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The flow and agglomeration of wet particles in a bladed mixer was studied experimentally using particle image velocimetry
and computationally using the discrete element method. The experimental and computational work showed that particle
beds at low moisture contents are characterized by enhanced convective and diffusive particle motion as well as enhanced
mixing kinetics when compared to dry particle beds. This behavior is attributed to the development of small particle
agglomerates which behave like rough, nonspherical particles and enable the transfer of energy from the blades to the
particle bed. At higher moisture contents, a different behavior was observed. Particle convective and diffusive motion was
hindered by the presence of moisture at higher levels leading to a decrease in mixing performance. This occurs as large
agglomerates are formed and are not broken apart by shear leading to poor mixing. Pressure and shear stress profiles were
shown to be affected by the amount of moisture in the system. The extent of agglomeration at different moisture contents was
quantified via the discrete element simulations. Agglomerate size distributions and morphology were shown to be strong

functions of moisture content. © 2012 American Institute of Chemical Engineers AIChE J, 58: 3354-3369, 2012
Keywords: bladed mixer, agitated drying, wet granular flow and particle agglomeration

Introduction

The presence of interparticle cohesive forces is often
encountered in many practical granular systems. These
forces give rise to different phenomenological behaviors in
cohesive granular materials from what is observed in nonco-
hesive systems. For example, the tensile strength of static
piles increases in the presence of cohesion.' This characteris-
tic enables the creation of sand castles from wet sand since
a stable shape cannot be created with dry sand.”> The angle
of repose of a granular pile is usually increased by cohe-
sion.” Cohesive forces can increase dilation of granular
materials during flow and can induce hysteresis.*> The appa-
rent friction between particles increases even with a small
amount of cohesion in the system.® This complex behavior
makes the prediction and control of cohesive granular flows
difficult. The presence of cohesion in industrial scenarios
leads to operational problems which are not easily solved or
prevented. Cohesion can often lead to problems such as
bridging, channeling, discontinuous mass flows, material
accumulation on equipment walls and broadening of parti-
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cle-size distributions”® due to the formation of particle
agglomerates. The majority of research in granular flows has
focused on noncohesive systems. Studies involving the flow
of cohesive granular materials are not as commonly encoun-
tered in the literature. The need for fundamental studies
dealing with the transport and storage of cohesive granular
materials is therefore substantial.

The presence of moisture in a granular system gives rise
to cohesion due to capillary forces. When particles are in
contact in wet systems, a meniscus is formed between the
contacting surfaces as capillary action attracts the liquid on
the nearby surfaces.” This leads to the formation of a liquid
bridge which creates an attractive force due to surface ten-
sion and the hydrostatic pressure inside the bridge.m Capil-
lary forces can have a significant effect on the behavior of
granular materials. For example, the magnitude of capillary
forces can be double that of gravity for particles with a dia-
meter above 100 um.’ Particles in a wet system can exist
in a number of different states depending on the moisture
content of the system. These states are the pendular state
(low moisture content), the funicular state (intermediate
moisture content), and the capillary state (high moisture con-
tents).!' The resulting behavior in wet systems is dictated by
the amount of liquid present in the system and the distribu-
tion of the liquid via capillary bridge networks.® The
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presence of moisture also leads to the development of vis-
cous forces as particles move past one another. However, at
low moisture contents, the effect of these forces is secondary
to the effect of capillary forces.'?

Bladed mixers are commonly used in a variety of indus-
trial processes as these units are capable of handling materi-
als ranging from free flowing beds to cohesive systems.'
These mixers are frequently encountered in the food, bulk
chemical and pharmaceutical industries. Some industrial
applications of bladed mixers include wet granulation,m_16
agitated drying,”_19 and mixing and blending.20 For bladed
mixers, the majority of past studies have focused on dry
granular flows.”'** These studies have provided insight on
the flow patterns and velocity profiles that develop inside
bladed mixer for a wide range of particle properties and
operating conditions. However, the case of granular flow in
bladed mixers in the presence of cohesion has received less
attention despite the fact that cohesion is present in many
industrial scenarios where bladed mixers are used (i.e., wet
granulation, agitated drying). Most of the research on wet
granular flows has been performed for prototypical geome-
tries such as simple shear flows,>>2° discharging hoppers,27
or rotating drums.?®?° It remains unclear whether the results
obtained in these simple geometries could be extended to
more complex systems such as bladed mixers.

Several researches have studied wet bladed mixer flows in
the area of wet granulation.”‘32 These studies, however,
focused mostly on the effect of liquid distribution and oper-
ating parameters on resulting granule properties. Few funda-
mental studies are found in the literature which investigate
the flow and mixing of wet particle beds in bladed mixers.
Lekhal et al.** experimentally examined the effect of mois-
ture on granular flows in a bladed mixer. Two flow regimes
were identified at different levels of bed moisture. At low
moisture contents, granular flow was dominated by the
motion of individual grains, while at high moisture contents
the flow is controlled by the motion of small agglomerates
that formed due to cohesive forces. More recently Radl
et al.>* used the discrete element method (DEM) to study
bladed flows of spherical particles in the millimeter size
range at low moisture contents (<1 v/v %). The authors
found that the presence of moisture led to increased dilation
of the particle bed as the blades were rotated. Additionally,
the authors observed increased particle velocities and granu-
lar temperatures for the wet particle beds which led to
enhanced localized mixing rates when compared to dry parti-
cle beds. These studies have provided an initial understand-
ing on how wet flows develop inside bladed mixers but have
not clearly correlated the effect of moisture content and par-
ticle properties on macroscopic properties like void fraction,
pressure, stress and degree of mixing. Additionally, little is
currently known about the effect of moisture content on the
formation of particle agglomerates. While wet granulation
processes are designed to achieve particle size enlargement
via agglomeration, agitated drying processes are generally
designed to minimize the extent of agglomerate formation.
Uncontrolled agglomeration of the particle bed could lead to
broader particle-size distributions and could ultimately lead
to the production of out-of-specification batches.

This study focuses on the experimental and computational
examination of wet particle flows at different moisture con-
tents in a bladed mixer. Moisture contents ranging from 1.0
to 4.5 v/v % were examined experimentally and computa-
tionally. This range was chosen to ensure that the liquid
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Figure 1. Bladed mixer geometry.

(a) mixer schematic and (b) laboratory PIV set-up.

bridges exist in the pendular regime.*>?° Experimental flows
were characterized with the use of the Particle Image Velocim-
etry (PIV) technique. DEM simulations were carried out which
included the effect of cohesion due to capillary liquid bridges.
Our bladed mixer consists of a vertical cylinder mechanically
agitated by four blades pitched at a 45° angle. This geometry
is representative of several industrial bladed mixer units,
including agitated dryers and wet granulators. We include a
detailed comparison between experimental results and the
computational results. The effect of moisture content on mac-
roscopic quantities like flow patterns, mixing kinetics, bulk
density, stress and particle diffusivities is discussed. The effect
of moisture content on particle agglomeration is then dis-
cussed. The findings presented are relevant to the operation
and optimization of industrial processes as they provide insight
on parameters that affect particle velocities, mixing and parti-
cle agglomeration in an industrially relevant geometry.

Experimental Method
Experimental set-up

The geometry of the bladed mixer used in this work is
shown in Figure 1. The dimensions for the mixer are shown
in Table 1. The laboratory unit consisted of a glass cylindri-
cal vessel agitated by an impeller with a glass shaft and 4
Teflon® blades pitched at a 45° angle. The blades were
rotated in the counterclockwise direction leading to an
obtuse configuration. The granular material used in this work
was Dragonite® glass beads (Jaygo, Union, NJ) with diame-
ters of 2 mm (0.3 mm). For all experiments, the granular
material was loaded into the laboratory mixer to an initial
bed height of ~30 mm. This bed height was sufficient to
cover the top tip of the blades.

The PIV technique was used to measure surface particle
velocities in the laboratory unit. This technique allows for
the tracking of particles in a granular bed from high-speed
CCD images. A high-speed camera is placed directly above
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Table 1. Mixer Dimensions Used for the PIV Experiments
and the DEM Simulations

Dimension Value (mm)
Dy 315

D, 32.5

D, 152.5

Hy 55

H,; 45

H, 0

one quadrant of the flow in the bladed mixer and is used to
record images of the free-surface at 250 frames per second.
PIV yields both instantaneous and mean velocity vector
fields for 2-D flow structures at the bed top free surface. The
top surface image spans the entire radius of the container.
Analysis of the PIV data was performed following the proce-
dure outlined by Remy et al.>° Experimental velocities were
measured only near the top free surface as shown in Figure
1b. We were not able to obtain side view velocity measure-
ments due to particles sticking to the cylinder wall in the
presence of moisture.

For the wet particle experiments, the particles were first
loaded into the mixer. The blades were then set to rotate
counterclockwise and water was added from the top at dif-
ferent locations with the use of a small spraying device. The
impeller was driven by a motor with a speed controller with
an accuracy of +0.1 rpm under load. The wet particle bed
was allowed to mix for 5 minutes before taking the PIV
measurements. This water addition procedure was found to
yield reproducible results in the laboratory and is consistent
with the procedure used by Lekhal et al.>> Experiments were
performed using a blade speed of 25 rpm.

Discrete Element Method
Contact force model

PIV experimental measurements are limited to two-dimen-
sional flow fields near free surfaces. However, a complete
three-dimensional (3-D) picture can be obtained with the use
of DEM simulations. This technique can reveal a greater
level of detail of how granular flows develop in complex
equipment configurations since it allows for the study of
parameters that are difficult to measure or vary experimen-
tally. Information on localized flow, contact network struc-
tures and stress profiles can be easily obtained via DEM sim-
ulations. These parameters, however, are difficult if not
impossible to obtain experimentally.

In DEM simulations, the behavior of a particle bed is
determined by resolving the contact forces that develop
between neighboring particles. From the interparticle contact
forces, the trajectory of each particle can be obtained by
integrating Newton’s equations of motion starting from an
initial system configuration. For a wet granular system in the
pendular state, the motion of each particle is described by

dV,‘

miE:Z(Fg{—i-Fg)—i-F;—&-mig (1
J
dwi T
=== zj:(R,» X Fp) + )

where m;, R;, I;, v;, and w, are the mass, radius, moment of
inertia, linear velocity and angular velocity of particle i, and g
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is the acceleration due to gravity. Ff-}’ and F Z are the normal

and tangential forces, respectively, resulting from the contact
of particle i with particle ;. FS is the cohesive force
experienced by particle i due to the formation of a liquid
bridge between it and particle j.

The contact forces are determined from the model pro-
posed by Tsuji et al.>” Our previous bladed mixer work has
demonstrated ability of this model to produce DEM results
in good agreement with experimental data for dry, monodis-
perse flows.?® The EDEM software (version 2.1) from DEM
Solutions was used to perform the simulations. A detailed
description of the contact model used in this work can be
found in Remy et al.>

Cohesive force model

The cohesion force model proposed by Mikami et al.*®

was used in this work. A custom code was developed to
include the cohesion model calculations in the EDEM soft-
ware with the used of the extended API feature of the soft-
ware. This model is based on regression expressions
obtained from numerical solutions of the Laplace-Young
equation. From this model, the cohesion force is given by

F* = exp(Ah +B) + C 3)
A=—1.1V0% 4)
B=(—0341nV —096)0°>—0.0191In V+048 (5)

C = 0.0042 In V + 0.0078 (6)

where F¢ is the normalized capillary force (F¢ = F¢/27Ry), y,
7 is the surface tension of the liquid, V' is the dimensionless
liquid bridge volume (V = V//R?), 0 is the contact angle of the
liquid bridge, & is the dimensionless separation distance
between the surface of the particles (2 = h/R); and A, B, and
C are constants. The Mikami model has been shown to yield
capillary forces in the pendular regime in good agreement with
experimental data and with other numerical solutions of the
Laplace-Young equation.'®*°

When pendular bridges are stretched, the thickness of the
liquid layer decreases eventually leading to the rupture of
the liquid bridge. The distance at which a pendular bridge
breaks is determined by using the expression proposed by
Lian et al.*

he = (0.620 + 0.99) V"3 )

The presence of moisture also leads to the development of
viscous forces between particles. The capillary number
relates the magnitude of the viscous force to the capillary
forces in a liquid bridge, and is calculated by

Ca=nU/y (®)

where # is the dynamic viscosity of the liquid and U is the
characteristic velocity. For a water wet granular material
flowing at a velocity of 0.2 m/sec (a typical velocity in a
bladed mixer at the blade speed used here), the value of the
capillary number is Ca < 0.01. This indicates that the effect of
the viscous forces is negligible compared to the effect of the
capillary forces. The effect of dynamic viscous forces was not
be considered in this work.
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Table 2. Contact Force Model Input Parameters

Variable Symbol Value
Rolling friction coefficient Uy 0.005
Sliding friction coefficient s 0.5
Particle density Pp 2.2 g/ml
Young’s modulus E 2.6 x 10° Pa
Coefficient of restitution e 0.6
Particle diameter (d) d 2 mm
Number of particles N 28,000
Poisson’s ratio o 0.25

Time step <1 x 1077 sec

The following assumptions were made in the implementa-
tion of the liquid bridge model into the DEM algorithm:

(1) The total amount of liquid in the system is perfectly
mixed throughout the entire particle bed such that each lig-
uid bridge has the same volume of liquid.

(2) No condensation or evaporation of the liquid occurs.

(3) A pendular liquid bridge is formed at the point of con-
tact when two particles come in contact. The liquid bridge
continues to act between the two particles until the distances
between the particles exceeds /..

(4) A pendular liquid bridge is formed at the point of con-
tact when a particle comes in contact with the walls. The
liquid bridge continues to act until the distance between the
particle and wall exceeds #Ae.

(5) Liquid bridges move tangentially slipping over the sur-
face of the particles and the walls (i.e., the capillary force
acts only in the normal direction).

In the past researchers have demonstrated that particle sur-
face roughness could affect the magnitude of capillary forces
at low liquid content.® In this work, however, we have not
included the effect of particle surface roughness on the mag-
nitude of the capillary forces as a first approximation. This
is equivalent to assuming that the surface asperities of the
particles are completely covered by the liquid layer making
the particles appear smooth and completely wettable. As
denoted by Herminghaus,® this represents an idealized sys-
tem. Further work is needed to study the effect of surface
roughness on the results shown here.

Mixer geometry and input parameters

DEM simulations were carried out using the dimensions
listed in Table 1 together with 2 mm particles to enable a
one-to-one comparison between the experimental and numer-
ical results. The input parameters used in the calculation of
the contact forces are listed in Table 2 and are, in general,
those of glass beads. These input parameters were chosen
since we have been shown that these values afford DEM
results in good agreement with experimental results for dry
flows of 2 mm glass beads in bladed mixers.”® The value of
Young’s modulus was decreased from that of glass beads to
reduce computational time. Parametric sensitivity studies in
dry systems showed that reducing the value of Young’s
modulus had a negligible effect on flow patterns, velocity
profiles and interparticle shear stresses. The parametric stud-
ies also showed that the value of the coefficient of restitution
had a negligible effect on the results obtained in our bladed
mixer. The parameters listed in Table 2 were used for the
particles, the blades and cylinder walls in all the simulations.
DEM simulations were performed with a blade speed of 25
rpm, similar to what was done in the experiments.
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The input parameters used for the capillary liquid bridge
model are listed in Table 3. The liquid properties are those
of water. A contact angle of O = 0° was used as this simu-
lates the formation of liquid bridges in hydrophylic materi-
als.?® It should be noted that contact angle is only dependent
on material properties of the particles and the walls” and is
not expected to change with separation distance. Further
work is needed to explore the effect of contact angle on the
results reported shown here. The amount of liquid in the sys-
tem is characterized by the liquid volume fraction, ¢y,
which is defined as the ratio of total volume of liquid in the
system to the total volume of the particles. Systems with ¢q
equal to 0, 0.01, 0.024 and 0.045 were studied. By assuming
a perfect distribution of liquid within the particle bed, the
value of V can be calculated. For an average particle coordi-
nation number of 5 (typical in dry bladed mixer flows at the
blade speed used here), the ¢iiq values listed above are
equivalent to V values of 0, 0.018, 0.04 and 0.075 respec-
tively. The amount of liquid in each liquid bridge is assumed
to be constant in all the simulations (i.e., the V value is the
same for each particle-particle and particle-wall contact). It
should be noted that the amount of liquid in each liquid
bridge might not be constant in an experimental system.
Scheel et al.*! have shown that a distribution of liquid bridge
volume can exist in wet systems. Here we have assumed a
constant V value as a first approximation. As such, each lig-
uid bridge contains roughly 20% of the liquid layer of each
particle. This is similar to the approach taken by Shi and
McCarthy42 and Anad et al.>® Further work is needed to
explore the effect of liquid distribution on the results
reported here. Table 3 list the value of the Bond number for
the simulations and for the experiments. The Bond number
is the ratio of the cohesive force to the gravitational force
(Bo =3y/ 2R2p[,g).43 In all the experiments and the simula-
tions the magnitude of the cohesive force is ~5 times that of
the force due to gravity.

In the coordinate system used in this work, the origin is
located at the center of the cylinder’s bottom plate. The
amount of particles present in each simulation was enough
to cover the height of the blades, similar to the experiments.
In the DEM simulations, the particles were assumed to be
monodisperse. Particles are created in the computational
space and allowed to settle under gravity while the blades
remain stationary. Blade movement is started once particle
creation and deposition has been completed. Measurements
are taken after the system has reached steady-state, which in
our system occurs within 2 sec (~1 rotation) after com-
mencement of blade rotation.

Results and Discussion
DEM results vs. experimental results

In this section, we compare the particle velocity profiles
obtained from the DEM simulations to those obtained

Table 3. Cohesive Force Model Input Parameters

Variable Symbol Value
Liquid surface tension y 0.073 N/m
Contact angle 0 0°
Liquid density Pliq 1.0 g/ml
Liquid volume fraction Diiq 0-0.045
Dimensionless liquid bridge volume Vv 0-0.075
Bond number Bo 5
Published on behalf of the AIChE DOI 10.1002/aic 3357



Experiment Simulation
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Figure 2. Tangential velocity fluctuations near top free
surface at r/R = 0.5.
Experimental results: (a) dry, (b) ¢;iq = 0.024, and (c)

$riq = 0.045. Simulation results: (d) dry, (e) ¢, = 0.024,
and (f) ¢liq = 0.045.

experimentally. Figure 2 shows instantaneous tangential ve-
locity profiles obtained for the PIV experiments and the
DEM simulations at different liquid contents. Here, the tan-
gential velocities have been normalized by the tip speed of
the blades, Vi, For both the experiments and the simula-
tions, a 10 mm x 10 mm square control area was created at
the top free surface at 7/R = 0.5. The instantaneous velocity
components were calculated by averaging over the control
area at a particular time. For the DEM simulation, only the
velocities of the particles located 0.75 particle diameters
away from the top surface were included in the calculation.
In general, good qualitative agreement is obtained between
the experimental instantaneous velocities and the simulation
velocities. For the dry velocity profiles (Figures 2a for the
experiment and 2d and for the simulation), periodic velocity
fluctuations are observed. A Fast Fourier Transform (FFT)
analysis of the tangential velocity profiles revealed that the
main frequency of the fluctuation is equal to the rotation fre-
quency of the blades for both the experiment and the simula-
tion. Normalized tangential velocity values fluctuate between
0.75 and 0.1 for both the experiment and the simulation.

Addition of water changes the tangential velocity profiles
significantly. Figures 2b (experiment) and 2e (simulation)
show the tangential velocities obtained for ¢y = 0.024. The
presence of water leads to an increase in the amplitude of
the velocity fluctuations. Maximum tangential velocity val-
ues are close to the tip speed of the blades for both the
experiment and the simulation. Negative tangential velocities
are also observed. Similar results were observed by Lekhal
et al.*® for the flow of wet art sand in a four-bladed mixer at
similar moisture contents. The increase in velocity fluctua-
tions suggest that particle movement in the tangential direc-
tion is therefore less uniform for the ¢;; = 0.024 system
compared to the dry system. In the wet systems, particle
agglomeration occurs due to the presence of cohesive forces.
The formation of these agglomerates leads to an increase in
velocity fluctuations and a less uniform flow field.

Further addition of water leads to a different effect in the
tangential velocity. Figures 2¢ (experiment) and 2f (simulation)
show the tangential velocities obtained at ¢4 = 0.045. At this
moisture content, the periodicity displayed is less than what’s
observed in the dry and ¢y;q = 0.024 profiles as determined by
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a FFT analysis of the velocity profiles. The amplitude of the
velocity fluctuation is also significantly reduced. A similar
behavior was observed by Lekhal et al.>* at high moisture con-
tents. Inspection of the video footage obtained from the PIV
experiment and the DEM simulation showed that the reduction
in velocity fluctuations is due to the agglomeration of a large
portion of the particle bed in front of the blades. These
agglomerated particles follow the movement of the blades
leading to a more uniform tangential velocity profile inside the
mixer. This will be discussed further later in this article.

While the wet particle DEM simulations are able to capture
the qualitative behavior observed in the experiments, some dif-
ferences are observed. In particular, the amount of periodicity
and the amplitude of the velocity fluctuations in the experi-
mental results (Figures 2b, c¢) are higher than what is observed
in the simulation results (Figures 2e, f). The differences are
more pronounced for the ¢yq = 0.045 simulation. These dif-
ferences could be caused by a number of factors such as dif-
ferences in particle properties, wall friction and slight polydis-
persity (present in the glass beads used, but not accounted for
in the simulations). Additionally, in the simulations the water
present in the system is assumed to uniformly coat the par-
ticles and to be perfectly mixed within the particle bed leading
to a constant liquid volume in all the capillary bridges. Visual
inspection of the particle bed during the experiments suggest
that, while a good distribution of the water within the mixer is
achieved, water is not perfectly dispersed in the mixer. In par-
ticular, water accumulates toward the bottom plate of the cyl-
inder and this effect is more pronounced at the higher moisture
contents. This is due to the effect of gravity which causes
some of the water to drain out of the liquid bridges due to the
low viscosity of water. Donahue et al.** demonstrated the
reduction of volume in a liquid bridge due to gravity for two
1 inch steel spheres wetted with oil. In this work, additional
experiments were conducted for particles wetted with water/
glycerin mixtures at different viscosities (but equivalent liquid
contents and surface tension). These experiments showed that
the amount of liquid that accumulated towards the bottom was
reduced as viscosity was increased. The velocity fluctuations
obtained for the higher viscosity experiments resemble those
obtained for the ¢y;,q = 0.045 water simulation.

Figure 3 shows the experimental and simulation instanta-
neous radial velocity profiles obtained at different moisture

Experiment Simulation

e 02
> 0
> 0.2 d)
s 0.2
> 0
> 0.2 b) e)
e 02
2 0 M
> 0.2 c) f)

0 0.5 10 0.5 1

# Revolutions # Revolutions
Figure 3. Radial velocity fluctuations near top free sur-
face at r/R = 0.5.
Experimental results: (a) dry, (b) ¢;q = 0.024, and (c)

Oiiq = 0.045. Simulation results: (d) dry, (e) ¢jiq = 0.024,
and (f) ¢liq = 0.045.
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Experiment

Simulation

Particles
sticking to wall

Figure 4. Deformation of particle bed near top free surface.

Dry: (a) experiment and (b) simulation. ¢);q = 0.045: (c) experiment and (d) simulation. The dashed lines show the position of the
blade. The particles in the simulation snapshots are colored according to their potential energy.

contents. The radial velocity profiles show similar trends to
the tangential velocity profiles. For the dry cases (Figure 3a
for the experiment and 3d for the simulation) radial veloc-
ities oscillate between positive and negative values with a
frequency equal to that of the blade rotation. These fluctua-
tions arise from the development of secondary flow struc-
tures within the mixer.*> The amplitude of these fluctuations
increases for the cases with ¢;q = 0.024 (Figure 3b for the
experiment and 3e for the simulation). A similar trend was
observed by Lekhal et al.>* at low moisture contents. These
results suggest that the intensity of the secondary flow struc-
tures increases at low moisture contents. However, Figures
3c (experiment) and 3f (simulation) show that for ¢y, =
0.045, the amplitude of the radial velocity fluctuations
decreases. While addition of a small amount of water pro-
motes the formation of stronger secondary flow patterns, too
much water could hinder the formation of such flow features.
The ¢iq = 0.045 simulation over-predicts the reduction in
radial velocity fluctuations when compared to the experimen-
tal results. This is most likely due to the accumulation of
water towards the bottom of the cylinder during the experi-
ments at higher moisture contents which is not accounted for
in the simulations.

For dry systems with fill levels just covering the height of
the blades, the granular bed deforms by forming heaps where
the blades are present and valleys in between blade passes.
The formation of these heaps is a key feature for dry flows
in the quasi-static regime.*> The effect of moisture on the
deformation of the particle bed near the top free surface is
shown in Figure 4. Experimental snapshots are displayed in
Figures 4a (dry) and 4c (¢;q = 0.045). Simulation snapshots
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are presented in Figures 4b (dry) and 4d (¢iq = 0.045). The
dashed lines show the position of the blade. The particles in
the simulation snapshots are colored according to their
potential energy (i.e., vertical height). It should be noted that
the color differences in the gray scale observed in the exper-
imental snapshots are due to the differences in heap height
and the lighting used when these images were captured. The
coloring scheme of the particles in the simulation snapshots
was chosen to match this effect. For the dry cases, a smooth
surface is obtained as the particles rise in front of the blade
to form a heap. The free surface of the bed remains rela-
tively flat on each side of the heap. However, at ¢;q =
0.045, a rough surface develops due to the formation of par-
ticle agglomerates. A large portion of the particle bed forms
agglomerates in front of the blades in the presence of mois-
ture leading to the formation of larger voids on both sides of
the heap. This effect is observed in both the experiment and
the simulation. Additionally, the presence of moisture causes
the particles closest to the side wall to stick to the cylinder
walls as the blades rotate. The DEM simulation is able to
capture this behavior well. Due to the high surface tension
of water, the cohesive force between the particles and the
wall is higher (about five times higher) than the weight of
the particles causing them to stick to the walls.

Despite the discrepancies observed, the general trends
obtained for both the experiments and the simulation are
similar. The DEM simulations qualitatively capture the effect
of moisture at different levels on the instantaneous and aver-
age particle velocities, and on the deformation of the particle
bed. The remainder of this work focuses on the examination
of moisture content effects via DEM simulations.
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Figure 5. Effect of control volume size on time aver-
aged granular temperature for dry and ¢iq =
0.045 cases from DEM simulations.
Granular temperature values shown here have been nor-
malized by Vfip and were obtained by averaging the fluc-
tuation velocity in the tangential, radial and vertical
directions for all the particles present in the computa-
tional domain. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Effect of moisture content

DEM simulations yield discrete, particle level data at each
time step. The discrete data can be translated into macro-
scopic properties of interest during flow with the use of spa-
tial and temporal averaging methods. However, the main limi-
tation of most averaging methods is the dependence of the
values obtained on the size of control volume used.*® Quanti-
ties such as granular temperature,®* degree of mixing,*’ and
stresses®® have been shown to be dependent on control vol-
ume size. As discussed by Bridgwater,47 large samples cannot
detect as much variability in the measured quantities as
smaller samples. Our previous computational work?>#
showed that for dry bladed mixer flows, a plateau exists were
the values of the macroscopic quantities listed above are not
dependent on control volume size. It is unclear whether this is
also the case for cohesive systems where particle size “altera-
tion” occurs due to the formation of agglomerates.

Figure 5 shows the effect of control volume size on time
averaged granular temperature for the dry and ¢yq = 0.045
cases. The granular temperature is calculated from

T = W2 (u'u) 9
were i’ is the localized fluctuation velocity. The mean velocity
for a group of particles within a control area at a specific time
is subtracted from the velocity of each particle yielding the
fluctuation velocity.() denotes the temporal averaging of the
square of the fluctuation velocity of each particle. In this work,
granular temperature values are normalized by V2 . The size of
the control volume (V) has been normalized by the volume of
the 2 mm particles (V). The granular temperature shown in
Figure 5 was obtained by averaging the fluctuation velocity in
the tangential, radial and vertical directions for all the particles
present in the computational domain.

Figure 5 shows a normalized granular temperature for
the ¢ = 0.045 system which is higher than for the dry
case. Figure 5 also shows that for the dry system, the gran-
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ular temperature value becomes independent of control
volume size for V/V,, < 400. While the granular tempera-
ture values change with control volume size for the dry
system, this effect is not particularly strong since the cal-
culated granular temperature decreased by less than 35%
over the range of V/V,, studied. For the ¢;;q = 0.045 sys-
tem, the granular temperature value continues to decrease
as control volume size is decreased. This analysis shows
that the formation of particle agglomerates affects the
determination of macroscopic quantities via averaging.
However, the granular temperature value only increases by
a factor of two for the ¢q = 0.045 case for the whole
range of 150 < V¢/V, < 1200 suggesting that the granular
temperature is not extremely sensitive to control volume
size for wet systems (similar to what was observed for dry
systems). None the less, it is important to recognize that
macroscopic quantities can vary with control volume size
and we therefore report the control volume size in this arti-
cle. The macroscopic quantities reported in the remainder
of this article were obtained for fairly small control vol-
ume sizes (V/V,< 250) where a plateau value had been
reached for the dry cases.

The PIV analysis showed that particle surface velocities
are significantly affected by the moisture content in the parti-
cle bed. The DEM simulations show that both the particle
motion at the free surface and throughout the entire bed are
affected by the amount of moisture in the system. Average
radial and vertical velocity fields in front of the blades are
displayed in Figure 6 for different moisture contents. The
color of the vectors in Figure 6 represents the value of the
tangential velocity component. A secondary flow structure
consisting of a recirculation zone forms in front of the
blades for all the different moisture contents studied. Par-
ticles rise by the wall forming a heap and flow downwards
near the impeller shaft. The particles near the top of the
heap flow radially towards the impeller while the particles
near the bottom plate flow towards the cylinder wall. The
development of this flow feature leads to enhanced vertical
and radial mixing in dry systems.*> The intensity of the
recirculation zone changes with moisture content. For ¢y =
0.01 (Figure 6b) and ¢ = 0.024 (Figure 6¢), the intensity
of the recirculation zone increases when compared to the dry
velocity field (Figure 6a) as radial and vertical velocities in
these systems are higher. This is consistent with the PIV
results presented in previous section. The increase in the in-
tensity of the recirculation zone leads to enhanced vertical
and radial mixing. The small agglomerates that form at
lower moisture contents behave like highly frictional par-
ticles within the bed. Similar to the effect of microscopic
friction in cohesionless systems,45 addition of water at low
moisture contents promotes convective particle motion. At
high moisture contents (¢4 = 0.045), radial and vertical
velocities decrease as can be seen in Figure 6d when com-
pared to the dry and the lower moisture content systems.
Here, the radial and vertical movement of the particles is
limited by the formation of large agglomerates in front of
the blades. This is also consistent with the velocity surface
measurements. At this moisture content, convective particle
movement is hindered by the presence of water.

Particle diffusive movement is also affected by moisture
content. Normalized particle diffusivities and Peclet numbers
are listed in Table 4 at different moisture contents. Particle
diffusivities were calculated following the procedure outlined
by Campbell*’
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0.045. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Dy = {(Axi — Ax;)(Ax; — Ax))) /2A¢ (10)

where Dj; is the corresponding diffusion coefficient in the i
direction due to a gradient in the j direction. In Eq. 10, Ax;
represents the particle displacement over a time Az and Ay; is
the mean particle displacement. The mean particle displace-
ment was calculated from the averaged distance traveled by all
the particles present in the computational domain over a time
At. Here, we normalized particle diffusivities by the tip speed
of the blades and the mixer diameter, i.e., ij = D;;/DVp. The
diffusivity values shown in Table 4 were obtained by
averaging over all the particles in the computational domain
with a Ar of 1/4 revolution. The value for Af was determined
by varying this parameter until the diffusivity values that were
obtained approached plateau values independent of averaging
time. The presence of water at low levels (¢y;q = 0.01 and ¢
= 0.024) leads to an increase in particle diffusivities when
compared to the dry case diffusivities. This is consistent with
the granular temperature results presented in Figure 5. The
particle diffusivities in the tangential direction (D) increase
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by ~30% while the diffusivities in the radial direction (D}
increase by ~45%. Diffusivities in the vertical direction
increase the most, with the low moisture content D} values
increasing by ~100% relative to the dry values. As moisture is
added to the system, the spherical particles agglomerate to
form clusters with nonspherical shapes and rough surfaces.
Similar to the effect of microscopic friction observed in dry
systems,m’45 the rough surfaces of these agglomerates impart a
degree of randomness in the particles’ motion. The pro-
nounced increase in DJ values is due to an increase in the total
height of the heaps that form in front of the blades. Increases in
heap height for bladed mixer flows of wet particles have been
observed experimentally by Lekhal et al.** and computation-
ally by Radl et al.>* The higher heap heights lead to an
increase in the potential energy of the particles. This potential
energy is then transferred into kinetic energy in the vertical
direction as particles flow in and out of the heaps leading to
the increase in particle diffusivities. A small increase in
particle diffusivities is observed for the ¢;;q = 0.024 case when
compared to the ¢j;q = 0.01 case.

At higher moisture contents (¢q = 0.045), a different
behavior is observed. The Dgy* and D, * values decrease
and are lower than the dry simulation values. The D, * value
decreases compared to the low moisture content cases (¢iq
= 0.01 and ¢y = 0.024); but this value is higher than for
the dry simulation due to the increased heap height at ¢y =
0.045. These results show that, while a small amount of
water promotes diffusive mixing in bladed mixers, high
moisture contents hinders the particles’ diffusive motion.

Peclet numbers are also listed in Table 4. The Peclet num-
ber provides a way of comparing the convective and diffu-
sive contributions to particle motion. The Peclet number is
given by

UR

Pe;jj D; (11
where U, is the average particle speed, R is the mixer radius
and Dj; is the corresponding diffusion coefficient. Here U; was
determined by averaging the speed of the particles present in
the computational domain over 1/4 revolution. The averaging
time was determined by varying this parameter until the Peclet
numbers that were obtained approached a plateau values that
were independent of averaging time. In all the cases studied,
the Peclet numbers obtained are much higher than unity,
indicating that convection is the dominating mechanism for
particle transport. However, Peclet numbers decrease for the
¢iiqg = 0.01 and ¢,y = 0.024 cases when compared to the dry
cases. This result suggests that a small amount of water in the
system increases the contribution of the diffusive mechanism
relative to the convective mechanism for particle motion. The
smallest Peclet numbers for the low moisture content simulations
are achieved in the vertical direction. At ¢b;;q = 0.045, the Peclet

Table 4. Effect of Moisture Content on Normalized Particle
Diffusivities and Peclet Number

Piig Dgo* D, * Dyy* Pegy Pe, Pey,

0 6.1 x 107* 32x10* 20x107° 860 163 35
001 81x10* 47x10* 52x10° 535 131 19
0.024 83 x107* 48 x107* 54x10° 523 129 18
0.045 35x107* 23 x107* 3.6 x 107 1277 189 18

Particle diffusivities were computed with a Az of 1/4 of a revolution and were
averaged over all the particles in the computational domain.
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Figure 7. Effect of moisture content on void fraction
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be viewed in the online issue, which is available at
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numbers in the tangential and radial direction increase when
compared to the other cases. However, the vertical direction
Peclet number is similar to the values obtained at the lower
moisture contents. These results demonstrate that the diffusive
behavior of particles in wet systems is complex and highly
sensitive to the amount of moisture present. But, in general, high
moisture contents reduce the contribution of the diffusive
mechanism to particle motion.

The effect of moisture content on bed porosity is shown
in Figure 7. Average void fractions at different moisture con-
tents are plotted in Figure 7a as a function of r/R. Void frac-
tions were calculated by creating spherical control volumes
throughout the entire particle bed. The volume of the par-
ticles inside the control sphere plus the overlap volume of
particles near the edges are subtracted from the volume of
the control sphere to give the local void fraction. These val-
ues are then averaged in time and along the radial direction.
The diameter of the spherical control volumes was 13 mm.
The size of the spherical control volume was chosen by
varying this parameter until the porosity values that were
obtained approached plateau values that were independent of
control volume size. As the moisture content in the system
is increased, the void fraction within the particle bed also
increases. The increase of bed porosity with moisture content
was also observed in the static packing of wet spheres by
Yang et al®> As agglomerates form in wet systems, the
irregular shape and rough surfaces of the agglomerates pre-
vent the formation of dense packed zones within the mixer
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increasing the overall porosity of the particle bed. The void
fraction for the ¢q = 0.045 case increases by 13% when
compared to the dry case. This is a significant change in
void fraction for granular systems, where density changes of
a couple of percents have been shown to cause significant
differences in behavior.”® It should be noted that the average
void fraction profile obtained for the ¢4 = 0.01 case was
similar to the ¢y = 0.024 profile. While small differences
in bed porosity may be expected between these two cases,
the method for determining void fraction used here was not
able to detect these differences.

The addition of water increases not only the mean void
fraction within the particle bed but also the probability of
larger gaps occurring in between particles. Figure 7b shows
the void fraction probability frequency distributions within
the bladed mixer at different moisture levels. Frequency dis-
tributions were calculated by creating spherical control vol-
umes throughout the particle bed and calculating the void
fraction in each control volume over a period of 1 revolu-
tion. The diameter of the spherical control volumes was 13
mm. For the dry system, two peaks are observed in the prob-
ability frequency distribution, one at ¢ = 0.45 and the other
at ¢ = 0.6. The peak at ¢ = 0.45 represents the particles
located in front of the blade, which get compressed into a
denser state as the blades rotate. The peak at ¢ = 0.60 repre-
sents the particles located in the wake of the blades which
are in a dilated state. Figure 7b shows a shift to the right of
the graph for the wet frequency distributions when compared
to the dry frequency distribution. This indicates that a larger
portion of the particle bed is characterized by higher void
fractions. The frequency distribution for the ¢jq = 0.045
case shows a third peak at ¢ ~0.75. This peak represents the
agglomerated particles located above the blades. These
agglomerates posses a higher void fraction as they experi-
ence lower shearing and compressive forces above the
blades.

The differences in convective and diffusive particle
motion as moisture content is increased lead to differences
in mixing kinetics. Degree of mixing at the different mois-
ture contents was evaluated by coloring particles on the left
side of the blade impeller differently from the particles on
the right side before blade movement.”> A statistical analysis
of particle concentration for a specific color particle is then
performed. At a particular time step, the relative standard
deviation (RSD) of the particle concentration within the
mixer is computed. The RSD is obtained from the following
formula

RSD = cone. (12)

conc

where o.one 18 the standard deviation of the particle
concentration for a specific color over all the samples taken,
and Mo is the overall mean concentration of the specific
color particles. The size of the control volume used for the
RSD calculation was V/V}, = 240. RSD values as a function of
number of revolutions are shown in Figure 8a for the different
cases studied. Better mixing is observed for the lower moisture
content cases (¢jiq = 0.01 and ¢y;, = 0.024) when compared to
the dry, base case simulation. At these moisture contents, the
formation of small agglomerate increases convective and
diffusive particle motion leading to enhanced mixing. This
effect is analogous to the enhancement observed in mixing
kinetics for cohesive flows in rotating drums at low Bond
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Figure 8. Effect of moisture content on mixing.

(a) RSD vs. number of revolution and (b) RSD vs. /R
after 10 revolutions. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

numbers (i.e., lower amount of cohesion).*>>! The RSD curves
for the ¢iq = 0.01 and ¢y;q = 0.024 cases lie on top of each
other indicating that similar mixing kinetics are obtained for
these systems. Mixing in these systems is fast with RSD values
starting to level off after approximately five revolutions. A
decrease in mixing performance is observed for the ¢q =
0.045 case. For this case, larger agglomerates form which are
less mobile than the smaller agglomerates and hinder
convective and diffusive particle motion. The formation of
these larger agglomerates leads to a decrease in the degree of
mixing. This effect is analogous to the decrease in mixing
kinetics observed in rotating drums at high Bond numbers (i.e.,
higher amount of cohesion).**"!

Figure 8b shows the localized RSD values for the different
cases as a function of r/R after 10 revolutions. Close to the
wall (/R > 0.8), the RSD values are the lowest with similar
values obtained for all the different cases. This is due to the
shearing action of the blades and the cylinder wall which
leads to faster mixing in this region. Away from the wall
however, RSD values increase and differences in the local
RSD values are observed between the different cases. The
low moisture content cases are characterized by a higher
degree of mixing than the dry and high moisture content
cases. RSD values are the highest for the ¢y;q = 0.045 case.
This analysis shows the main effect of moisture content on
mixing is to alter localized mixing rates for the particles
located far away from the walls. It is interesting to note that
Radl et al.** did not observe significant differences in the
overall mixing rates of dry systems vs. wet systems with a
relatively small amount of moisture, ¢;;q = 0.007 and Bond
numbers of 2. The authors did observe differences in the
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localized mixing rates. Here we show that systems with a
higher degree of cohesion (higher Bond numbers and higher
moisture contents) mix at different rates, both locally and
globally, when compared to dry systems.

We have also studied the effect of microscopic friction on
the dynamics of wet flows in bladed mixers. We observe
that similar to our previous work on dry systems,* increas-
ing microscopic friction leads to an increase in convective
and diffusive particle motion which results in enhanced
mixing.52

Pressure and shear stress profiles

We now discuss the normal and shear stress profiles that
develop inside bladed mixers for systems at different mois-
ture contents. Stresses were calculated following the proce-
dure outlined by Campbell.”® Collisional stresses are
obtained from

1

= (Fik;) (13)

Tij
where F; is the total contact force and k; is the vector
connecting the centers of the colliding particles. () represents
the temporal averaging within the control volume. The size of
the control volume used here for the stress tensor calculations
was V¢/V, = 120. In this work, only the contribution of
collisional stresses is considered since kinetic stresses were
found to be three orders of magnitude smaller.

The collisional stresses were calculated in a 3-D cylindri-
cal coordinate system which yielded a symmetric stress ten-
sor (i.e., Ty, = T,9). In this analysis, we focused on the aver-
age normal stress and the shear stress component in the
plane of the blade rotation (ty,). From the normal stresses,
the pressure inside the particle bed is given by

P = %(Tl)() + T + Tyy) (14)
where 749, T,,, and 1,, are the normal stresses in the tangential,
radial and vertical direction, respectively. Pressure and shear
stress values shown here have been normalized by the quantity
ppgH, where p,, is the particle density and H is the maximum
height of the particle bed. Figure 9a shows the normalized
pressure (P* = P/p,gH) as a function of y/H at different
moisture contents. For all the cases studied, normalized
pressure increases linearly towards the bottom of the mixer
since the particles at the bottom sustain the weight of the
particles at the top. Similar to what is observed in dry systems,
at low fill levels, the pressure profile in wet systems can be
approximated by hydrostatics. Figure 9a also shows that for
the ¢y;q = 0.045, the normalized pressure is lower towards the
bottom of the mixer and higher towards the top. This is due to
the increase in bed porosity at this moisture content. The
pressure profile for the ¢;q = 0.024 is very similar to the dry
pressure profile. Although differences in bed porosity were
observed at ¢y;q = 0.024, the method used to calculate stresses
is not able to detect small differences in the pressure profile at
this moisture content vs. the dry case.

Figure 9b shows normalized shear stress (% = 4,/ppgH)
profiles as a function of 7/R at the different moisture con-
tents. In all cases the values of 7, are highest near the cylin-
der wall and close to zero near the impeller shaft. This is
due to the increased tangential movement observed near the
wall and the increased strength of the force chains due to
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Figure 9. Effect of moisture content on normalized
pressure and shear stress.
(a) time average P* vs. normalized height and (b) time
average 7o,* vs. normalized radial position. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

wall friction. At a low moisture content (¢yq = 0.024),
values increased when compared to the dry values. This
effect is more pronounced by the cylinder wall, where t,,*
values are ~50% higher than the dry case values. The for-
mation of small agglomerates increases the roughness of the
particle bed leading to an increase in shear stress. Increases
in shear stress in wet systems have been previously observed
experimentally by Pierrat et al.'”* via shear cell analysis and
Karmakar et al.”> via use of a soil rheometer. The shear
stress analysis indicates that the addition of water at low lev-
els enables the transfer of energy from the blades into the
particle bed. This explains the increase in particle velocities
observed at low moisture contents. A different behavior is
observed at ¢q = 0.045. In this case, 75* values by the
walls are similar to the ¢q = 0.024 values. However, the
T9-* values decrease towards the center of the particle bed
and are similar to the dry case values. The decrease in mix-
ing rates towards the center of the particle bed at high mois-
ture contents can also be explained in the context of the
shear stress profiles. As larger agglomerates are formed at
higher moisture contents, a larger amount of energy is
needed to break the agglomerates and to promote mixing.
Since a lower amount of energy is transferred from the
blades to the particle bed in this central region, the large
agglomerates remain and mixing is decreased.

3364 DOI 10.1002/aic

Published on behalf of the AIChE

In addition to affecting average stress values, moisture
content affects the distribution of forces throughout the parti-
cle bed. Figure 10 shows instantaneous normal contact force
networks in the horizontal plane for the dry case (Figure
10a) and the ¢yq = 0.045 case (Figure 10b). In Figure 10,
each line represents the contact vector connecting the center
of the particles and the thickness of the line represents the
magnitude of the normal force associated with that contact.
Higher forces are represented by thicker lines and vice versa.
Here, only the particle contacts located near the top half of
the particle bed are displayed, as shown by the side view
drawing in Figure 10. The contact force network for the dry
simulation is fairly homogeneous while the network for the
¢iiq = 0.045 simulation is very heterogeneous. Stronger con-
tact chains which extend further into the particle bed are
observed for the wet case. A similar behavior was observed
by Yang et al.®> in the static packing of wet spheres. At
high moisture contents, the magnitude of the capillary forces
increases which causes the increase in normal forces and,
consequently, the formation of large agglomerates. The
white areas shown in Figure 10b represent areas of high bed
porosity just behind the blade where no particles are present.
Thus, the contact force network for the ¢y;q = 0.045 simula-
tion displays the roughness of the particle bed surface while
the dry case network shows the smooth surface of the bed.

Effect of moisture content on particle agglomeration

The effect of moisture content on the formation of
agglomerates in bladed mixers is discussed in this section. A
method was developed to evaluate the extent of agglomera-
tion that occurs in the bladed mixer at different moisture
contents. In this method, the contact time (¢.) for each parti-
cle—particle contact is tracked during shearing. In the wet
simulations, particles are considered to be in contact if the
surfaces of the particles had been in contact at some previ-
ous time and if the distance between the surfaces of the par-
ticles is less than the rupture distance of the liquid bridge
(h:R) since the time of initial contact. Tracking of contact
time is started after the system has reached steady-state (~2
to 3 sec after the blades are set to rotate). From the dry sim-
ulation, a characteristic time-of-contact breakage is deter-
mined (A ). Y represents the amount of time that it
takes the shearing action of the blades to break all the parti-
cle—particle contacts that were present at a particular time
step in the dry system. If a particle—particle contact in the

Figure 10. Effect of moisture content on normal con-
tact force network near top of the blades.

(a) dry and (b) ¢j;q = 0.045.
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wet simulation is characterized by #. > tﬁ‘rzak, then this con-
tact is classified as an enduring wet contact and these par-
ticles are considered to be agglomerated. Groups of agglom-
erated particles are then determined from the list of enduring
wet contacts. From the list of enduring contacts, a “neigh-
bor” list for each particle is compiled. These neighbor lists
are then compared across the entire system to determine the
number of particles present in each agglomerate. For the
simulation conditions used here, tgzak was chosen to be one
revolution. This is equal to 4 blade passes for the blade con-
figuration shown in Figure 1. The of value 7~ was deter-
mined by varying this parameter until the average agglomer-
ate size obtained from the particle tracking was independent
of tgll:(}elak'

Figure 11 shows the weight percent of the particle bed
which is agglomerated at different moisture contents based
on the method described earlier. With this method, no
agglomeration is obtained for the dry system (i.e., ¢jiq = 0)
as can be seen from Figure 11. As moisture content is
increased, the weight percent of the particle bed which is
agglomerated increases. For ¢, = 0.045, roughly 50% of
the particle bed is agglomerated. This shows that a signifi-
cant amount of agglomeration can occur in bladed mixers at
high Bond numbers and modest moisture contents despite
the significant amount of shearing provided by the blades. It
should be noted that the values listed in Figure 11 do not
change at steady state since, for the wet simulations, we
assume a perfect liquid distribution within the mixer.

The effect of moisture content on the size of the agglom-
erates at steady state is shown in Figure 12. As expected,
increasing moisture content increases the size of agglomer-
ates as a higher amount of energy is needed to break the lig-
uid bridges that exist between particles. Average agglomer-
ate size vs. r/R is shown in Figure 12a at the different mois-
ture contents. Larger agglomerates are obtained close to the
impeller shaft and agglomerate size decreases towards the
cylinder wall. Figure 9b shows that stresses are higher near
the cylinder wall leading to the formation of smaller agglom-
erates in this region. This is consistent with the agglomera-
tion behavior observed in wet shear flows, where the extent
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of agglomeration is reduced when the amount of shearing is
increased.”>® Similar agglomerate sizes are observed near
the cylinder wall at the different moisture contents since
similar t4,* values are obtained in this region. The differen-
ces in agglomerate size along the radial direction explain the
reduction in mixing rates for the ¢;;q = 0.045 case. Close to
the wall, the majority of the agglomerates formed are small
(between 2-4 particles in size). These small agglomerates
increase the roughness of the particle bed leading to
enhanced mixing in this region. Towards the center of the
particle bed, agglomerates with an average size of ~35 par-
ticles are formed. These large agglomerates hinder particle
motion in the radial and vertical direction (as shown in Fig-
ure 6) leading to a decrease in mixing.

Average agglomerate size vs. y/H is shown in Figure 12b
at the different moisture contents. Here again we see that
increasing moisture content increases the average size of the
agglomerates. Smaller agglomerates are observed near the
cylinder’s bottom plate and agglomerate size increases
towards the top of the particle bed. The formation of small
agglomerates towards the bottom is due to the increased
pressure in this region. As the particles near the bottom
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Figure 12. Effect of moisture content on average ag-
glomerate size.
(a) agglomerate size vs. r/R and (b) agglomerate size vs.

y/H. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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particle-size distribution.
(a) size distribution near impeller shaft, (b) size distri-
bution in the center, and (c) size distribution near cyl-
inder wall. Note: The lower limit of the abscissa for
these graphs is 2 since only the agglomerated particles
are considered in this analysis. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

sustain the weight of the particles near the top, the agglom-
erates that form towards the bottom experience higher nor-
mal and shear stresses and therefore large agglomerates can-
not form.

Differences in the size distribution of the agglomerates at
steady state were also obtained. Figure 13 displays the ag-
glomerate size distributions obtained at different locations
within the particle bed with the different moisture contents.
The lower limit of the abscissa for the graphs shown in Figure
13 is 2 since only the agglomerated particles are considered
in this analysis. Figure 13 shows that the shape of the ag-
glomerate size distribution is not constant throughout the par-
ticle bed. Near the impeller shaft (Figure 13a), right-skewed
size distributions are obtained while towards the center of the
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bed (Figure 13b) and near the cylinder walls (Figure 13c),
lognormal distributions are obtained. The agglomerate size
distribution near the impeller shaft shifts to the right and
becomes broader as moisture content is increased. As can be
seen from Figure 13a, agglomerates containing more than 150
particles are obtained for the ¢4 = 0.045 case even though
the average agglomerate size is ~35. The presence of these
large agglomerates coupled with the lower shear stresses lead
to reduced mixing in this region. For the remainder of the
particle bed, lognormal agglomerate size distributions are
obtained. The amount of agglomerates composed of two par-
ticles is reduced as moisture content is increased leading to
broader distributions in the center of the particle bed and near
the cylinder walls. For the ¢, = 0.045 case, ~5 wt % of
agglomerates contain 150 particles or more in the center of
the particle bed. The agglomerate particle-size distributions
are smallest near the cylinder wall. Here, the majority of the
agglomerates are composed of two particles although agglom-
erates composed of >20 particles are observed for the ¢q =
0.045 case.

Finally, we look at the effect of moisture content on ag-
glomerate shape. Figure 14a displays the average agglomer-
ate aspect ratio as a function of r/R. Aspect ratio is defined
as the ratio of the length of the major axis to the length of
the minor axis. For agglomerates composed of multiple par-
ticles, the aspect ratio is calculated by determining the dis-
tance between each particle and the center of mass of the ag-
glomerate. From these distances the length of the major and
minor axis is determined. A lower aspect ratio represents a
more symmetrical shape (as spheres have an aspect ratio of
1) while a larger aspect ratio represents a more elongated
particle shape. As can be seen in Figure 14, the average as-
pect ratio of the agglomerates increases as moisture content
is increased. This means that agglomerates with more elon-
gated, needle-like shapes are formed at higher moisture con-
tents. Figure 14a also shows that the shape of the agglomer-
ates is not constant throughout the particle bed. Aspect ratio
is highest by the impeller shaft and decreases towards the
cylinder walls since higher stresses in this region prevent the
formation of longer agglomerates.

In Figure 14b, the morphology of some agglomerates that
form in the different regions of the particle bed is displayed.
These agglomerates have a size and aspect ratio which is
similar to the average values obtained at the different mois-
ture contents. The size of the agglomerates increases as
moisture content is increased which is consistent with the
results presented in this section. Near the impeller shaft,
elongated agglomerates are observed while shorter agglomer-
ates are formed closer to the cylinder walls. The smaller
agglomerates form as elongated agglomerates are broken
along the major axis by the shearing action of the blades
into shorter agglomerates. This is similar to the fracture of
needle-like particles due to shearing.

The results presented here show that while a more com-
plex behavior is obtained in wet flows, many of the trends
observed are consistent with the behavior observed in dry
systems. At low moisture contents, the formation of small
agglomerates increases the roughness of the particle bed.
These ‘“rough,” wet particle beds show a behavior similar to
that of frictional, dry particle beds. At higher moisture con-
tents however, the behavior differs. Larger agglomerates are
formed reducing the mobility of the particles within the
mixer and significantly affecting the distribution of stress
within the particle bed.
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Figure 14. Effect of moisture content on agglomerate
shape.
(a) average agglomerate aspect ratio vs. r/R and (b) ag-
glomerate morphology at different moisture content.

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

Conclusions

Experimental and computational methods were used to
study the behavior of wet particle flows in bladed mixers.
The ability of DEM simulations to qualitatively capture
experimental behavior was demonstrated. Particle velocities
profiles obtained from the simulations are in good qualitative
agreement with those obtained experimentally using the PIV
technique. The discrepancies observed between the simula-
tion results and the experimental results could be due to dif-
ferences in particle properties, wall friction and the slight
polydispersity present in the glass beads used (but not
accounted for in the simulations). Additionally in the simula-
tions the water is assumed to uniformly coat the particles
and be perfectly mixed within the particle bed. Some of the
discrepancies observed at higher moisture contents could be
the result of water accumulation near the bottom of the cyl-
inder in the experiments due to the low viscosity of water.
While this effect is not accounted for in the simulation, the
general trends observed in the simulations are similar to the
experimental trends. Further work is needed to study the
effect of liquid viscosity on liquid dispersion in bladed
mixers.

DEM simulation results showed that addition of water at
low moisture contents leads to an increase in the radial and
vertical velocities of the particles located in front of the
blades leading to a stronger recirculation pattern than what is
observed in the dry system. Particle diffusivities also increase
at low moisture contents. The increase in convective and dif-
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fusive particle motion at low moisture contents leads to
enhanced mixing kinetics when compared to the dry case.
However, at higher moisture contents the behavior changes.
In this case, the presence of water leads to lower radial and
vertical particle velocities in front of the blades. Particle diffu-
sivities also decrease. This decrease in particle motion leads
to lower mixing rates at high moisture contents. Bed porosity
was shown to increase as moisture content is increased. Void
fraction increases by 12% for the high moisture content simu-
lation when compared to the dry simulation.

Pressure and shear stress profiles are significantly affected
by moisture content. The average pressure inside the particle
bed at different moisture contents was shown to be linear
and approximated by hydrostatics. Shear stress was highest
near the cylinder wall and lowest by the impeller shaft for
all the cases studied. At low moisture contents, higher shear
stresses were obtained compared to the dry systems. For
high moisture contents, the stresses near the cylinder wall
are high. However, shear stress decreases towards the center
of the particle bed with values similar to those obtained for
the dry case.

The cohesive forces that develop in wet systems lead to
the formation of particle clusters or agglomerates. A method
for examining the extent of agglomeration in the wet particle
simulations was developed. Our analysis showed that the
portion of the particle bed which is agglomerated increases
as moisture content is increased. At the highest moisture
content examined, close to 50% of the particles in the sys-
tem were agglomerated. Agglomerate size is highest near the
impeller shaft and towards the top of the particle bed,
regions characterized by lower stresses. A strong dependence
between the aspect ratio of the agglomerates and moisture
content was found. Aspect ratio increases with moisture con-
tent indicating the formation of elongated, needle-like
agglomerates.

This work described the behavior of an idealized, wet
granular system (nonporous monodisperse spheres with a
perfect liquid distribution) in a bladed mixer. While simple
in nature, it represents an initial step towards understand-
ing flow, mixing and agglomeration of wet granular sys-
tems. Further work is needed to examine the effect of
mixer size and other operating parameters on the trends
reported here.
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Notation
m; = mass of particle i
R; = radius of particle i
I; = moment of inertial of particle i

v; = velocity of particle 7

g = acceleration due to gravity
Fg( = normal force resulting from the contact of particle i with
particle j
F,.T,» = tangential force resulting from the contact of particle i with
particle j

Fg = cohesive force experienced by particle i due to a liquid bridge
with particle j

particle diameter

Young’s modulus

coefficient of restitution

d
E
e
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\Z = dimensionless liquid bridge volume

_h = dimensionless separation distance between surface of particles
h. = critical rupture distance for liquid bridge
Ca = capillary number
characteristic system velocity

-
Il

Viip = tip speed of blades

g
I

localized fluctuation velocity

T = normalized granular temperature
control volume size

V,, = particle volume

<
Il

=
Il

D;; = diffusion coefficient in the i direction due to a gradient in the j

direction
particle displacement in the i direction

Ax; = mean particle displacement in the i direction

~
)
Il

Peclet number
U; = average particle speed

M_on. = mean particle concentration

tg;zak = characteristic time-of-contact breakage for dry system 21.
Greek Letters
w; = angular velocity of particle i 22.
pp = particle density
¢ = Poisson ratio
1, = rolling friction coefficient 23.
us = silding friction coefficient
7,4 = torque resulting from the contact of particle i with particle j 24,
f = half filling angle of a capillary liquid bridge
0 = contact angle of a capillary liquid bridge
y = surface tension of liquid 25.
piiq = density of liquid in a capillary liquid bridge

¢1iq = volume fraction of liquid in wet systems
n = dynamic viscosity of liquid 26.
¢ = void fraction

Oeonc = standard deviation of particle concentration 27.
7;; = stress on i plane in the j direction

7;/% = normalized shear stress
28.
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