in large avalanches. The size of
avalanches is determined by the cohesive forces, and static
friction between particles, while the speed of the avalanche is
controlled by dynamic friction at the shear plane. We propose
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that an increase in cohesion plays a key factor in increasing
dilation by increasing the porosity of the bed.

At a given shear rate, for free flowing material, the solid
particles, which can flow freely, slide over each other providing
a slight increase in the bed volume. As the cohesive forces
between the particles increase, soft agglomerates (association
of multiple particles) are formed, which similar to individual
particles roll over each other under the effect of shear. In
comparison to the free flowing case, the interstitial volume
between the agglomerates is much larger, explaining the in-
crease in bed porosity. The effect of rotation rate is insignifi-
cant (shown in next section), suggests that dilation is heavily
dependant on cohesive forces. As cohesion increases, the shear
applied is insufficient to break the cohesive forces causing
increase in porosity and dilation.

Effects of cohesion

Changes in powder dilation for the four pharmaceutical
materials from Table 1, run at 7 rpm in the 8 in. dia. cylinder,
are shown in Figure 4a. In general, dilation increased with
increasing cohesion. The four powders show a similar trend, a
radical increase in dilation (0 — 2 revolutions) occurs initially
before settling to a steady-state regime. The least cohesive
powder (fast-flo lactose) reaches steady-state almost immedi-
ately (<1 revolution). The more cohesive powders show more
variability over the first few revolutions (especially regular
lactose and Avicel PH102). The behavior for the first few
revolutions is highly dependent on the initial conditions (pack-
ing fraction, length of time at rest, relative humidity, and so
on). At steady state, the dynamic density of the materials was
lower than the bulk density, indicating that dynamic dilation is
much higher than static dilation. As seen in Figure 5, as particle
cohesion increases, the difference between bulk density and
dynamic density increased. It is not shown in this article that
the degree of dilation did not vary significantly throughout the
cylinder.

The degree of dilation was compared to the flow Index
obtained from the GDR of the four materials and its mixtures.
Here, mix 1 is a combination of 50% Fast-Flo Lactose and 50%
Avicel 102; mix 2, that of Avicel 102 and regular lactose; and
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Figure 3. Results for multiple runs on Avicel 101 shows
the reproducibility of the methodology.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. (a) Plot illustrating the increase in dilation with
powder cohesion for experiments, and (b) plot
illustrating the increase in dilation with powder
cohesion (increasing value of K) for simula-
tions.

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

mix 3 of Avicel 101 and regular lactose. As seen in Figure 6,
there is an excellent correlation between the flow index and the
degree of dilation. The bed expansion is a direct consequence
of the cohesiveness of the powders and can also be used to
quantify cohesion.

Experimental results of dilation are compared to those of
simulation in Figure 4b. The simulation model shows the same
trends as the experiments: dilation increases as K (that is,
dimensionless cohesion) increases. The simulations show
strong time-dependent initial behavior although the time scale
over which steady state is reached is much shorter. The simu-
lations are in qualitative agreement with experiments, despite
the fact they neglect the effect of interstitial air. There is a
difference in the quantitative values of simulations and exper-
iments, due to the cylinder/particle size ratio for simulations
being higher than for experiments, the fact that simulated
particles are monosized and spherical. However, the clear
implication appears to be that for cohesive materials at low-
speed, air entrainment is a consequence, not a root cause of
dilation.
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Figure 5. Comparison of the dynamic density to the bulk
and tapped density as a function of increasing
cohesion in experiments.

As powder cohesion increases, the difference in the dynamic
and bulk density increases. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Effect of the initial deformation of the powder on
dilation

As seen in Figure 4a, the maximum increase in bed expan-
sion occurs in the first few revolutions. As the cylinder starts to
rotate, static friction dominates the flow. A radical jump in
dilation (0 — 2 revolutions) is observed during the initial de-
formation of the powder bed, which exhibits a tensile —
cracking phenomena of larger intensity for powders of increas-
ing cohesion. This initial deformation of the powder is mainly
controlled by the relative strengths of static friction and cohe-
sive bonding between the particles.

For the least cohesive powder, fast-flo lactose, the first major
failure (white circle) is a weak avalanche (Figure 7a). For this
weakly cohesive material, the only difference between the
initial failures and the steady-state dynamics is simply a change
in size and tempo. For Avicel PH102, the first major failure of

Degree of Dilation

0 T -
0 10 20 30 40 50 60
Flow Index (Standard Deviation of weight signal)

Figure 6. Correlation of the flow index obtained from the
GDR to the degree of dilation of the pure com-
ponents and mixture blends.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7. Snapshot of the failure of the four pharmaceu-
tical materials.

As cohesion increases, the size of the failures (avalanches)
increases. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

the material occurred when a large portion of material broke off
through a tensile-cracking mechanism (Figure 7b). The next
few failures were similar in nature although smaller and only
after the entire powder bed had circulated through the flowing
region at least once did the dynamics approach the frictionally-
controlled steady-state.

The more cohesive Avicel PH101 did not exhibit any initial
small avalanches before the onset of major bulk failure. The
free surface of the material had to travel almost to a 90-degree
angle until any relative motion in the powder bed was noted.
The first evidence of movement occurred at the “top” of the
cylinder where the powder broke free from the cylinder wall
(Figure 7c). The first failure was similar to Avicel PH102; a
large portion broke off through tensile failure and crashed
downward. The next few failures were similar in nature, but
smaller in size until the steady-state friction-controlled dynam-
ics were reached.

Finally, Regular lactose separated from the wall much
sooner that any of the other materials, indicating that the bond
between particles and wall was weakest for this material (rel-
ative to material density). After separating from the wall, a
large portion of the material near the free surface appeared to
break away from the bulk and slide downward (Figure 7d). The
topmost section exhibited tensile cracking, but the entire en-
semble flowed down the cascade rather than breaking off and
cracking like the Avicels. Further failures were very similar,
although it took the longest for this material to approach
steady-state.

Air, dilation, and coordination number

In the case of fine powders, the attractive forces between
particles can lead to agglomeration: bridging, coating and
buildup. These forces are short range and typically weak,
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leading to formation of soft agglomerates. The intensity of
particle adhesion increases as the cohesive stresses increases
(finer particles), leading to bigger aggregates. This suggests
that the variation of the bed porosity is mainly controlled by the
cohesive forces. As shear is insufficient to overcome the effect
of cohesive forces, and breakup these agglomerates, the for-
mation of larger agglomerates allows for larger pore size dis-
tribution in the bed causing higher dilation.

One method to examine this phenomenon is by analyzing the
coordination number of the particles in the simulations. We
estimated the particle coordination number distribution for
varying levels of cohesion. Figure 8 shows the variation of the
mode of distribution as a function of cohesion factor “K” at
time ¢ = 4 s, when the bed has already been dilated. Increase
in cohesion “K” results in lowering of the coordination number
once flow has been induced.

Effects of speed

Figure 9 shows the effect of rotation rate on dilation of the
powders studied here. For the least cohesive powder, fast-flo
lactose, dilation increases with increases in rotation rate (Fig-
ure 9a). In a rotating cylinder, this material exhibits nearly
continuous flow on the surface and rather than observing indi-
vidual avalanches, the cascading surface undulates aperiodi-
cally. Avalanches are neither discrete nor separated. As the
rotation rate increases, the particles on the surface increase in
velocity, which may imply a shallower flowing layer. It is
likely that the increase in dilation is asymptotic and that above
a certain rotation rate, dilation will no longer increase. Further-
more, at higher-rotation rates, the material becomes airborne at
the top of the flowing layer and measuring dilation becomes
haphazard at best. Figures 9b and c show the dilation of
higher-cohesion powders (Avicel PH-101, Regular Lactose).
For these materials, increases in rotation rate do not lead to
steady-state increases in the degree of dilation. It is surmised
that the faster rotation rates leads to an increase in the fre-
quency of avalanches without significantly changing the dy-
namics of flow, thereby not causing change in dilation. Simu-
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Figure 8. Plot of Coordination Number vs. Granular
bond number using DEM simulations.

When flow is induced, coordination number decreases as “K”
increases. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 9. Changes in dilation with increasing rotation
rate are shown for (a) fast-flo lactose, (b) Avi-
cel PH101, (c) regular lactose, and (d) simula-
tions using K = 90 (most cohesive).

While there is short-term variability in most cases, only fast-
flo lactose (the least cohesive) material shows changes in
steady-state dilation with change in rotation rate. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

lations were also performed at multiple rotation rates for K =
90 (high-cohesion), and the same trend was noted (Figure 9d).
For both experiments and simulations, there is short-term vari-
ability in dilation but the steady-state value does not vary with
increasing rotation rate. Perhaps, there exists a different regime
at higher-rotation rate, which can be a cause for further inves-
tigation.

Effects of cylinder diameter

Experiments investigating change in dilation with variations
in cylinder diameter (1-10 in.) were performed with Avicel
101 because this material exhibited the widest range of ava-
lanching behaviors. As the diameter of the container was
increased from 1 to 8 in., dilation decreased monotonically due
to an increase in shear, which causes the agglomerate to break
up (Figure 10a). However, when the diameter was increased to
10 in., dilation suddenly increased to the highest value of all the
experiments (this surprising result was reproduced numerous
times). In the smallest cylinder, flow was constrained and
periodic, and a relative large value for dilation was measured.
The shear provided was insufficient to break the agglomerates.
This is similar to the case of high-powder cohesion. As the
cylinder diameter increased, flow became freer; particles were
able to move as individual grains. In the 10 in. cylinder
(excellent reproducibility was achieved), flow was free, but
would stop before reaching the end wall of the cylinder, as the
shear was insufficient to allow the material to cascade down the
cylinder. The insufficient shear prevented the breakage of ag-
glomerates, causing the degree of dilation to reach its maxi-
mum. We also carried out simulations for similar range of
vessel diameter, and the results were comparable to that of the
experiments as shown in Figure 10b.
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Thus, it appears that dynamic friction (resistance to flow
after the initial deformation/failure) imposes a length scale for
the travel distance of the failure/avalanche. If the cylinder
diameter is less than this travel distance, flow is restricted and
dilation will increase as the diameter increases. The shear tends
to get distributed through out the whole bed. At some optimum
cylinder diameter, “free” flow will be maximized as the shear
is distributed only at the top surface, thereby enabling dilation
to reach a minimum. As the cylinder size is increased beyond
this optimal size, the shear provided is insufficient to cause the
agglomerates to break, thus, not allowing the particles to move
freely.

In previous work with mixing of powders, a similar trend
was noted — mixing rates decreased over a certain range of
increasing blender volumes, but then increased dramatically for
the largest blender. Thus, for both dilation and mixing rates,
there was a range over which one trend was noted, and then
above a certain size the trend completely reversed itself. Ob-
servation of the flow in the vessel indicated that flow dynamics
(especially near the bottom of the cascade) appeared to play the
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Figure 10. (a) Change in dilation for Avicel PH101 is
shown for cylinders ranging from 2 inch dia.
to 10 inch dia.. Dilation decreases monoton-
ically as cylinder dia. increases from 1-8
inches, but then rises dramatically in the 10
in. cylinder, and (b) shows the results of vary-
ing diameter for simulations (K = 60).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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major role in determining changes in dilation with increasing
scale.

Conclusions

In general, an increase in cohesion leads to an increase in
dilation. The difference in the initial deformation was due to
the static friction between the particles. The simulations were
in excellent qualitative agreement with experiments, where
increase in the cohesion factor “K”, led to increase in dilation.
The fact that air is not accounted for in the simulations is a
strong indicator that air entrainment is not a necessary dynam-
ical ingredient for powders to dilate, and that alternative mech-
anism can play a dominant role. The effect of rotation rate was
relevant for low cohesion; increasing the rotation rate increased
dilation, but only slightly. The effect of scale is pivotal as
dynamic friction seems to impose a length scale for the trav-
eling distance of an avalanche.

We caution that this analysis has been verified for relatively
short (12 in. length) cylinders of small diameter/capacity (1-10
inches), and it is unclear how changes in blender size, geom-
etry, and surface properties will affect changes in dilation. It is
apparent, however, that dilation is an important factor to con-
sider when loading a tumbling blender. The total volume taken
up by the material can change drastically between the resting
state and steady-state in motion. Mixing failures could be
caused by the ensuing “overfilling” of the blender caused by
the dilation of the powder beyond the limits of useful blender
operational range. As the particle cohesion increases, flow
dynamics change from a regime where motion of individual
grains dominate to that controlled by motion of agglomerates
formed due to cohesive forces. The increase in cohesion not
only affects the flow dynamics, but it also changes the structure
of the granular bed. In particular, it was found that due to the
domination of cohesive forces over shear forces, the porosity of
the bed could be considerably increased. Such large variations
in bed porosity can have tremendous consequences for product
uniformity and quality, since regions of high and low solid
densities can coexist within a blender.
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